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1. INTRODUCTION

The study of B meson decay appears to offer a unique
opportunity to measure basic parameters of the Standard
Model, probe for interactions mediated by higher mass par-
ticles, and investigate the origin of CP violation. These op-
portunities have been enhanced by the results of two mea-
surements. The first is the measurement of a long B meson

lifetime) In addition to allowing a simpler identification
of B mesons and a measurement of the time of their decay,
this observation implies that normal decays are suppressed,
making rare decays more prevalent. The second measure-

ment is that neutral B mesons are strongly mixed? This
enhances the possibilities for studying CP violation in the
B system.

The CESR storage ring is likely to dominate the study
of B physics in ete~ annihilations for about the next five
years. First, CESR has already reached a luminosity of
10%? ¢m™! sec™! and has plans for improvements which
may increase the luminosity by a factor of about five. Sec-
ond, a second-generation detector, CLEQ I1, will start run-
ning in 1989. It has been designed especially to study B

meson physics in the 10 GeV 1'egion.3

*Work supported in part by the National Science Foundation
and the Department of Energy contract number DE-AC03-
76SF00515.

Group co-leader.

Given this background, the main focus of this working .
group was to ask what is needed for the mid- to late-1990 s. -
Many laboratories are thinking about new facilities involv-
ing a variety of techniques. To help clarify the choices,
we focused on one example of CP violation and estimated
the luminosity required to measure it using different tech-
niques. This will be the subject of the next chapter. In
Chap. 3 we will briefly describe the requirements for de-
tectors matched to these techniques. In particular, we will
give a conceptual design of a possible detector for asym-
metric collisions (i.e., beams of unequal energy) at the
T(4S) resonance, one of the attractive techniques which
will emerge from this study. A discussion of accelerator
technology issues for using these techniques forms the sec-
ond half of the B-factory Group report, and it follows in
these prooeedings:4 )

2. TECHNIQUES FOR STUDYING
CP VIOLATION

2.1 Introduction

Any high luminosity B-factory will permit the study of
a large variety of issues in B physics including the proper-
ties of exclusive B decays, the measurement of BB mixing,
the determination of Kobayashi-Maskawa (K-M) matrix
elements, and the search for rare B decays. However, in
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Table 1. Estimation of the number of BB events required for CP violation studies at the SSC*

Class Modes Branching Ratio | Asymmetry | # BB Events Required
I. Charge Asymm_etry inA BgBag—o1F 1 + X 0.01 10~3 6 x 10°
Same Sign Dileptons BB = 1F 4+ X 0.02 104 2 x 102
II. Mixing with Decay B — 9K, 5 x 1074 0.05-0.3 (1-34) x 108
to a CP Eigenstate B = ¢KsX 2 x 1073 0.05-0.3 (2-85) x 107
B — DDK, 5 x 1073 0.05-0.3 (3-100) x 107
Bontn 5 x 1075 0.05-0.5 (0.3-32) x 108
B—D**D-, D*D-, D* D* 3x1073 0.05-0.3 (0.7-26) x 108
III. Mixing with Decay Bg — D=~ 6 x 1073 0.001 3 x 101
to a CP Non-Eigenstate By — DK, 6 x 107° 0.01 7 x 101
B, — D}K- 3 x 1074 0.5? 5 x 107
IV. Cascade Decays to the B~ —D'K-+X 10-° 0.17 9 x 108
Same Final State I——o Ks+Y
V. Interference of Spectator B-—-D*D 3x10°3 0.01 2 x10°
and Annihilation Graphs
VL. Interference of Spectator B~ =K p° ~ 107° 0.1 1 x 108
and Penguin Graphs By —» Kt ~ 1075 0.1 1x 108

*The specific channels considered here for each class of asymmetry are illustrative and not exhaustive. At this time we need
to keep an open mind as to which channels will be best suited for CP violation studies. In this spirit we have included
among the modes illustrating Class II asymmetries ¥K,X and DDKj, which are not necessarily CP eigenstates. There is
some danger of a cancellation between the asymmetries produced by sub-channels with opposite CP quantum numbers, but

a total cancellation is unlikely.

this study, we focus on CP violation because it is the one
important issue which may not be adequately addressed by
present or near future accelerators.

CP violation in the B system can manifest itself in a
number of different ways. Table 1, taken from the 1987

Berkeley SSC Workshop,5 ) shows six classes of CP viola-
tion along with branching ratios, estimated asymmetries,
and the estimated number of BB events needed to observe
the effect at the SSC. We chose to study a decay mode
from Class II, “Mixing with Decay to a CP Eigenstate,”
because this class offers the following particular advantage.
In the standard model, the CP-violating asymmetries for
such decays depend only on values for elements of the K-M
matrix, which, in principle, can be determined from mea-

surements that do not involve CP violation® For this case,
the decay of a B or B can proceed either directly or follow-
ing mixing. The CP-violating amplitude arises from inter-
ference between the two spectator-diagram processes; all of

the hadronic physics drops out of the asymmetry because
only a single amplitude is involved”

Thus, from our present measurements of the K-M ma-
trix, we can set limits on the magnitude of this form of CP
violation if it is generated from the K-M phase within the
three-generation standard model® ) In the same way, once
measured, the result can be easily interpreted. If the re-
sult falls outside the bounds given by the three-generation
standard model, CP violation must, in part, come from a
different source. This is not the only form of CP violation
that we wish to investigate, but it is sufficiently basic that
any new effort aimed at CP violation in B decays should
include the capability of studying it.

We used the decay mode BY— ¢ Kj in large part be-
cause there was a careful study of this mode submitted to
the workshop by Aleksan et al., for the case of an asymmet-
ric T(4S) collider” Other Class II decays would probably
yield similar results.



From present limits on K~M parameters, the pre-
dicted limits on the CP-violation asymmetry parameter,

sin ¢(¢ Ks), are
0.1 <'sin ¢(¥Ks) < 0.6 , (1)

where the upper part of the range is preferred for relatively

low top-quark masses (60 to 80 GeV/c2).5 ) (The param-
eter sin ¢ is twice the time-averaged asymmetry listed in
Table 1.)

2.2 General Technique

In the presence of CP violation, the B and B rates to a
CP eigenstate, ¥ K; in our case, will evolve differently with

time: '
R(B® — ¢K;) o« e Tt [1 4 sin ¢sin(aTt)]

R(B® — ¢K,) « e[l —singsin(alt)], (2)

where R is the rate of the decay process, £ = Am/T', and
Am is the mass difference between the two neutral B meson
mass eigenstates. Note that the B and B in Eq. (2) refer to
the identities of the particles at the time they are created,
rather than at the time they decay.

‘Sinée the b and b quarks are produced in pairs, the
general technique is to observe a neutral B decaying to
9K, and determine whether it was originally a B® or a B?
by tagging it, i.e., by detecting the decay of the other B
in a flavor-specific mode. In the following sections, we will
explore how this general technique is modified by special
situations involving the symmetries of the initial state and
special tagging techniques. In particular, we will indicate
how the intrinsic asymmetry sin ¢ is diluted to d - sin ¢
(d < 1) for each technique.

2.3 Case 0: Symmetric Collisions at the T(4S)

We start with the case which applies to present sym-
metric (i.e., beams of equal energy) storage rings, such as
CESR, running on the T(4S) resonance. This has been
listed as Case 0 because we will see that the above tech-
nique does not work in this situation.

The advantages of studying B’s at the T(4S) are well
known:

1. The resonant cross section is about four times higher
than the continuum cross section for bb production
slightly above the resonance.

2. The final state is clean and well understood. It con-
sists solely of BB? and B*B~ pairs.

3. Due to the simple final state, the well-determined
beam energy can be used as a constraint leading to
very good mass resolution and low backgrounds.

The T(4S) is a C = —~1 resonance decaying exclusively
into BB. The symmetry of the wave function changes the
general formula because the two B’s develop as a coherent
state. The time development for this case is:

R(B®B® — B°¥K,) o e T+ (1 4 sin g sinfaT(¢' — 1)])

R(B°B® — BYK,) x e T+ {1 —sin gsin[zT(¢' - 1)]},

(3)
where ¢ and ' are the times at which the ¥K, and the
)

The time development is in the difference of the two
decay times. This can be understood in a simple way:
Both the B and B begin mixing into the charge conjugate
states after they are produced, but with a relative phase
which remains constant, so that the two states are always
orthogonal. Thus, when the first decay occurs, the wave
function collapses with the second B the charge conjugate
of the first. The second B then begins to mix into its
charge conjugate state. This process is often described as
“nothing happens until the first decay takes place.”

Since the asymmetry is odd in (¢ —t), it integrates to
zero if the time difference of the decays is not measured.
At a symmetric T(4S) collider, the mean decay length of
B’s is about 30 um, a distance which is insufficient for the
measurement of (¢ — ).

. LT
flavor-specific decay occur, respectively.

We will see there is still a way to measure this class of
CP violation at a symmetric 10 GeV collider in Case 2.

12.5 GeV e ‘2.3 GeV e+
B 6
B < -
!
-
11
2271 300 pm for Py=1

Fig. 1. Schematic of a BB decay in an asymmetric

collider at the T(4S).
2.4 Case 1: Asymmetric Collisions at the T(4S)

Consider a collider running at the Y(4S) resonance,

but with unequal beam energies,l 0 as illustrated in Fig. 1.
The two B’s from the T decay are almost at rest in the
center-of-mass, but are moving in the laboratory. For the
example shown in Fig. 1, a 12.5 GeV electron beam against
a 2.3 GeV positron beam, the center-of-mass moves with
By = 1. The two B decays will be separated, on average,

by one lifetime, or 300 ym in this example.1 2



Assuming one can measure At = (¢ — t), but not

'+ t)lz) Egs. (3) imply

R(At) « e T12U[1 + sin ¢sin(zTAt)] . (4)

By fitting to the time dependence of Eq. (4), one should be
able to obtain an asymmetry of 0.61sin ¢ (i.e., a dilution

factor d = 0.61).13) This calculation allows for the uncer-
tainties in At, due both to the fact that the distance be-
tween the B decay points is smeared slightly by the center-
of-mass motion of the B’s and to experimental resolution.
It does not include the effect of incorrect tags, which we
will account for separately in Sec. 2.9.

This method thus combines all the advantages of the
symmetric¢ T(4S) case with the ability to measure the time
development of the final state. This technique also yields
an advantage in suppressing combinatoric backgrounds
since the origin of most charged particles can be deter-
mined. However, both the detector and the collider are
somewhat more difficult to build. We will return to the
former in Chap. 3 and the latter in our report on acceler-

ator technologyf1 )

2.5 Case 2: Symmetric Collisions
Just Above the T(4S)

One can measure Class II CP violation with a symmet-
ric 10 GeV collider by running just above the T(4S) reso-

nance.”** Above BB* threshold, but below B*B* thresh-
old, BB* production should be the dominant bb final state.
This yields a C = 41 BB state since the B* decays into By.
For this case, the time development changes from Cases

0 and 1, in that (¢’ —¢) becomes (¢ + ¢):
R(B°B® —

BO¢KS) o e—I‘(t'+t){1

— sin ¢sinfzT (¢ +t)]}

R(B°B® — B%K,) o e T(**+D{1 4 sin ¢sin(zD(¢' + 1)]}.

o ()

As before, both the B and B begin mixing into the
charge conjugate states after they are produced, but with
the opposite rather than the same phase. Thus, when the
first decay occurs, the second B is already mixed and con-
tinues to mix until it decays.

Since (t' + t) is even, integration of the asymmetry
over both times leads to a finite value. The dilution factor
resulting from this integrationls) is

2z
=Ty ©)
This value assumes that any C = —1 contributions, i.e.,

ete™ — BB reactions, are separable. CP violation can be
measured, but at a cost of not having the resonant en-

hancement of the Y(4S).

2.6 Case 3: Symmetric Collisions
in the Continuum

A (presumably) symmetric collider in the continuum,
say 8 GeV per beam, would allow the time development of
the B decays to be measured. However, one gives up all
the advantages of the T(4S) resonance and suffers a cross
section reduction as E=2. The B decays develop incoher-
ently in this region, so the general formulae, Eqs. (2), ap-
ply directly. Their application requires knowledge of the
primary interaction point (unlike Cases 1 and 2).

However, the asymmetry is diluted by mixing of the
tagging particle. If fy, f-, fs, and fa are the fractions of
b quarks which hadronize as B?, B~, B,, and B-baryons,
respectively, then

R(t) eIt [l:\:(f_+fA+ j: )sind)sin(th)] , (D

where we have assumed that By’s are fully mixed. Assum-
ing that fitting this time spectrum leads to similar dilution
as for Case 1, then the overall dilution factor is

fo ) o 0.35
) =~ 0.61 (o 50 + +x2> (8)

d=061{7_
0.6 (f +fA+1+

for a reasonable model.
2.7 Case 4: Z Decay without Polarization

If we consider a collider at the Z mass without lon-
gitudinal polarization, then this case is the same as the -
previous case except that there is a considerable resonant
enhancement from the Z:

o(ete™ — bb) £,
o{ete”™ — bb) 516 Gev

=~ 60 . (9)

2.8 Case 5: Z Decay with Polarization

The situation at the Z mass becomes even more at-
tractive if longitudinal electron polarization is available®

17)

This is relatively easy at a linear collider’ ' and is under

consideration for LEP.IS)

With a polarized electron beam on the Z resonance,
there is a large forward-backward asymmetry in the b ver-
sus b direction (A% 5):

2
Al Sp 20808
~ 4 vb + ab

~ %P(0.94) , (10)

where P is the magnitude of the polarization. The asym-
metry is almost maximal and would be an extremely ef-
fective B tagging mechanism for complete polarization.



Table 2. Comparison of B-Factory Techniques

Asymmetric Symmetric Z Z
Factor/Case T(4S) T(48)+ Vs =16 GeV P=0 P=09
(P =0.45)
bb cross section, ¢ (nb) 1.2 0.3 0.11 6.3 6.3
Fraction of B, f, '0.43 0.34 035 0.35 0.35
YK, reconstruction efficiency, ¢, 0.61 0.61 0.61 0.46 0.46
Tag efficiency, € 0.48 0.48 0.30 0.18 0.61
(and method) (¢, K) (¢, K) (¢, D) (¢, D) (ArB)
0.08 0.08 0.08 0.08 0.125
Wrong tag fraction, w
(0.27)
Asymmetry dilution, d 0.61 0.63 0.45 0.45 0.61
J Ldt needed for 3¢ 0.45-16 2.1-77 18-640 0.68-25 0.14-5.0
effect (10%° cm=?) * (0.37-13)
1.0 4.7 40 1.5 0.3
Relative [ Ldt needed
(0.8)

*peak luminosity needed in units of 103% cm~2 sec™! for 107 seconds of fully efficient running at peak luminosity.

Also note that the additional dilution due to mixing, in-
cluded for Cases 3 and 4, does not apply here. Present
techniques for producing longitudinally polarized beams in
linear accelerators limit the polarization to 50% due to a
spin degeneracy. There are active programs to find ways

of producing polarizations approaching 100%! 9

2.9 Evaluation of the Different Techniques

The needed integrated luminosity to measure CP vio-
lation to a given degree of accuracy can now be calculated
for each of the above techniques by using the following for-
mula:

/ Ldt = {o(e*e™—bb) fo2Berer[(1 ~ 2w)dé(sin ¢)]2}_1,
(11)

fo is the fraction of B%’s in the b quark fragmen-
tation (for Case 2, only C = +1 BB states are
counted);

B  is the product of branching fractions to the de-
sired mode (assumed to be 5 x 10~ for the 1 K,
mode times 0.14 for the leptonic decay modes of

the v);

¢ is the ¢ K, reconstruction efficiency;

€; is the tagging efficiency, t.e., the fraction of
events in which the flavor of the B decaying to a
flavor-specific state can be measured;

w  is the fraction of incorrect tags;

d  is a dilution factor which takes into account the
loss in asymmetry due to fitting, integrating over
time, and/or the mixing of the tagged decay
(taking z = 0.7); and

is the required accuracy on the CP asymmetry
parameter sin ¢, taken to be 1/3 of sin ¢ in this
case in order to give a 3o effect.

§(sin ¢)

Table 2 gives the factors that we put into Eq. (11)
for each of the five cases and the resulting requirement
on integrated luminosity. The numbers for the first case,
an asymmetric T(4S) collider, were taken from Aleksan

et a.l.,9 ) and the other cases were scaled from this work by
making reasonable assumptions. Aleksan et al., assume
a very good detector (see Chap. 3) in their simulation.
Thus, the required luminosities will be larger for less-than-
optimum detectors.

The K, reconstruction efficiency, ¢, is assumed to be
smaller on the Z than at lower energies because it was as-
sumed that the neutral decays of the K could not be re-
constructed at the Z mass. In a similar way, the tagging
efficiency, €;, decreases with increasing energy because the
techniques change and become less efficient. At the Y(4S),



Aleksan et .'«Jd.,9 )showed that kaons could be used for tagging
if events which had extra kaons were discarded. It was as-
sumed that this would not work in the continuum because
too many extra kaons would be produced. However, tag-
ging with reconstructed D’s would be possible there. At
the higher energy of the Z mass, it was assumed that both
the D and lepton reconstruction efficiency would drop. For
Case 5, Z decay with polarization, (1 —2w) is replaced with
A’}‘ g from Eq. (10) and the tagging efficiency is taken from
Ref. 16.

The penultimate row of Table 2 gives the range of
integrated luminosities needed to measure CP violation
to three standard deviations. There is a factor of 36
in each of these ranges since there is a factor of six
in the allowable range of sing from our present knowl-
edge of the K-M matrix [see Eq. (1)]. The final row
of the table gives the relative amount of integrated lu-
minosity needed for each technique normalized to unity
for the asymmetric T(4S) collider. The asymmetric
Y(4S) collider and Z factories, with or without longitu-
dinal polarization, require the least integrated luminosity.

In the second part of this working group’s reportf) we will
explore the prospects for obtaining colliders with luminosi-
ties in the required range.

3. EXPERIMENTS FOR STUDYING
CP VIOLATION

3.1 Introduction

‘In this chapter we consider the particular features of
experiments which will be important for the measurement
of CP violation. We will continue to use the B — 9K,
mode as an example. Our main concern is to identify the
important issues that affect collider and detector design.
We will begin with some general comments about detec-
tors that are generic to the different techniques outlined in
the previous chapter. After a short summary of some con-
siderations that influence collider design, we will discuss
issues that are specific to each case. The principal detec-
tor resources required for a measurement of CP violation

in B — ¢¥K; are:
o Vertex Detection.

All techniques except Case 2 require excellent vertex
resolution in order to measure the difference between
the decay times of the two B mesons.

¢ B — ¢K; Reconstruction.

The product of the branching ratios for B — 9K, and
the leptonic modes of the % is small (= 7 x 1075%).
B mesons that decay this way must be reconstructed
with little background.

e B — B Tagging.

The measurement of the CP violation asymmetry
depends on efficiently and accurately determining

if the other B meson decayed as a B or a B.
This requires excellent lepton and charged kaon
identification.

Detectors that can efficiently exploit these techniques
can be designed with some confidence, based on the ac-
cumulated experience of designing and operating detectors
at ete™ colliders. The most revolutionary detector ap-
pears to be the one required for the asymmetric collider
option, because it must cover the forward region with suf-
ficient precision. We discuss some of our thoughts on this
subject and present a conceptual design of a detector. For
the other cases, we only include an outline of the features
required for observing CP violation in B — 9K,

3.2 Vertex Detection

Silicon vertex detectors appear to be the only viable so-
lution to the problem of reconstructing decay vertices with
sufficient accuracy to measure the difference in decay times
between the two B mesons. Silicon detectors can have the
required resolution (in the 10 ym range in two dimensions)
with sufficient segmentation (approximately 10,000 chan-
nels per layer) so that track overlap is not a problem. The
alternative technology, drift chambers, lacks the inherent
resolution for this problem, particularly in the measure-
ment of the position of the track along the beam. Due to
the constraints of space around a 1 ¢cm beam pipe, it ap-
pears to be impossible to build a wire chamber with suf-
ficient segmentation along the beam to avoid inefficiencies
due to track overlap.

A number of fixed target experiments have successfully
used silicon detectors, and SLC and LEP will soon provide

experience in using them at ete™ colliders®” General fea-
tures of a silicon vertex detector for a B factory operating

at the T(4S) have been studied,n) and precision vertex de-
tection has been included in the design of a proposed de-

1;ect0r.2 2

The particles resulting from the decay of the T(4S)
have quite low momenta, even with the boost of an asym-
metric collider. Multiple Coulomb scattering in the beam
pipe and the first (few) layer(s) of the vertex detector can
dominate the vertex resolution, even at high energy collid-
ers. This places severe constraints on the beam pipe ra-
dius which, in turn, becomes a significant problem of the
collider design, as discussed in the accelerator part of our
report:i ) The small beam pipe can also become a detector
problem by introducing hig)h backgrounds in the detector
3

due to scattered particles.2

3.3 B — ¥K; Reconstruction

The B — 9K, mode studied here has a particularly
simple event topology. In particular, the tracks from these
decays will be well separated from the tracks from the other
B meson, if vertex resolution is adequate to separate the



vertices of the two B mesons. To avoid mixing these events
with ¥K;7% events, which have the opposite value of CP,
the energy and mass resolution of the detector must be
adequate to discriminate against slow 7%’s.

The interaction between momentum resolution in the
detector and the energy spreads of the ete™ collider beams
in determining the resolution in total energy and recon-
structed B meson mass is discussed in a contribution to
these prooeedings.2 * For experiments at the T(4S), the res-
onance width acts as a monochrometer, sharply limiting
the influence of the collider beam energy spread on the to-
tal energy or mass resolution of a reconstructed B meson.
(Of course, a small collider beam energy spread is still im-
portant in concentrating the luminosity in the useful en-
ergy region.) Thus, the reconstruction resolution require-
ments have little influence on collider design, but greatly
influence detector design.

Some combination of dE/dx, time of flight, electro-
magnetic shower counters and iron absorbers are standard
equipment for particle identification in ete™ collider ex-
periments. The authors of the PSI proposal have recog-

nized*®that this may not be adequate for reconstructing
low multiplicity B decays with high-momentum hadrons,
even for experiments at the T(4S). Their response has been
to include ring-imaging Cerenkov (RICH) counters in their
design.

Although we focussed on B — ¢K; for this study, it
is essential that a detector to search for CP violation be
capable of reconstructing more complicated decay modes
in order to maximize the opportunity of discovering CP
violation and developing an understanding of it after it
has been found. Reconstruction of these more complicated
modes will generally require better momentum resolution
and particle identification than that required for B — ¢K,.

3.4 B-B Tagging

Tagging the other B meson as having decayed as either
a B or a B is accomplished by identifying the sign of a lep-
ton or charged kaon. Without clear secondary vertex sepa-
ration, only high momentum leptons (above about 1.4 GeV
in the Y(4S) frame) are useful for the lepton tag, since low
momentum leptons can come from semileptonic decays of
D’s from B — DX decays. Measurements of BB mixing
by UA1?Y ARGUS,?® and CLEO*" demonstrate that this
tagging is possible at both low and high energy colliders.
Aleksan et al.,9 showed that muons with momenta between
0.8 and 1.4 GeV could also be used if they could be estab-
lished as coming from the primary vertex.

B-B tagging via charged kaons is limited by Cabibbo-
suppressed D decays and the reliability of K/ separation.
The Cabibbo-suppressed D decays background can be min-
imized by rejecting events with excess kaons?) The relia-
bility of the K/7 separation is an essential detector design
consideration; in addition to the usual dE/dx in a central

drift chamber, a time of flight and/or a RICH system may
also be required.

The B-B tagging requirement has little direct influence
on collider design but it has a major impact on detector
design, except for Case 5.

3.5 Influences on Collider Design

The requirements for an experiment to observe CP vi-
olation have the following general influences on collider de-
sign:

o High Luminosity.

The high luminosities required appear to be the ma-
jor challenge for collider design.

o Low Background Rates.

High luminosities imply large beam currents which
intrinsically lead to high background rates in
the detector. To avoid background, the vacuum near
an interaction region must be excellent and the re-
gion and nearby lattice must be carefully designed to
avoid illuminating the beam pipe with direct or scat-
tered synchrotron radiation or stray particles from
the beams.

¢ Beam Pipe Radius.

The beam pipe radius must be small for all tech-
niques except Case 2, and even in this case a small
beam pipe is useful in separating secondary D decays
from the primary B decays. This requirement sub-
stantially increases the difficulty of achieving low
background rates.

e Beam Pipe Thickness.

If decay times must be measured, the beam pipe must
be thin in order to reduce multiple scattering, On the
other hand, it must be thick enough to shield sen-
sitive vertex detectors from RF radiation from the
beam and be coated to absorb soft synchrotron radi-
ation.

¢ Beam Energy Spread.

A small beam energy spread is important for collid-
ers operating at or near the T(4S) in order to take
advantage of the resonance width. In the other cases
this spread is much less important.

3.6 Case 1: Asymmetric Collisions at the T(4S)

The two novel issues for a detector at an asymmetric
T(4S) collider are (1) the problems caused by folding the
solid angle forward and (2) the need to detect separate
B decay vertices along the beam direction. To understand
these issues, we sketched such a detector at the Summer
Study; it is shown in Fig. 2. We took the beam energies to
be 12.5 GeV versus 2.3 GeV for this study (#y = 1) and

used the interaction region design specified by Garren
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Fig. 2. A detector for an asymmetric collider at the T(4S).

For less asymmetric detectors, the solid angle issues are
less severe, but the B’s separate a smaller amount")

Our goal was to design a detector which would approx-
imate the near ideal detector assumed in the Aleksan et
al., study.9 ) In designing it, we borrowed freely from ideas
which have been used in the building the CLEO II detec-

or®) and in the detector designed for the PSI proposa.l.2 2
Solid Angle Considerations. To obtain high efficiency for
reconstruction and tagging, it is essential to cover greater
than 90% of the center-of-mass solid angle. The detector
in Fig. 2 has full vertex detection, tracking, particle iden-
tification, and calorimetry over 92.5% of the solid angle,
—0.95 < cos O, 4n. < 0.90. In the laboratory, this requires

interface between the barrel and the forward detectors will
require some ingenuity in order to reduce multiple scatter-
ing to an acceptable level.

Vertex Detection. There are several issues concerning the
vertex detection. First, in order to achieve sufficient reso-
lution in the vertex position, the beam pipe radius must be

small (between about 1 to 1.5 cm).g) This radius is much
smaller than any that has been used so far, so considerable
effort will be required to design collider optics and mask-
ing that will yield acceptable background rates. A suit-
able synchrotron radiation masking scheme for the Garren
design has not been studied yet.

Second, the bunch length is typically about 2 cm,2 8

coverage from 11° to 132°. The forward angle is limited
by the rare earth cobalt quadrupole magnets, which start

30 cm from the interaction point in the Garren design’ 28)

These considerations lead to the need for a forward de-
tector.
quite conventional; indeed, the barrel design is essentially

a modest extrapolation of the PSI proposal. However, the

Both it and the barrel detector individually are

which is longer than the radius at which detectors are
placed. This makes it difficult to design a detector in which
the particles always cross the detector at close to normal
incidence. The interaction region enlargement in Fig. 2
shows an attempt to have a reasonable placement of de-
tectors. The dotted lines show solid angle envelope for
particles emitted from the interaction point and from +3
standard deviations in the beam direction.



Third, the requirement for three-dimensional ver-
tex reconstruction argues for silicon devices with two-
dimensional readouts, such as CCD29) or silicon diode

30)

arrays.

Charged Particle Tracking. Ina 1.5 T field, the required

- . .9
(measurement dominated) momentum resolution ot

% =0.004p (pin GeV/c) (12)

can be obtained by the combination of the vertex detector
and a 50 layer drift chamber in the radial region from 10
to 60 cm, if each measurement has an error of 100 um.
The SLD Collaboration is building a large chamber with a
measurement error in this range.3 Y

Particle Identification. Since /K separation is only
needed to about 3 GeV/c at the T(4S), a thin RICH
counter consisting of a 1 cm NaF crystal radiator and a
13 cm gap is adequate. See Ref. 22 for a detailed discussion.

Photon Detection. Good photon detection and recon-
struction is essential for reconstructing B mesons. The

best choice for the 10 GeV center-of-mass energy region
?)

appears to be Csl crystalsf’ *2) Beam tests on crystals for
the CLEO II detector give an energy resolution of 4% for

180 MeV pho’toris.sz) Because of the small tracking vol-
ume used in this design, even with the forward detector,
the total volume of CsI crystals is smaller here than in the
CLEO 1I detector.

Muon Detection. - Detection of muons with momenta as
low as 800 MeV/c is useful for B—flavor tagging and 1 re-
construction. However, conventional muon detection with
thick absorbers and chambers is difficult in this region due
to hadron punch-through. The solution used in this de-
sign is to take advantage of the difference between pion
and muon range by using a muon range detector to cover

the 0.8 to 1.2 GeV/c momentum region.aa) Such a detector
could be built with 0.5 to 1 cm iron plates separated by
thin chambers. Above 1.2 GeV/c, the difference in range
approaches the straggling error, and the method loses use-
fulness. More detailed calculations are needed to establish
the utility of this technique.

3.7 Case 2: Symmetric Collisions
Just Above the Y(4S)

The detector requirements for symmetric colliders just
above the T(4S) are well-understood, because this is the
energy range in which the CLEQO and ARGUS experiments
have been successful in reconstructing B mesons. A detec-
tor to search for CP violation would likely be constructed
along the lines of the CLEO II detector or the PSI pro-
posal. Very precise vertex detection is not crucial iri this

technique, since separation of B vertices is not required.
However, good vertex detection would be a very useful tool
for reducing backgrounds by separating D decay products
from B decay products.

The mass resolution of the detector must be very good
for this technique to succeed because it must be possible
to separate reconstructed B mesons coming from B°B*? —
BOBY% events, where the v is not detected, from those com-
ing from the direct production of B’B®. The latter could
be a serious background. In the first case, if the energy of
the B meson candidate is assumed to be half of the total
energy, the reconstructed B mass will be about 26 MeV
(= E,/2) above the true B mass. In the latter case, the B
will reconstruct to the correct B mass. The separation of
these two types of events depends on the mass resolution
of the experiment which, in turn, depends on the energy
spread of the collider beams, the momentum resolution of
the detector, and the Doppler shift of the B’s resulting from
B*® decay. The resolution of the CLEO detector would be

quite adequat624) to separate these two types of events.
The experiment would be very difficult if the mass resolu-

34)

tion were noticeably worse.

An alternative would be to detect the photon from
B*® — BY, but it appears very difficult to accomplish this
with high efficiency.

3.8 Case 3: Symmetric Collisions
in the Continuum

At an ete™ collider operating near 16 GeV, B mesons
are typically produced with 8~ near 1. This matches the
asymmetric collider in our study, so in order to measure
the decay times of the B mesons with sufficient accuracy,
a beam pipe with a radius not much larger than 1 cm will
again be required. The rest of the detector can be quite
conventional; CLEQO II or the PSI proposal can serve as a
model. Compared to experiments operating at the T(4S),
the total energy constraint is lost, and the mass resolu-
tion is much worse because the beam energy cannot be
used. This implies that an experiment must rely much
more heavily on vertex detection for eliminating combina-
torial background in B reconstruction.

3.9 Case 4: Z Decay without Polarization

The large B meson rate at the Z has encouraged a large
amount of thought about how to detect them efficiently.
B mesons resulting from Z decay typically have 87 in the
neighborhood of five to seven. As far as reconstruction of
B vertices is concerned, a larger, more conventional, beam
pipe radius could be adequate. However, eliminating the
large background from charm decays will require excellent
vertex detection. Again, there is no total energy constraint
to reduce combinatorial background and the mass resolu-
tion will be poor, so reconstruction of B decays must rely
very heavily on vertex detection.

——ﬂ



Compared to Cases 1 to 3, the higher momentum of
the tracks implies that it is harder to achieve comparable
momentum resolution, and the exclusion of #° background
from the reconstructed B mesons will be more difficult.
Furthermore, in this case tagging the decay of the other
B is likely to be harder than at lower energy due to back-
grounds.

On the other hand, this case has a number of attrac-
tive features: the event rate is high; the large data sample
would have enormous potential for physics outside of B me-
son physics; and the primary vertex will usually be tagged

by extra particles from the Z decay, so the decay time can

be directly measured. Experience soon to be gained at
SLC and LEP should show how easy or difficult it will be
to overcome the experimental obstacles.

3.10 Case 5: Z Decay with Polarization

For this case the experiment and detector are basically
the same as for Case 4, except that the effort that must be
expended on lepton identification for tagging can be sub-
stantially reduced, since the tagging is primarily accom-
plished by the polarization. However, lepton identification
is needed in any case to reduce background in reconstruct-
ing the 1, and tagging with leptons will be a useful check
on the polarization tag.

4. CONCLUSIONS

It appears that the measurement of CP violation in the
B system with ete™ colliders is difficult, but not impos-
sible. There are several attractive options, each with its
own advantages and drawbacks. Asymmetric colliders at
the T(4S) and colliders on the Z resonance, with or without
polarization, require the least luminosity. Symmetric col-
liders running just above the T(4S) require slightly more.
In any case, high luminosities (minimums of a few times
1033 to 1034 cm™1 sec™!) are required to get well into the
range in which CP violation can occur. The possibilities
of obtaining these luminosities will be the subject of the
following paper. The detectors required to measure CP vi-
olation are sophisticated, but within the limits of present
technology.
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