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Page 7 : Line 2 should read: 

"....goal is 3 x 1 0 3 3 . ..." 

Page 96 : Line 23 should read: 

"continuum cross section is only a factor of tliree larger than the" 

Page 122: Table 6.3 should be replaced with the following corrected version: 

T a b l e 6.3 Number of reconstructed B meson hadronic decays 

Decay Mode 30 lb- 1 Sample 300 fb' "' Sample 

Normal Charged D Normal Charged D 

D Mode Only D Mode Only 

B° -> D+ff" S300 4400 S3000 44000 

B° -* D'+ir~ 10000 3100 100000 31000 

B~ -» D*+X~TT- 5500 1700 55000 17000 

B° _ D + f f - r ° 40700 22000 407000 220000 

B~ -* DBir~K° 54700 10800 547000 108000 

B" -» D+D- 790 270 7900 2700 

B" -» D'+D; 1200 230 12000 2300 

Page 156 : The last term of the first equation should read: {1 — M;/M^)2. 

Page 206 : The first line of the second paragraph should read: 

"All existing data are consistent " 

Page 207 : The second bullet shouJd read: 

" • T{~ -* uTir~p0, p" -* (ip. " 
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ABSTRACT 

A high-luminosity asymmetric energy B Factory, proposed as an upgrade to 

the PEP storage ring at SLAC, provides the best opportunity to study CP violation 

as a means of testing the consistency of the Standard Model. If the phenomenon 

of CP violation is explained by the Standard Model simply througii the non-zero 

angles and phase of the Kobayashi-Maskawa matrix, then there are precise relations 

between the K-M parameters and the various measurable CP-violating asymmetries 

in B meson decay. Should these consistency relations fail, the origin of CP violation 

must lie outside the Standard Model framework. Our measurements would then 

lead to the first experiment-driven extensions of the Standard Model. 

The B Factory will also carry out a varied, high-quality program of studies of 

other aspects of the physics of b quarks, as well as high-precision measurements in 

T and charm physics. We describe a detailed series of measurements to be carried 

out in the first few years at a peak luminosity of 3 x 10 3 J c m _ 2 s e c _ 1 , the initial 

iuminosity goal of the B Factory, as well as the program accessible to a larger data 

sample. 
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FOREWORD 

This report outlines the physics program of a high-luminosity asymmetric 

energy storage ring complex in the ^/s = 10 GeV region. We will frequently 

refer to these storage rings as a "B Factory", as their primary goal is the pro

duction of a sufficient number of BB meson pairs in the appropriate configuration 

to allow the first measurement of CP violation in the B meson system. The ap

propriate configuration, as we will demonstrate, is that the BB pairs must be 

produced in the decay of the T(45) resonance, with the T(4S) system moving 

in the laboratory. Our studies have shown that the optimal energy asymmetry 

for this purpose lies in the region of 9 GeV for the electron beam and 3 GeV 

for the positron beam. We will use these values in most instances, although for 

certain studies, such as those of B, mixing, a somewhat higher asymmetry is de

sirable. These storage rings have been designed to be contained in the existing 

tunnel of the PEP storage ring, which permits considerable savings in cost and 

time. The details of the accelerator design are contained in the companion report 

A Feasibility Study for an Asymmetric B Factory Based on PEP. 

It must be strongly emphasized, however, that the capabilities of the program 

extend far beyond the primary motivation. While the goal of stringent tests of the 

consistency of the Standard Model is quite sufficient motivation on its own for this 

project, a rich program of experiments in a large number of other areas is a natural 

adjunct to the search for CP violation. Studies of rare B decays to unprecedented 

sensitivity are possible, as are measurements of particular Kobayashi-Maskawa 

matrix elements, measurements of B meson hadronic branching ratios and mea

surements of transitions within the T system. Along with the production of large 

numbers of B mesons in the i/s = 10 GeV region we would produce a similar 

number of rf pairs in a particularly favorable region for high-precision T stud

ies. Charmed meson and baryon production is also substantial. As the charmed 

particles are produced with distinguishable decay vertices, this leads to exciting 

prospects for very high sensistivily studies of D°D° mixing, rare D decays and 
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excited charmed mesons and baryons. 
Our report contains a variety of examples drawn from each of these areas of 

interest. We consider scenarios involving the accumulation of conservative amount 
(30 f b - 1 ) of integrated luminosity at the outset, as well as the capability of a 
program which accumulates a total luminosity of 300 f b - 1 . This document is the 
outcome of studies carried out over the summer of 1989 in a series of meetings at 
SLAC and Caltech, which have seen the enthusiastic participation of a substantial 
number of physicists from a variety of institutions: 

• U.C. Intercampus Institute for Research at Particle Accelerators 

0 Alan Eisner 

• U.C. Irvine 

0 Mark Mandelkern 
• U.C. Santa Barbara 

0 Rollin Morrison, Michael Witherell 

• U.C. Santa Cruz 
0 Patricia Burchat, Joel Kent 

• U.C. San Diego 
0 Robin Erbacher, Wayne Vernon 

• California Institute of Technology 
Q Gerald Eigen, David Hitlin, Frank Porter, Alan Weinstein, 

William Wisniewski 

• University of Colorado 
0 Steven Wagner 

• Columbia University 
0 Paolo Franzini, Michael Tuts 

• University of Indiana 
<> Doris Averill, Arthur Snyder 

• Lawrence Berkeley Laboratory 

^ Gerson Goldhaber, Piermaria Oddone, Natalie Roe, Michael Ronan, 
Martin Spahn 

i i 



• McGill University 

0 David MacFarlane 

• Stanford Linear Accelerator Center 
0 John Bartelt, Elliott Bloom, Fatin Bulos, Dieter Cords, Claudio Dib, 

Jonathan Dorfan, Isard Dunietz, Frederick Gilman, Gary Godfrey, 
Thomas Hyer, Garth Jensen, David Leith, Helmut Marsiske, Yosef Nir 

• SUNY Stony Brook 
0 Juliet Lee-Franzini 

The Study was divided into Working Groups. The Working Group leaders were: 

• CP Violation - John Bartelt 
• Other B Physics - Natalie Roe and Arthur Snyder 
• T Physics - Michael Tuts 

• r Studies - Helmut Marsiske 
• Charm Studies - Michael Witherell 
• Detector Simulation - Alan Weinstein 

The Study was coordinated by David Hitlin, who served as editor of this report. 
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1. INTRODUCTION 

Tests of the consistency of the Standard Model through 
high-precision measurements of the Kobayashi-Maskawa 

matrix elements provide some of the most exciting experi
mental prospects for the 1990's. The centerpiece of this type 
of experiment is the study of CP violation in the 6 quark sys
tem. The measurement of CP-violating parameters requires 
a large sample of B°B° meson pairs, produced in a novel con
figuration: in T{4S) decay, where the T(4S) is moving in the 
laboratory. The construction of an asymmetric energy e + e ~ 
storage ring in the v^* = 10 — 11 GeV region is thus the key 
to an extraordinarily interesting program of detailed consis
tency tests of the Standard Model, making possible experi
ments which are complementary, as well as supplemental y, to 
tests envisioned at the SSC, and which can be performed in 
the coming decade, before the SSC program commences. This 
report will discuss the physics motivation for the construction 
of a high-luminosity asymmetric B Factory at SLAC, and 
will provide illustrative examples of experimental capabilities 
in the areas of B physics, T physics, T physics and charm 
physics. The physics program we envision deals with funda
mental issues within the Standard Model. Important results 
will be accessible at the outset, with integrated luminosity 
well below the eventual goal. It represents a long-term pro
gram with unique capability, which will result in the first ob
servation ot CP violation in B meson decay, allowing, for the 
first time, detailed consistency tests of the Standard Model. 
With sufficient integrated luminosity, it will also permit an 
exploration of the mechanism of CP violation, 

The accelerator required to carry out this program, de
scribed in the accompanying document, A Feasibility Study 
for an Asymmetric B Factory Based on PEP, is a novel one, 
in that the e+ and e~~ beams are of unequal energy. The 
asymmetric energies, which are absolutely required in order 
to carry out the core program of CP violation measurements, 
also result in a substantial reduction of combinatoric back
ground in more conventional experiments. This is valuable, in 
particular, in producing large, very clean tag samples, for the 
investigation of rare processes and semileptonic decays. The 

Measurements ot CP-violating 
asymmetries in B meson de
cay, crucia.* tests of the Stan
dard Model, are best done at 
ao asymmetric storage ring op
erating at the T(4S) resonance 
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We discuss the physics capabil
ities of th* program at two lev
els of integrated luminosity 

The initial data sample should 
suffice to discover CP violation 
in B meson decay. The larger 
sample will allow a detailed 
exploration of the phenomenon 

peak luminosity target of the upgrade is 3 X 10 3 3 c m - 2 s e c ~ l . 
We would expect the physics program to commence as the 
storage ring luminosity comes up at a luminosity somewhere 
above 10 3 3 c m - 2 s e c - 1 and rapidly evolves to the regime 
aimind 3 x 10 3 3 cm~ 2 sec _ 1 . Two years after the physics run 
begins, we expect to have accumulated an integrated luminos
ity of 30 f b - 1 . We have used this value to develop an initial 
physics program, which in addition to making the first mea
surement of CP violation in the B meson system, wi" produce 
a host of exciting results in several areas. We have also ex
tended our studies to a data sample of 300 f b - 1 , which we 
regard as the ultimate goal of the program. We would expect 
to devote sufficient time to accelerator R&D to make it plau
sible to expect an incroase in peak luminosity to the region 
of 10 3 < over time. It should be noted that the acquisition of 
a 300 f b - 1 sample is possible without a luminosity this high; 
a 1 0 M machine can do it in three years. Our unit of time 
is a •'Snowmass Year" (= 10 7 seconds), which is calculated 
to take into account the difference between peak and average 
luminosity as well as accelerator and detector down-tims. 

The plan of this Report is as follows: we will first inves
tigate the present and projected future status of the determi
nation of the "unitarity triangle" which summarizes the tests 
of consistency of the Standard Model. Next, the Monte Carlo 
tools used in the studies will be described, as will the param
eters for the model detector employed. Subsequent chapters 
will then present the results of studies of experimental ca
pabilities in B meson decay (CP violation; B, mixing; and 
"conventional" B physics, such as searches for rare decays 
and measurements of |V„j|), studies of the T system in un
precedented detail, charmed hadrons and r decay. 

fhe 30 and 300 f b - 1 samples correspond to 2.5 x 10 7 and 
2.JX 10 8 produced BB pairs, respectively. At an asymmetric 
machine the initial sample should suffice to observe the phe
nomenon of CP violation in the decay to the CP eigenstate 
B'.B" -> J/j>K?, while the full sample will allow a detailed 
exploration of the phenomenon in a variety of decay modes. 
These measurements are discussed in Chapter 5. The large 
number of B mesons which will be reconstructed in conven
tional decay modes are interesting in their own right, but also i 
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provide a very large sample of B "tags" which makes possi
ble the measurement of, for example, \V%i\ via the exclusive 
decay mode B —* vlv and B -+ plv and allows a sensitive 
search for the decay B —* TVT and thus a measurement of fg, 
the B meson pseudoscalar coupling constant. These topics 
are covered in Chapter 6. 

B meson studies are not the only interesting physics ac
cessible to a high luminosity asymmetric storage ring. A 
properly-designed detector will allow measurements in the T 
system of unprecedented detail, as discussed in Chapter 7. A 
sample of r pairs of the same size as that of the B sample will 
also be obtained, as the r f cross section is equal to the T(4S) 
cross section. Detailed studies (see Chapter 8) have confirmed 
that r experiments of great interest can be carried out with 
high precision. Charm studies can also be brought to a new 
level. Chapter 9 considers in detail a number of important 
questions in the charm sector, including the search for D"D° 
mixing, which can be addressed in a particularly clear way. It 
is worth noting that the study of excited charmed meson and 
baryons, still in its infancy, has been advanced to its present 
state largely through experiments at the T(4S). Such exper
iments are, of course, not accessible in ^(3770) data, and are 
far from optimally carried out in the 4-5 GeV region. 

While the most recent lower limits on the t quark mass 
would appear to place t quark searches in the domain of the 
Tevatron and the SSC, those measurements requiring large 
B meson and T samples would appear to be most practical 
at high-luminosity c + e ~ storage rings. In the case of the T, 
this is perhaps obvious, as the r has to date been observed 
only in e+e~ annihilation, and large, background-free samples 
of T'S are likely, for the foreseeable future, to be obtainable 
only by this technique. While B mesons are copiously pro
duced in high-energy hadronic collisions, only a handful have 
been observed to date, and the prospects for obtaining a very 
large tagged sample of B mesons at a hadron machine appear 
daunting. As of this writing, a total of ~ 106 B mesons have 
been produced in decays of the T{4S), while only a few hun
dred hadronic decays have been reconstructed. An increase 
in the produced sample of two orders of magnitude, with a 
Lorentz-boosted T(4S) and a high-quality detector, promises 

A variety of topics, drawn 
from the areas of T, charm 
and T physics, are discussed 
in addition to the B decay 
physics program 

In the \ /s = 10 GeV re
gion, the numbers of B mesons, 
charmed particles and T 'S pro
duced are roughly comparable 



Even with modest initio lumi
nosity goals, we will overtake 
the CESR data, sample in a 
short time 

Running on the T(4S) in an 
asymmetric configuration pro
duces signal-to-background ra
tios which are superior to both 
T(4S) running in the symmet
ric' case, due to the ability to 
reconstruct individual B-decay 
vertices, and to running above 
the T(4S), due to the larger 
fraction of the cross section 
which represents BB produc
tion 

to yield the first measurements of CP violation in B meson 
decay. 

Given sufficient priority, the construction of new, high-
luminosity storage rings in the PEP tunnel and a new high 
quality detector can be completed in about five years. Build
ing a high-luminosity asymmetric B factory at SLAC results 
in a considerable savings of money and time. The use of the 
PEP tunnel and many PEP accelerator components could 
save as much as 1 1/2 years, as it will not be necessary to 
retain an Architectural and Engineering firm, to file Environ
mental Impact statements or, indeed, to do any substantial 
amount of civil construction. 

It is important, nonetheless, to ask what could be accom
plished in the intervening time by facilities which are currently 
in operation. The machine with the highest luminosity in the 
T region is CESR, which has achieved a peak luminosity of 
1 x 10 3 2 c m - 2 s e c - 1 , and has detailed plans to improve the 
luminosity over the next several years. It is, of course, very 
difficult to predict the course of such an improvement pro
gram. For illustrative purposes, we have made the assump
tion that the development of CESR luminosity with time will 
show a linear rise to 5 x 10 3 2 over five years. As about 1/3 of 
CESR data is taken below the T(4S) to allow study of con
tinuum background, this leads to an integrated luminosity at 
the T(4S) of 9.2 f b - 1 over five years, representing an order 
of magnitude increase over existing B meson samples. It is 
worth noting that the lower backgrounds to B meson recon
struction at an asymmetric machine require less off-resonance 
running; fifteen percent should suffice. 

The first few years of running of the proposed asymmet
ric machine therefore r..early triple the total world sample, 
even with the initial luminosity assumptions. The ultimate 
sample represents a factor of thirty increase over the sam
ple projected to exist at turn-on. This increase is important 
in itself, but the fact that the B mesons will be produced 
in motion at the T(4S) represents a new and most impor
tant feature. As the separate decay vertices of B and D 
mesons are distinguishable, the combinatoric background un
der exclusive-mode peaks will be substantially reduced, pro-



viding clean, high-statistics tag samples. This is investigated 
in some detail in Chapter 6. More importantly, the ability 
to measure the decay time between vertices in the decay of 
B" and B° to CP eigenstates makes the search for CP viola
tion viable. The energy asymmetry provides unique capabil
ity to study CP violation. The measurement of CP-violating 
asymmetries in decays to CP eigenstates is not possible at 
a symmetric machine, as the CP asymmetry integrates to 
zero. While other CP-violating effects can conceivably be 
measured at a symmetric machine, only decays to CP eigen
states can be rigorously, that is without uncertainties due 
to hadronic physics, related to the fundamental parameters 
of the Kobayashi-Maskawa matrix. Such a measurement is 
not possible with a large sample of B mesons produced by 
stationary T(4S) decays. The method proposed herein, dis
cussed in Chapter 5, has been stated to enjoy a factor of 4-5 
advantage in required luminosity over a technique based on 
producing B mesons above the T(4S). This assessment did 
not take into account the debilitating effect of background. 
The asymmetric machine has additional substantial advan
tages in this regard. Reduction of combinatoric background 
by reconstruction of distinct vertices is one advantage. A 
second is the ability to take CP-relevant data on the T(4S), 
where the signal-to-background ratio for B reconstruction is 
far superior to that obtainable either in the resonance region 
above it or in the continuum. The effect of background on 
the measurement of CP asymmetries is discussed in Chapter 
5. 

Tie oft-quoted factor of 4 to 
5 advantage of the asymmet
ric T(4) configuration over the 
symmetric case above the T(4) 
is an underestimate, as it 
does not account for the addi
tional advantage which accrues 
to a superior rejection of back
ground, with its concomitant 
improvement in signal-to-noise 
ratio 

1.1. T H E R O L E O F A B FACTORY IN THE SLAC PHYSICS 
PROGRAM 

In recent months, SLAC has been pondering new direc
tions for its current program, seeking directions which are 
consistent both with its long-term goals and with the needs 
of a national program. It has been decided that SLAC will 
not serve as a major participant in the construction of an 
SSC detector but rather will maintain its role as the main
stay of the electron-positron arm of the national program. 
This provides crucial diversity to the national program, as a 

The B factory will allow SLAC 
to maintain its leadership in 
the e+e~ arm of the national 
program through the coming 
decade 
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The Hilton Bead HEPAP Sub-
panel identified a B factory as 
sn important facility for the 
•1990's 

Energies of 9 and 3 GeV 
are optimal for measuring CP-
violating asymmetries 

strong, forward-looking electron-positron program is an im
portant adjunct to the proton-based program. This proposed 
role for SLAC has been endorsed by HEPAP and the DOE; 
there is general agreement that this is a fruitful role for SLAC 
in the context of the future U.S. elementary particle physics 
program. 

SLAC is at the forefront of the worldwide R&.D effort on a 
high energy {> 400 GeV) linear collider; this direction must 
be vigorously pursued. The amount of R&D required and 
the cost of a large new linear collider preclude the start of 
construction of such a machine before SSC construction costs 
begin to taper off {1997 at the earliest). This provides a nat
ural window for a high-quality project at SLAC which meets 
the proper criteria of physics interest, cost and time-scale, 
and which complements ongoing SLC-based efforts. Only 
with such a project will SLAC retain its high-quality fac
ulty and staff and preserve a vital university user commu
nity. Many people in the experimental community are seek
ing accelerator-based opportunities which are complementary 
to the SSC program. This was clearly evident in the report 
of the 'Hilton Head' HEPAP subpanel, which prominently 
identified a high luminosity B factory as an important facil
ity for the 1990's, The high luminosity asymmetric storage 
ring facility in the T region provides an exceptionally rich 
physics program encompassing bottom, charm and T physics 
which will serve as a) the bridge between the current SLAC 
program and the linear collider era and b) a very rich and 
diverse physics program which is of great interest to the na
tional and international community. 

The physics potential of a machine of this type is widely 
recognized: KEK, DESY, Novosibirsk, PSI, SLAC and Cor
nell have been exploring the feasibility of such a machine. 
SLAC has many advantages which make it a natural place 
to build a B factory. The facility we are proposing makes 
use of the existing PEP tunnel, interaction region halls and 
utilities, as well as many machine components. Both rings, 
one at 9 GeV and the other at 3 GeV, optimal energies for 
the measurement of CP-violatiiig asymmetries, would be con
structed in the existing PEP tunnel. The vacuum and cooling 
systems are designed to support currents which would allow 
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a peak luminosity of 103* c m - 2 s e c - 1 , although the initial lu
minosity goal of is 3 x 10 3 3 . Basing the project on the PEP 
complex results in a considerable savings of money and time 
and takes advantage of the existing PEP infra-structure. The 
project as a whole benefits from the SLAC's managerial and 
technical expertise, its long experience in electron-positron 
storage rings and its existing relationship with the DOE. The 
enthusiastic participation of Lawrence Berkeley Laboratory 
and major university groups in the design and construction 
of the accelerator promises to bring a considerable amount 
of additional accelerator expertise, as well as engineering and 
technical manpower, to bear on the project. 

The physics program described in this Report addresses 
important questions, provides interesting technical challenges 
both in detector and accelerator design and motivates a project 
of the quality and scope which SLAC must have to main
tain its forefront position. The main goals, the first mea
surement of CP violation in B decay, and the detailed explo
ration of the phenomenon, are of prime importance. A high-
luminosity asymmetric B Factory should be SLAC's next ma
jor endeavor. 

The B factory project would 
be actively supported by LBL 
and a variet.y of major univer
sity user groups 



2. STANDARD MODEL PREDICTIONS FOR 
CP VIOLATION IN B° MESON DECAY 

E ven though twenty-five years have passed since the dis
covery of CP violation, its observation only within the 

K meson system has left us with different hypotheses as to 
its origin. However, during that time the Standard Model 
of the electrowe&k interactions has been developed, in which 
CP violation has a natural place, the Cabibbo-Kobayashi-
Maskawa (CKM) mixing matrix: 

v = I vci vc, vch 

.Vu Vu Vti, 

(2-1) 

A unique CP-violating phase could occur with three gener
ations of quarks. Independent of any phase convention in 
defining the matrix, the phase could be taken to be 

arg(V„,v;tVc*Vrf). (2.2) 

In toe Standard Model expla
nation for CP violation, iuge 
C P-vialatmg asymmetries are 
predicted in neutral B decays. 

The question before us is whether this is indeed the origin of 
CP violation as it is observed in nature. If this phase were to 
explain what is observed in K decays, then large CP-violating 
asymmetries would be predicted in neutral B meson decays. 

This chapter presents the current status of what can be 
said about such asymmetries in the context of our knowl
edge of the experimental constraints on the parameters of the 

2—5 

Standard Model, updating and extending previous work. 
We use the unitarity triangle of tbe CKM matrix to show 
these constraints as a function of top quark mass. The CP-
violating asymmetries for neutral B meson decays in which 
we are interested are related to the angles of the unitarity 
triangle. The consequent range of asymmetries allowed for 
a given type of B decay is evaluated, and the luminosity of 
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an electron-positron collider needed in order to guarantee a 
statistically significant measurement of CP violation in one 
or more types of B decay is then presented. 

2.1. T H E UNITARITY TRIANGLE 

Unitarity of the 3 x 3 CKM matrix yields 

Vu Kh + Vci KJ + V,i Vtl = 0. (2.3) 

The unitarity triangle is just a geometrical presentation of 
this equation in the complex plane. We can always choose to 
orient the triangle so that VJj V£ lies along the horizontal axis. 
This is equivalent to choosing a phase convention. In any case, 
the pararoetrization adopted by the Particle Data Group 
makes V̂ j real and Vei real to a very good approximation. 
Also, V*i w 1, Vu » 1, and Vct * - s i n 0 c = -0.22, and Eq. 
(2.3) now becomes 

Kk + V« = \V* Vet\ , (2.4) 

which is shown as the unitarity triangle in Figure 2.1. 

CP-violating asymmetries between B° and B° mesons de
caying to CP eigenstates are proportional to sin(2^), where 
4> stands for one of the angles (labelled a, ft, and 7 in Figure 
2.1) of the triangle. Rescaling the triangle by [l/(|14<j V^,\) ], 
the coordinates of the three vertices A, B, and C become: 
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B 8 - P K S 
IVcAbl 

(b) 

Figure 2.1 Reprosecution in 
the complex plane of the tri
angle formed (a) by the CKM 
matrix dements V;t, Vct • 
V'it and Vti, and the reacaled 
triangle (b) with vertices at 
A(p,v), fi(l,0), andC{0,0) . 
A relevant B" decay mode 
ia indicated for the angle in
volved in the corresponding 
CP~violatin$ asymmetty. 

C=(0,0) 
M» 

8=(1.0) 

In the Wolfenstein parametrization, which is just the small 
mixing-angle approximation given here with the matrix ele
ments expressed ro terras of powers of s i n # c > t f l e coordinates 
of the vertex A are (p,^). What remains for Section 4 is to 
constrain the point A by using the experimental data which 
are presently available. 

2.2. CP VIOLATION WITH NEUTRAL B MESONS 

The decay rate of a time-evolved, initially pure B° {B°) 
into a CP-eigenstate, / , is: 

T(B^Jt) -> J) « e~ri fl - Im A 8in(Am t)] 

T ( ^ h y , ( i ) - / ) oc e" r ' [1 + Im A Sin(Am i)] . 
(2.6) 

CP-violating effects are manifest through the presence of the 
interference term Im A. For the processes under consideration 
here, the CP violation arises from the quantum mechanical 
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interference of amplitudes corresponding to two paths to the 
same final state, one of which involves Ba — B° mixing. Pos
sible small CP-violating effects in the decay amplitude itself 
are neglected. Care must be taken whether the final state 
is CP-even or odd, since that flips the sign of the interfer
ence term: Im A^j = —Im A e v e t t . We always quote the 
interference terms obtained for CP-even eigenstates. 

For a given quark subprocess, Table 2.1 lists a few cor
responding hadronic final states and the relevant interference 
term, Im A, responsible for CP-violation (stated in terms of 
the angles in the unitarity triangle). 

Table 2.1 
Decay Modes and Interference Terms for Various Classes 

Quark sub-process 
(class) 

Decay mode Im A 

b—*c + cs, c + cd , 5 

(0 

Bd-n!>Ks,xKs,<l>Ks,T,cKs, 
uKs,pKs,D+D-,D0D°, 

*KLi+KLtPKL,... 
- sin(2/?) 

6 —»• fi + ud Bd->7C+K-,pp,px0, 
w i r ° , T V 

— sin(2or) 

6 —• u + ud 
(m) 

Bt -* pKs,uKs, 
pKi,uKi 

— sin(2-y) 

b—*c + cs,c + cd B, ->il>4>,ric<t>,rl)I<s 
2 |KH 

We concentrate on three promising classes of measure
ments: 

(t) Measuring sin(2ff) in Bj decays: 
This class has the advantage that different quark sub-
processes: 6 —» c + cs,b —• c + cd,b —» s, all yield the 

12 
same interference term, Im A = — sin(2/?). The stan-
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dard example at the hadron level is J?j -» ipKs, with an 
observed 1 3 BR(Bd -+ ^Ks) « 3 x 10" 4 . To increase 
statistics, one can look at many decay modes: Bj —» 

etc. 

(it) Measuring sin(2ct) in Bj decays: 
The relevant quark subprocess here is i —t u -f- vd. 
Possible two-body hadronic decay modes are Bi —* 
n+Tr~,wir0,pir , and Bi —* pp. These modes may suffer 
from additional contributions, either from virtual inter
mediate states, in the form of penguin diagrams at the 
quark level, ' or from real intermediate states, i.e., 

17 

rescattering effects at the hadron level. For example, 
Bj —• D+D~ —» ir+ir~ may upset the identification of 
Bi —»ir+jr~ as a pure b —• ti + ud transition. Although , 
difficult to calculate quantitatively, a recent estimate 
is that these additional contributions are less than a * 
20% effect for class («) decays, and they will be ne
glected here. In addition, the mode pp has opposite 
CP-parity in the s- and p-wave final stater, producing 
asymmetries of opposite sign. 

(Hi) Measuring sin(2-7) in B, decays: 
The relevant quark subprocess is, 6 —• u -f ud, the same 
as that in class («). However, Im A is related to a dif
ferent angle of the unitarity triangle, because the inter
ference term depends not only on the quark subprocess 
but on fl° — Ba mixing, which in turn involves differ
ent CKM elements for the Bi and B, systems. Pos
sible hadronic modes of this type are Ba —• pK$ and 
Bi —• OJKS, although again rescattering effects may be 
important. 

A fourth class utilizes the quark subprocesses in class (i), 
but for B, rather than Bj decays. The predicted interference > 
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term is very small, at most of order sin 2 $c sin 7. 

In addition to the three promising classes above, decays to 
CP non-eigenstates could also show large CP-violating effects, 
but they axe not susceptible to the same clean interpretation 
in terms of just CKM matrix elements. This report will be 
restricted to the predicted CP asymmetries in classes (*) — 
(in) only. 

2.3. CONSTRAINING THE U M T A R I T Y T R I A N G L E 

Now that the relevance of various fi-decay asymmetries 
has been presented, we return to the unitarity triangle and the 
measurements which we wili use to constrain it. Two of these 
constraints depend on loop processes, the CP-violating pa
rameter t and the B4 — Bj mixing parameter X4. As loop pro
cesses axe GIM-suppressed, the resulting constraints strongly 
depend on the yet-unknown mass of the top quark, mj. The 
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detailed analytical e pressions may be found elsewhere. On 
the other hand, |V cj| and |Vut/VeA| are directly measurable in 
semileptonic B decay, and thus independent of mj. 

The values of well-known quantities used here are: 

fK = 0.16 GeV; 

m c = 1.4 GeV; mB = 5.28 GeV; Mw = 80 GeV; 

Gf = 1.166 x 1 0 _ s G e V - 2 ; 

IK„| = s i n 0 c = O.22; |e| = 2.26 x 1 0 - 3 . 
(2.7) 

The QCD correction factors for e and x j are the same as those 
7 

used in Ref. 18. We consider the ranges 

0.036 < \Vct\ < 0.056 , (2.8) 

a n d 1 9 , 2 0 78 GeV < mt < 200 GeV. The constraints on the 
rescaled unitarity triangle are then imposed as follows: 

13 



The top mass is fixed within the range given above. As 
examples we choose m< = 80,120,160, and 200 GeV in 
Figures 2.2, 2.3, 2.4, and 2.5, respectively. 

The value of |V^j| is fixed within the range given above. 
As examples we choose | V^j| = 0.036,0.046, and 0.056 in 
subfigures a, b, and c, respectively. 

21 The constraint 

0-04 < iKj/Vrfl < 0.16. (2.9) 

is imposed. This forces the vertex A to lie between two 
circles centered at the vertex C(0,0). In the Figures, 
those circles are dotted. 

The xj constraint is imposed. This requires the vertex 
A to lie between two circles (dashed in the Figures) cen
tered at B(1,0). The width of this band arises mainly 
from theoretical uncertainties in Bgfg a n d , to a lesser 

21 
extent, from lifetime and mixing measurements: 

(0.1 GeV) 2 < BBfB < (0.2 GeV) 2 

1.04 ps < TJ < 1.32 ps (2.10) 

0.50 < X J < 0.78 . 

The e-constraint is imposed. This demands that the 
vertex A lie between the two hyperbolas (solid curves 
in the Figures). The width of this band arises from the 
theoretical uncertainty in the BK parameter: 

1/3 < BK < 1 . (2.11) 
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Figure 2.2 Constraints from 
IVuj/Vctl (dottedcircles), Xd (dashed 
circles), and e (solid hyperbo
las) on the resettled unitarity 
triangle for mt - 80 GeV. 
The shaded region is that al
lowed for the vertex A{p, 17) . 
W |K*I = 0.036, (b) |V c t | = 
0.046, (c) IK.,I = 0.056 . 
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Figure 2.3 Coostraijits from 
IVU/Vcbl (dottedcircles), zt (dashed 
circles), and ( (solid hyperbo
las) on the rescued unitaiity 
triangle for m t = 120 GeV. 
The shaded region is that al
lowed for the vertex A(p, 7)} . 
(a) |Vii| = 0.036, (b) |V.*| = 
0.046, (c) \Vci\- 0.056 . 
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Figure 2.4 Constraints from 
I W V y (dotted circles), xd (dashed 
circles), and e (solid hyperbo
las) on the rescaJed uju'tarity 
triangle for mt = 160 GeV. 
The shaded region is that al
lowed for the vertex A(p, rf) . 

2 . 0 (*) \v<>\ = °- 0 3 6> (V ' y "l = 
0.046, (c) \Vcl\ = 0.056 . 

6466A4 
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Figure 2.5 Constraints from 
IVui/Vy (dotted circles), xt (dashed 
circles), and e (solid hyperbo
las) on the reseated unitarity 
triangle for m, = 200 GeV. 
The shaded region is that al
lowed for the vertex A(p, 17) . 
(a) |K*| = 0.036, (b) \V^\ = 
0.046, (c) |VC >| = 0.056 . 

2.0 

1.5 

1.0 

m t = 200 GeV 

(a) | v c b | = 0.036 

18 



The final allowed domain for the vertex A is given by the 
shaded region in Figures 2.2-2.5. We stress again that the 
jV«$/Vrf| constraint does not depend on either m< o r |K*I- In 
contrast, the t and xj constraints do change. Larger mj or 
larger |V cj| values correspond to smaller radii for the xj circles 
and, in general, to an e band which is lower and narrower. 

The allowed values for the angles Q,/3, and 7 can be de
duced from Figures 2.2-2.5. Figure 2.6 shows the minimum 
and maximum values for these angles as a function of the top 
mass, where the parameters range according to Eqs. (2.7)-
(2.11). Note that a value of 45° corresponds to a maximal CP 
asymmetry, while 90° for an angle implies that there will be no 
CP asymmetry in the corresponding class of B decays. How
ever, if one angle is 90°, then CP violation will necessarily 
exhibit itself in the other two classes. Examining Figures 2.2-
2.5, we see that either a cr 7 may be 90° when mt £ 80 GeV. 
Consequently, zero asymmetries may occur for class (ii), e.g., 
B4 —* 5r+ir~, or class {Hi), e.g., B, —• pKs decays, respec
tively. In contrast, the angle /? ranges between 

2° < 0 < arcsin \Vui/(VcdVci)\ ss 47° . (2.12) 

Thus, the interference term for class (s), e.g., Bj —* ifrKs de
cays with Im A = — sin(2/3), is never zero, always negative, 
and can reach — 1. 
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Figure 2.6 The upper and 
lower bounds on the angles 
a, 0, and y of the unitarity 
triangle as a function ofm,. 
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2.4. RANGES OF C P ASYMMETRIES FOR B° MESONS 

To estimate the number of 66 events required to measure 
CP violation, it is crucial to calculate the allowed range for the 
interference terms, Im A. The constraints of Eqs. (2.7)-(2.11) 
are employed. Figure 2.7 shows the minimum and maximum 
of — sin(2^) for <f> = a, /?, y, as a function of the top mass. The 
dotted line displays the lower bound on the absolute value, 
|rin(24)|. 

With mt « 50 GeV, large CP asymmetries in all three 
classes would be predicted (see Figure 2.7). A small top mass 
forces the vertex A to lie in a narrow allowed region with 
a large imaginary part JJ (due to the e constraint) and with 
negative p values (due to the x& constraint), as can be seen 
in Figure 2.2. With large top mass, the situation is very 
different. The allowed region becomes larger, and all values 
for the interference term of classes (ii) and (iii) are allowed, 

- 1 < {-sin(2a) or - sin(27)} < 1 . (2.13) 

The possibilities range from maximal (|Im A| = 1) to vanish-
22 

ing (|Im A| = 0) CP asymmetry. 
The fact that a particular interference term might van

ish is disconcerting; if we were "unlucky" in the shape of the 
unitarity triangle chosen by nature, the failure to observe CP 
violation in just a class (ii) or just a class (iii) process would 
not be evidence against CP violation originating in the CKM 
matrix. It is better to have a measurement for which a non-
vanishing asymmetry is guaranteed. This is indeed the case 
for class (i) processes, since the angle fi satisfies (see Figure 
2.7b): 

- 1 < - s in (20) £ -0.08. (2.14) 

Therefore, we are guaranteed that there are processes for 
which the magnitude of the CP-violating interference term, 
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Figure 2.7 The upper and 
lower bounds (solid curves) for 
the interference term, Im A, 
as a function of mj. The 
lower bound on |Im A|, is 
shown as £/ie dotted curve, 
(a) Im A = -s in(2a) , (b) 
Im A = -sra(2/J), (c) Im A = 
- sin(27). 
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|Im A|, is greater than about 0.08 and can even be maximal. 
We define I\ as the lower bound on |sin(2(?)|, and present it 
as a function of the top mass in Figure 2.8. Can we do better 
from the point of view of having at least one asymmetry which 
is bigger than I\t The answer u certainly yes if we measure 
processes that reside in two or three different classes, and 
consider the biggest value of |sin(2^)| which corresponds to 
any of these classes. 

1.0 

0.8 -

0.6 h 

0.4 

0.2 

I I ' I 1 

-

I I 

___.». 

I I 1 1 1 
50 100 

10-69 m t 
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To make this quantitative, we define the following quan
tities for any allowed unitarity triangle A: 

max 2 (A) = max{|sin(2a)|,)sin(2/9)|} 

max 3 (A) = max{| sin(2a)|, | sin(2/9)|, | sin(27)|} 

If we now range over a:', allowed triangles, we define 

h = min {max2(A)} 
all A 

h = min {maxafA)} 
all A 

(2.15) 

(2.16) 

What is the significance of 7i? An experiment which is sen
sitive to both class (i) and class (ii) processes is assured that 

Figure 2.8 The quantities 
/i (solid carve), h (dashed 
curve,!, and /3 (dotted curve) 
as a function ofmt (see text). 
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|Im A | > I<i for at least one of the two classes. Figure 2.8 
shows Ii plotted against the top mass. Small top masses 
( « 80 GeV), or large ones ( « 200 GeV), have h > 0.2. This 
situation would be encouraging for CP violation studies. In 
contrast, intermediate top masses (s» 130 GeV) allow li to 
be just above 0.1 . 

Similarly, an experiment searching simultaneously for CP-
asymmetries in processes of all three different classes is guar
anteed to find that |Im A| > /3 for at least one of the three 
classes of CP-violating asymmetries. We present / j as a 
function of the top mass in Figure 2.8. Small top masses 
(as 80 GeV) or large ones ( « 200 GeV) have h > 0-3, and in
termediate top masses (w 130 GeV) have a minimum value of 
1$ just below 0.2 . An important conclusion is that there ex
ists an angle <j> = a, f), or 7 such that j sin(2^)| £ 0.2 . There 
must be substantial CP violation in at least one of the three 
classes if the Standard Model is the source of CP violation. 

Simple geometrical considerations lead to another point 
of interest. If there is a near-maximal interference term in 
one of the three classes, then there will be a large interference 
term in at least one of the other two classes. For example, 
for |sin(27)| ss 1 we get |sin(2^)| £ 0.7 for either <j> = a or 
4> = fi. This turns out to have important bearings on the 
luminosity considerations presented in section 2.5. 

2.5. LUMINOSITY CONSIDERATIONS 

We now proceed to apply the results of the last section to 
find the luminosity required to observe a statistically signif
icant CP violating asymmetry at an electron-positron B fac
tory. We choose a "favorite" 5 ° decay mode that corresponds 
to each of the three classes of asymmetry measurements, es
timate the relevant experimental and detector-related num
bers that are associated with each of these decays, and then 
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combine them with the magnitude of the appropriate CP-
violating interference term to estimate the luminosity required 
for a 3<7 effect. One must always be aware that much of the 
experimental and detector-related input to these calculations 
is based on estimates or educated guesses; they may change 
with future data when specific branching ratios are measured, 
and other decay modes than we have chosen, or combinations 
of them, nray well turn out to be optimal. 

We limit our discussion to asymmetric machines running 
at the T(45), and to polarized Z machines. For each type 
of machine, we will quote two values of integrated luminos
ity, £„ and d, corresponding to the minimal and maximal 
magnitude of the interference term, |sin(2^)|, respectively. 
An experiment which is capable of acquiring integrated lu
minosity above £„ is guaranteed a statistically significant 
(3<T) CP-violating asymmetry in the Standard Model. On the 
other hand, an experiment with an integrated luminosity be
low £ d is not expected to observe a CP-violating asymmetry. 
Thus, observation of an effect in the latter case would indicate 
a source outside the Standard Model, while if no significant 
asymmetry is observed it will not add to our knowledge of the 
Standard Model. 

To compute the integrated luminosity needed to measure 
a CP-violating asymmetry to a given level of accuracy, we 
follow fairly closely the analysis and assumptions made in 
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the Snowmass 88 report: The formal expression for the 
integrated luminosity is: 

[ Ldt= {2a(e+e~ -> lb) / 0 B f,e,[(l - 2W) d 6(sm2<t>)}2}~ 

(2.17) 
where: 

/o is the fraction of B°'s in the 6-quark fragmentation; 

B is the product of the branching fractions to the desired 
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final state / ; 

er is the reconstruction efficiency of the final state / ; 

tt is the tagging efficiency, i.e. the fraction of events in 
which the flavor of the B which decays to / can be 
measured; 

W is the fraction of incorrect tags; 
d is a dilution factor which takes into account the loos in 

asymmetry due to fitting, time integration, and/or the 
mixing of the tagged decay; 

S{ain 2<j>) is the required accuracy on the CP asymmetry param-
25 

eter sin(2^), taken to be | sin(2<^)/3| for a 3tr effect. 

Table 2.2 lists the branching ratios and reconstruction 

efficiencies for the modes in each of the three different classes 

which we consider. 

Table 2.2 
Branching Ratios and Reconstruction Efficiencies for 

Representative Decay Modes of the Three Classes 

Class Decay mode B e r (asym. T(4S)) er (pol. Z°) 

(0 Bd ~»jpKs (3 x lO - 4 ) x 0.14 0.61 0.46 

(«) Bi -* X+T- 2 x 10 _ s 0.8 0.8 

(Hi) B, -» pKs 3 x i r r 5 — 0.46 

13 

The rate for the mode Bj —> ipKs is a factor of 0.6 
times that used in the Snowmass 88 report. The modes' 
Bd —* T + 7 T ~ and B, —> pKs have yet to be observed, and esti
mates of their branching ratios depend on uncertain hadronic 
matrix elements and |VMi/V^j|. As working values, we use 
branching ratios of 2 x 10~ 5 for Bd -* JT+JT - and 3 X 10~S 

for B, —* pK$. The latter, in particular, might be thought 
optimistic, but, as will be seen shortly, even this branch
ing ratio will not help to lower the required luminosities, 
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The reconstruction efficiencies in Table 2.2 should be achiev
able, at least within a factor of two, by state-of-the-art de
tectors. Table 2.3 summarizes the characteristics of B pro
duction and tagging at the two machines which are relevant 
to Eq, (2.17) . Combinations of branching ratios and tagging 
efficiencies which are higher than given here will result in a 
lower required luminosity, and vice versa. 

Table 2.3 
Comparison between the Asymmetric T(45) and the Polarized Z1 

Factor Asymmetric T(4S) Polarized Za 

<r(e+e- -* lb) (nb) 1.2 6.3 

Fraction of B°, fQ 0.5 (for B^ 
0.35 (for Bd) 
0.15 (for B,) 

Tag efficiency, e* 0.48 0.61 

Wrong tag fraction, W 0.08 0.125 

Asymmetry dilution, d 0.61 (for Bi) 
0.61 (for Bd) 
0.50 (for Ba) 

2.6. ASYMMETRIC MACHINE OPERATING AT THE T(4S) 

We update the fraction of neutral Bi mesons at the T(45) 
to be 0.5 (rather than the value 0.43 used at Snowmass 88) 
from the recent measurements by ARGUS and CLEO collab-
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orations, and take the tagging efficiency to be 48% when the 
charges of both the kaons and the leptons from the accompa
nying B are used. The solid curves in Figure 2.9 show C% and 
Ci for the class (t) process Bi —* ijiKs alone as a function 
of the top mass. To observe the smallest possible interfer
ence term, |sin(2/?)|, at the 3<r level, the required integrated 
luminosity is 

£ , « 4 x 10 4 1 c m - 2 (2.18) 
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Figure 2.9 The integrated 
luminosity of an asymmetric 
electron-positron collider oper
ating at the T(4S) required to 
observe a statistically signifi
cant C&o) CT- violating asym
metry as a Junction of mt. 
Minimum and maximum re
quired integrated luminosity 
when CP-violating asymme
tries are searched for in the de
cay Bi —> $Ks (solid carve), 
or simultaneously in the de
cays B4 —•• rpKs and Bi — 
» + » " (dashed curve). The 
minimum integrated luminos
ity curves in these two cases are 
identical. 

for mt kr 130 GeV. It is lower for a lighter top. At the other 
extreme, if the interference term is maximal, then an inte-
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grated luminosity £& « 2 — 3 x 10 3 9 c m - 2 will suffice. 

An experiment which is sensitive to both class (?) and 
class (it) processes would require a smaller integrated lumi
nosity to see a statistically significant effect. In much the 
same way that we defined I2 in the previous section, we 
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define £«2 and C42 by ranging over all allowed triangles 
for a combination of the class (i) and class (it) processes 
Bi —» tpKg and Bj —» j r + j r _ . Thus, £n2 is the integrated 
luminosity which guarantees in the Standard Model an obser
vation of a CP-violating asymmetry at the 3<r level, if asym
metries in both classes (i) ano Hi) are measured. The dashed 
curves in Figure 2.9 show £,2 and C& as a function of the 
top mass. We find that 

Cu2 w 3 x 10" cm - 2 (2.19) 

for m* w 130 GeV. This is not much below the value of 
£„ given previously. £ 8 2 drops below 10 4 1 c m - 2 only if the 
top is lighter than 90 GeV or heavier than 200 GeV. If the 
values of the interference terms are favorable, an integrated 
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luminosity of C& « 2 — 3 x 10 3 9 cm~ 2 will suffice, as was the 
case for class (t) processes alone. 

The addition of class (it) processes has not changed much. 
Could we have lower required luminosities if we simultane
ously search for CP-violating asymmetries in all three classes? 
An 3 + e~ collider could run at the T(5S) to study Bs decays 
which fall in class {Hi). However, lower cross-section, lower 
tagging efficiencies and low hadronization of a 6-quark into 
a B,-meson make this possibility unattractive. We find that 
a simultaneous measurement of processes in all three classes 
does not lower the required luminosity. 

2.7. POLARIZED ZC 

We consider a Z° machine with a 90% longitudinally po-
. lamed electron and/or positron beam. The tagging of Ba ver

sus B° mesons can be done geometrically via the forward-
• backward asymmetry. This, together with a large cross-

section makes it an interesting alternative to the asymmetric 
T(45) machine. Since a polarized Z° machine is automati
cally a source of B, mesons, we consider situations where (1) 
the detector is sensitive to only class (t) processes, (2) the de
tector is sensitive to both class (i) and (it) processes, and (3) 
the detector is sensitive to all three classes simultaneously. 

The results for detection of only class (t) decays are shown 
in Figure 2.10, where £* and Cj are presented as a function of 
the top mass. The results axe smaller by a factor of 2.8 than 
those for the asymmetric T(45) machine (see the analogous 
Figure 2.9). A 90% polarized Z° machine needs 

£ , « l , 4 x 10 4 1 cm" 2 (2.20) 

in order to be guaranteed a 3<r CP-violating asymmetry in 
the mode B4 —v \l>Ks within the Standard Model. TSe mini-

v mum luminosity to see a significant effect is C& « 10 cm . 
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Figure 2.10 The integrated 
luminosity of an electron-
positron collider operating at 
the Z with a 90% polarized 
beam required to observe a sta
tistically significant (3ir) CP-
violating asymmetry as a func
tion of m«. Minimum and 
maximum required integrated 
luminosity when CP-violating 
asymmetries are searched for 
in the decay Bt -* i>Ks (solid 
curve), or simultaneously in 
the decays Bj —> tj>Ks and 
Bi —» ir+T" (dashed curve). 
The dashed curves apply as 
well when CP-violating asym
metries in the three decays, 
Bt — i>Ks, Bi — r+r~, Mid 
B, —• pKs are simultaneously 
searched for. 

While individually different, the ratio of required luminosities 
between the asymmetric T(45) and polarized Z° machines is 
very close to that found in Ref. 24. 
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The luminosity required will be less if we are in situa
tion (2). The argument follows exactly the same lines as for 
the T(45) machine, and the results are shown in Figure 2.10 
(compare to Figure 2,9). We find 

£.2 « 8 x 10 4 U cm - 2 (2.21) 

for mt « 130 GeV. For either smaller or larger top masses, the 
required luminosity would be less, e.g., 3x 10 4 0 c m - 2 for m< w 
200 GeV. The minimal luminosity for a useful experiment is 
still £j2 * 10 3 9 c m - 2 , as was the case for JCJ. 

Could we do better if we include in addition the mea
surement of a class (in) decay asymmetry? If we move to 
situation (3) above, then we need to range over all possi
ble allowed unitarity triangles while considering the luminos
ity required to see a statistically significant asymmetry in 
Bi -* rj>Ks, Bd —> ***•", and B, -t pKs decays within 
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the Standard Model. In analogy to the previous situations, 
we define £,3 and £43 to be the maximum and minimum 
integrated luminosity which is required to see a statistically 
significant asymmetry. The question that we asked above can 
be rephrased into: is £ ,3 significantly smaller than £«2? This 
could be the case if the product |sin(2^)| 2 • (foBer£tcP) was 
larger for the B, —*• pKs mode than for the other two [see Eq. 
(6.1)]. The answer is given in Figure 2.10, where both £«2 and 
£«3 (as well as £& and £43) are displayed as the same dashed 
curve. As mentioned in section 5, there is no choice of CKM 
parameters which makes the CP-asymmetry in Bt —• pK$ 
large while rendering the asymmetries in Bj —* ^Ks and 
Bi —t I T + T - both small. Given our assumptions on produc
tion cross sections, branching ratios, and efficiencies, it follows 
that there is no improvement with a simultaneous measure
ment of asymmetries in three rather than two classes. 

Our conclusions regarding the B, —• pK$ mode for the 
asymmetric T(45) machine (operating for this purpose at the 
T(55) resonance) and the polarized Z° machine do not imply 
that a measurement of class (tit) asymmetries is useless. On 
the contrary, this is a very important measurement that will 
provide additional information on the Standard Model pa
rameters. Whether the independently-measured three angles 
will sum up to 180° is a stringent test for the CKM model 
of CP-violation. All we conclude h-sre is that measuring CP-
asymmetry in class (zti) processes in addition to class (t) and 
class (it) asymmetries will not relax the luminosity require
ments for the polarized Z° machine, and certainly not for the 
asymmetric T(45) machine. 
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3. MONTE CARLO AND DETECTOR SIMULATION 

A 

Fast detector simulation per
mits the generation of high 
statistics, and study of the ef
fects of different boosts and de
tector configurations. 

Certain detector effects are not 
simulated, and their effects on 
an analysis must be estimated. 

software package for simulation of e + e ~ collisions and 
detector response is available on the SLAC VM computer, 

as well as on VAXes. This package has been used in most of 
the studies (for which a Monte Carlo simulation was required) 
presented in this report. 

Rationale for a fast Simulation Since one of the primary fea
tures of a BB Factory is very high luminosity, many of the 
physics topics discussed in subsequent sections of this report 
require very high statistics. In order to effectively estimate 
backgrounds to rare decay modes, for example, many hun
dreds of thousands of continuum events must be generated. 
In addition, many studies focus on the dependence of a mea
surement on a specific experimental parameter, such as the 
beampipe radius, vertex detector resolution, the center-of-
mass boost, or the electromagnetic calorimeter resolution. 
We have therefore chosen to use a "fast" simulation of the de
tector response, in order to make it possible to generate many 
events in a short time, so that the analysis can be repeated 
with, for example, a different boost. Since an important goal 
of this work is to establish the required detector performance, 
no final detector design exists. Instead, tools are available to 
explore different designs, some of which may conflict. For 
example, a CRID will greatly enhance the particle identifica
tion capabilities for high momentum tracks, but may reduce 
the ability of the electromagnetic calorimeter to detect low 
energy photons. Where such detector decisions are relevant, 
each study described below will specify the choices made; the 
final design must represent an optimization which has not yet 
been attempted. 

Detector effects which are not completely modeled in the 
fast simulation must be kept in mind by users of the code. 
If these omissions are important in an analysis, their effects 
must be estimated in another way. 

1, 7r, K decays in flight, and their effect on reconstruc
tion and track parameter resolution, are not simulated, 
However, the parameterization of ft/ir separation in
cludes the possibility of decay. 
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2. Actual hits and multiple scattering in the tracking sys
tem are not simulated, but instead the reconstructed 
track parameters are smeared appropriately. 

3. The effects of beam related noise are not simulated. 

4. Nuclear interactions, bremsstrahlung, and photon con
versions in the detector are not simulated. 

5. Particle identification with the electromagnetic calorime
ter and muon rangeout detector is simulated with a 
crude parameterization; see below. 

3.1, M O N T E C A R L O E V E N T GENERATION 

Two Monte Carlo event generators are available for physics 
analyses. The first is the standard Lund Monte Carlo version 
6.3, with the addition of a subroutine to produce a particle-
antiparticle final state (such as BB). Thus, the decay models 
available include: 

1. Continuum u, d,s,c, together or separately. 

2. //—pair or r—pair production. 

3. Production of bottom-onia and decay via ggg and fgg. 

4. Decay of T(4S) to 50% B°B° and 50% B+B~. 

5. Production of B°B° or B+B~ or B,B, separately. 

6. Both B mesons can decay to a mix of all possible modes 
(a "cocktail"), or one B can decay to a specific final 
state, with the recoil B decaying to a mix of modes. The 
decays are all handled at the quark level, in the specta
tor quark model. The mix includes semileptonic decays 
(with mass suppresion for b -» T~VTC), the charged-
current decays b —* (du)c and b —* (sc)c, and the 
QCD-induced "neutral current" decays 6 —» (cu)d and 
b —* (cc)s (the distinction is important in the Lund 
color-correlated string fragmentation scheme). Non-
spectator decays, and b —* u decays, are not generated, 
they may easily be included if desired. Note that Lund 
fragmentation results in a slightly lower charged parti
cle multiplicity than that measured by CLEO and AR
GUS. This was deemed unimportant for most studies, 

The Lund Monte Carlo it 
tvAilabk for most Phyaics 
runlyaea. 
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but work is in progress to provide more realistic decay 
tables for tbe D and B mesons. 

In all cases, The Lund Monte Carlo simulates initial state 
radiation, and performs the boost of ail particles to the lab 
frame. Most D and B decays are handled via Lund string 
fragmentation at the quark level, using Petersen fragmenta
tion with appropriate parameters; the user can request spe
cific decay modes if desired. Finally, decay vertices are pro
duced for all long-lived particles after the event is generated. 

„ . . The second available event generator is t h e B B G E N pack-
rile BBGEJV Monte CaWo is , " f 
avaiiabie fcr studies of BB a 8 e b v *** Aleksan. This package is capable of explicitly 
mixing &nd CP violation, simulating BB mixing and CP violation with the complete 

decay time dependence, for CP +1 and -I BB eigenstates. 
One B meson then decays to the desired final state, such as 
a CP eigenstate, while the other decays via a Lund-like mix 
of modes. Since the Lund MC generates all decays without 
regard to decay length, it is difficult to modify it to simulate 
BB mixing oscillations; so to explicitly see mixing in the MC, 
BBGEN is used. 

3.2. DETECTOR SIMULATION 

Both of the above event simulation packages are inter
faced to the same fast detector simulation package. The user 
has available to him the generated 4-vectors of the stable and 
unstable particles, the track parameters of the stable charged 
tracks detected in the tracking system, the energies and angles 
c f photons detected in the electromagnetic calorimeter, and 
information for each charged track from the particle identifi
cation systems. The generic design of each of these detector 
systems is described below. A "cartoon" overview of the de
tector is given in Figure 3.1. 
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BB Detector 

Figure 3.1 Overview of the BB detector assumed for this study, shown in rz projection. 
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3.3. TRACKING SYSTEM 

The tracking simulation cavers 
95% of the solid angle with 
100% efficiency, and it returns 
smr&ted tract parameters. 

The tracking system is assumed to contain 3 layers of pixel 
vertex detectors, followed by a low-mass drift chamber. An 
example of what the system might look like, in xy projection, 
is given in Figure 3.2. The system covers 95% of the full solid 
angle, and is immersed in a uniform axial magnetic field of 1 
Tesla. Its goal is to provide accurate measurements of the five 
track parameters evaluated at the distance of closest approach 
of the track to the beamline: 

K=l/pt , s=ptfpt, n>, *0-

Three layers of pixel detectors 
contain HO million pixels. 

The drift chamber is optimized 
to minimize multiple scatter
ing. 

Tracks are detected with 100% efficiency if they have [ cos 6\ < 
0.95, pt > 0.04 GeV/c, and if they are produced within 20 cm 
of the beam in xy projection. 

pjxel Vertex Detector The three layers of pixel vertex detec
tors, with barrel geometry, are positioned at radii of 25, 45, 
and 65 mm. They all cover the region | cos0| < 0.95, allowing 
for 1 cm displacements of the collision from the nominal IP; 
the third layer extends to ±20 cm from the IP. The thickness 
of each layer is assumed to be 300/un of silicon (this includes 
all support and readout material), although the actual detec
tor may be half as thick. Each pixel is assumed to be 50/im 
square. A total of 110 million pixels, consisting of ~200 chips, 
are required (2700 cm 2 of silicon). This system provides the 
dominant measurement precision for all the track parameters 
except the curvature K. 

I.OW Mass Drift Chamber The main design goals of the cen
tra] drift chamber are to 

• provide uniform coverage over as large a solid angle as 
possible, by making the chamber long in Z and small 
in radius; 

• minimize the contribution of multiple scattering to the 
measurement of the curvature, by using a low density 
gas such as helium, and through careful choice of wire 
materials and cell design; 

• provide good position and dE/dx resolution, through 
the use of small amounts of gas additives such as CO2 
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to reduce the diffusion and isobutane to increase the 
primary ionization and gas gain, and through careful 
design of the cell electrostatic configuration; 

• provide ease of pattern recognition using jet-cell geom
etry. 

The working design geometry for the drift chamber con
sists of eight superlayers (four axial, two stereo U, two stereo 
V), each with four sense wire layers spaced at 1 cm. The 
entrance wall, at 8 cm radius, is instrumented with cathode 
z-strips, as is the outer wall at 77 cm. The maximum length 
is ±150 cm, providing a coverage of | cos 8\ < 0.95 for 4 super-
layers and | cos 6\ < 0.89 for all 8 superlayers (plus the pixels 
and inner cathode strips). 

A gas candidate might be 15% C0 2 , 7% isobutane, 78% 
helium. This g-is yields low mass, low diffusion, reasonable 
ionization, low Lorentz angle, slow unsaturated drift velocity, 
reasonable gain, good dE/dx resolution, good quenching, and * betium-b*»ed gu if envi-
good wire aging properties (the precise properties of this and "° 
similar gas mixtures is under study at present). 

The cell design, including electrostatics, mechanical force, 
and multiple scattering considerations, is also in progress. 
Preliminary results indicate that it is possible to come up with 
a mechanically stable design employing lots of thin cathode 
and potential wires, with uniform drift trajectories. Tilted 
cells may be necessary, in order to reduce the distortion of 
drift trajectories due to the magnetic field. With a maximum 
drift distance of 25 mm, the position resolution can be kept 
below 150/im. Wire materials of aluminum, carbon fiber, and 
magnesium are being considered. It should be possible to keep 
the total material in the chamber, including gas and wires, to 
below 0.1% of a radiation length. 
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Figure 3.2 Tracking system for a BB detector, in xy projection, showing dimensions 
(in err.) and a possible cell structure. 
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Beampipe and Resolution We assume a beampipe radius of 
2 cm, with a thickness of 1 mm beryllium equivalent (this 
may include coatings for synchrotron photon masking, and 
cooling pipes). Thus, with the geometry and measurement 
resolutions discussed above, the resolutions used to smear the 
five track parameters are given as follows: 

-fi*™*WW-
\P0J w ' 

°>o ( T ) 

°„ !lA (%/GeV) = i/0.23 2 + 0.272 

- ( " m ) = V / l 5 2 + 2 5 2 ( ^ ) 2 f e ) 3 ' 
'- « = v / l 7 2 + 2 5 2 - f e ) 2 ( S ) s -

The momentum resolution due to measurement error as 
a function of | cos 9\ is shown in Figure 3.3. 

&4 I i r i T T * i i i I i i i • p ^ r r t ' l I I I i j T i n r i t n 

i 
. . . . i . I , , , , 1 , , . . ! . , , . 
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To attain this precision in the momentum resolution, one 
must fit for the scattering angles in the silicon detectors and 

A 2 cm beampipe is assumed. 

Figure 3.3 Momentum res
olution versus |cosff| for the 
trucking syelem shown in Fig
ure 3.2. 
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Th momentum resolution is 
acL.eved by fitting for scatter
ing angles in the s'lkon. 

chamber walls. It may also be possible to improve on this 
resolution by identifying and fitting for scattering angles in 
the wires hit by the tracks (often, no wires at all will be hit by 
a track). Note also that tracks with |cos0| > 0.89 will not 
pass through the outer layers of the drift chamber, so the mo
mentum resolution is degraded by the appropriate factor. A 
5 x 5 track parameter error matrix (assumed diagonal), based 
on detected track parameters, is made available for vertex 
fitting. 

3.4. ELECTROMAGNETIC CALORIMETRY 

Approximately 12000 Csl crys
tals comprise the electromag
netic calorimeter. 

With the small outer radius of the drift chamber (78 cm), 
it is possible to include a barrel CHID and still keep the in
ner radius of a barrel calorimeter below one meter, making a 
crystal calorimeter affordable. We leave 16 cm for a CRID; 
thus 18 radiation lengths of Csl would lie from 94 to 128 cm 
(followed by the coil and a muon rangeout detector). The 
endcap calorimeters, with outer radius of 94 cm ind inner 
radius of 54 cm (|cosfl| < 0.95) would lie between 166 cm 
<. \z\ < 200 cm. 7 he total volume of Csl would be 7900 liters 
in the barrel anc. 1265 liters for the two endcaps. We may 
expect a cost of S'1000/liter for the crystal. 

We have assumed an angular resolution of 10 mr for both 
6 and <j>. The minimum dimension of a crystal would then 
have to be 3.25 cm, which is approximately the Moliere radius 
in Csl; thus, showers can be fully contained in one crystal, 
but will often cross into neighboring crystals, improving the 
angular resolution. There will be close to 11000 crystals in 
the barrel and 1300 in the two endcaps. 

The simulation assumes 100% detection efficiency for pho
tons with \coaS\ < 0.95 and E^ > 0.025 GeV-The energy 
resolution IB assumed to be <TE}E = 2 % / E 1 ' 4 © 1%, where 
the © indicates that the two terms are added in quadrature. 
The angular resolution is taken to be 10 mr in <f> and 0. In 
addition, Ki,n, n will interact in the calorimeter with a prob
ability of 1 — e~ , where A is a nuclear absorption length ( = 
18 radiation lengths in Csl). Such an interaction will result 
in a shower, indistinguishable from a photon, with an energy 
randomly chosen between 0 and £ w -
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Figure 3.4 An example BB event, (a) All generated tracks, in xz projection, framed 
by the inner dimensions of the electromagnetic calorimeter, (b) The decay chain; subscripts 
refer to the particle number in Figure (a), (c) A blowup of the vertices in the event; the two 
B vertices are 133/im apart in z. 
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3.5. PARTICLE IDENTIFICATION 

Figure 3.5 The dE/dx 
information available for the 
event in Figure 3.4. The 
track numbers now refer to 
detected tracks, rather than 
the generated tracks shown in 
that figure. 

Five different subsystems are available to provide charged 
particle identification. They are described briefly in the fol
lowing sections. Note, however, that it may not be possible 
to include both TOF and CRID systems, due to space limi
tations and the degradation of low energy photon detection 
efficiency. To illustrate the information available from these 
systems, we refer to an example event shown in figures 3.4a-c. 

dE/dx in the Drift Chamber The drift chamber will provide 
up to 32 samples of dE/dx, each 1 cm long, in a gas mixture 
of He/isobutane/C02 at atmospheric pressure. We estimate 
a dE/dx resolution of 7.5% , and a ratio plateau/minimum of 
~1.4. A display of the dE/dx information available from the 
event in Figure 3.4 is shown in Figure 3.5. 

LUND Evt 3 Ecm 10.577 

e . i . . . .1 . e 
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B -
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5 -
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0 0 . i . . ' l ' • i 

10 
Momentum. GeV 

TOF A TOF system is available, with 5 cm scintillator in 
the barrel region from 80 to 85 cm, and in the endcap re
gions from 150 < \Z\ < 155 cm. The nominal resolution is 75 
psec, nominal efficiency is 100% , and the system is assumed 
capable of resolving tracl's independent of their angular sep
aration. A display of the TOF information available from the 
event in Figure 3.4 is shown in Figure 3.6. 

46 



E»t 3 Eem 10.577 

Momentum, GoV 

C_RJLD_ A CRID system is available, based on 1 cm of CgF^ 
(n= 1.277) radiator, proximity focussed over 10 cm onto a 
drift detector. The radiator provides No = 61 photons, but 
total internal reflection is assumed to reduce this to 36.6. The 
CRID angle is measured with 100% efficiency over |cos$| < 
0.95, and the accuracy is degraded by contributions from mea
surement error in the drift detector, multiple scattering, track 
curving, chromatic error, and geometrical errors. A display 
of the CRID information available from the event in Figure 
3.4 is shown in Figure 3.7. 
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Figure 3.6 The TOF infor
mation available for the event 
in Figure 3.4. The truck 
numbers now refer to detected 
tracts, rather than the gener
ated tracks shown in that fig
ure. 

Momentum, GeV 

Figure 3.7 The CRID 
information available for the 
event in Figure 3.4. The 
track numbers now refer to 
detected tracks, rather than 
the generated tracks shown in 
that figure. 
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e/r separation in Calorimeter Since it IB notoriously difficult 
to simulate EM calorimeter response to hadrons at low energy 
(particularly with a fast MC), we have instead taken a sim
pler approach, which is to use a parameterization of the e/ir 
separation (versus momentum) in an EM calorimeter. The 
efficiency for making a positive identification grows from 90% 
to 98% with increasing momentum. Electron misidentifica-
tion probabilities fall from 5% to \% with momentum, and 
pion misidentincation falls from 5% to 0.5% with momentum. 

•KJH separation in Muon Range-out Detector This is handled 
with a simple parameterization, just as with the e/ff separa
tion in the calorimeter. The efficiency for making a positive 
identification is taken to be 95% for tracks with p > 0.25 
GeV/c. Muon misidentification probabilities fall from 5% to 
1% with momentum. Pion misidentification is complicated 
by decays and "punch-through". The misidentification prob
ability assumed is shown in Figure 3.8. 

Figure 3.8 Pion misidentifi
cation probability in the muon 
rangeout counter, versus tract 
momentum. 

4. 
t 

I 
0.0 

0.25 OS 0.75 1 
trade momentum (CeV/c) 

1.35 1.5 

48 



3.6. VERTEXING 

The event generation assumes round beams of dimensions 
50/<m x 50/wn x 1.5 cm. The track impact parameters are TOe be*™ SP°* " "mined to 
smeared as described above. Software is available for finding b e 5 0 ' " n * 5 0 ' i m x 1 , s c m 

the crossing point of track pairs and evaluating the track pa
rameters there ( for Ks and A finding). A software package is 
also available for fitting a common vertex to a specified set of 
tracks, and returning the position and error matrix for that 
vertex, as well as a x2 {°r *-ne fit-

3.7. ANALYSIS TOOLS 

Other analysis tools available to the user include VEC-
SUB, a four-vector manipulation package (which interfaces 
to the Lund routines for doing sphericity, thrust, jet cluster
ing, and Fox-Wolfram analyses). Handypak, Unified Graph
ics, a 3D event display, and particle ID event displays are also 
available. 
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4. MASKING, BEAMPIPE 
AND VERTEXING ISSUES 

The detector environment at a high-luminosity asymmetric 
B factory is, in many ways, similar to that encountered by 

currently operating experiments in the T region. There a r e 
several aspects of the environment which are different. The 
first of these, the fact that the T system is moving in the 
laboratory, which is crucial to the measurement of CP viola
tion, poses no particular problems. The detector modeled in 
Chapter 3 is, in the main, quite conventional, although the 
requirements of good particle identification and high-quality 
photon detection present interesting challenges. The goal of 
high-sensitivity studies of the photon transitions within the 
T family places requirements on the energy and angular reso
lution of the photon detector which can certainly be met (see 
Chapter 7). The rate of good physics events is such that a 
data acquisition system must be designed with far higher rate 
capability than has heretofore been the case in e + e ~ detec
tors. The situation is one which has been successfully met in 
numerous fixed target experiments; the necessary rate capa
bility can be achieved in a straightforward manner. The most 
interesting challenges we will have to face occur in the imme
diate vicinity of the interaction region. The high currents, 
taken together with the vertexing requirements, present new 
combinations of design restrictions in the area of masking, 
beampipe heating and vertex detection. 

4 . 1 . MASKING 

The masking of synchrotron radiation and off-energy elec
tron induced backgrounds is very tightly coupled to the spe
cific design of a machine lattice and final-focus system. This 
is a complex problem, which is discussed in some detail in 
the accompanying report A Feasibility Study for an Asym-

Acceptabie synchrotron-radiation m e t r i c B f a c t o r y Based on PEP, and will not, therefore, be 
mBSt°L e treated here. It should be mentioned that the masking prob

lem is substantially more tractable in a crab-crossing scheme 
than in zero crossing angle optics. Preliminary studies in
dicate that practical masking schemes with beampipe radii 
which are quite acceptable for vertex finding can be found. 
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The variation of vertex-finding precision with beampipe ra
dius is discussed in Chapter 5, as is the correlated effect on 
the measurement of CP-violating asymmetries. 

4.2. B E A M P I P E COOLING 

The heating of the beampipe by image currents and higher-
order-mode losses is another concern. The combination of 
these two sources will represent a heat load of many kW. 
Can this heat be removed without engendering an unaccept
able temperature rise, while maintaining a sufficiently thin 
beampipe that multiple coulomb scattering does not compro
mise vertex detection precision? This question has led us to 
contract with the Jet Propulsion Laboratory in Pasadena for 
a conceptual design study of the cooling of a beampipe with 
a wall thickness which is the equivalent of 1 mm of beryllium. 
First indications are that the design criteria can indeed be 
met. There are, in fact, several options, involving two-phase 
water cooling, single phase cooling with He gas, "perspira
tion cooling" with water droplets and the use of heat pipes. 
These options are being studied in detail; a single concept 
will shortly be chosen by JPL and an engineered design pre
sented. See the accompanying accelerator feasibility study for 
a somewhat more detailed discussion 

Conceptual designs of a beampipe 
with adequate cooling and 
low multiple-scattering contri
bution are under development 

4.3 . V E R T E X ISSUES 

The vertex detector is a critical element in the design of 
the experiment for the asymmetric B factory. The vertex de
tector must meet the requirements imposed by the physics 
and the environment, if we are to realize the benefits of an 
asymmet.ic machine. Since no experiment operating in the T 
region has experience with such a device, we cannot extrapo
late from present performance. 

Fortunately, as the physics studies in this report clearly 
demonstrate, a vertex detector typical of those now in use is 
quite adequate for our purposes. The most interesting events 
for our purposes in the T region have tracks with typical mo
menta of ~ 1 GeV/c. With a beampipe having a wall thick
ness of 0.005 radiation lengths, including radiation shielding, 
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Tbe vertex resolution is dom
inated by multiple coulomb 
scattering 

Requirements on vertex-finding 
are less stringent than those 
in existing fixed-target exper
iments 

and a typical first layer of silicon tracking, the resolution at 
the vertex is about 30 jjm/p(GeV/c) due to multiple coulomb 
scattering alone for tracks at 90°. (The calculation placed the 
scattering material at an average radius of 2.3 cm.) Since the 
resolution for tracks below 2-3 GeV/c is dominated by mul
tiple scattering, and not by intrinsic spatial resolution, tbe 
actual spatial resolution of the vertex detector does not rep
resent a stringent requirement. 

Although this multiple-scattering-dominated resolution is 
insufficient to assign every track in the event to a unique ver
tex using only geometrical information, this assignment is not, 
in fact required. The requirements on the vertex detector are 
to measure the decay times of the B mesons well enough to 
follow the time evolution of mixing and therefore CP violation 
in decays to CP eigenstates, and to reduce backgrounds by re
moving some of the particle combinations from consideration 
when making mass spectra. These are much less demand
ing requirements than full geometrical vertex reconstruction, 
and certainly less demanding than the requirements of large 
background reduction posed by current fixed-target charm 
experiments. 

The performance of the vertex detector in studying CP 
violation is spelled out in some detail in Chapter 5 for the 
decay B° —» J/ifrKf. The assignment of tracks to vertices 
is straightforward, since the B" decay is completely recon
structed without requiring vertey information. The B" ver
tex is reconstructed using all of the other tracks in the event, 
knowing that the z-axis is constrained by the position of the 
B" decay. The role of the vertex detector is to measure t — t, 
the time difference between the B" and B" decays, which 
can be done with a resolution of better than one-half the B 
lifetime. With this resolution, the measured asymmetry is 
only slightly worse than that seen in an ideal detector. Simi
larly, the vertex resolution is better than that needed to study 
D" — D" mixing, which is described in the charm physics sec
tion (Chapter 9). Some speculations on ways of achieving 
even better vertex-finding performance in the future are con
tained in an Appendix. 

An important example of the background reduction from 
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a vertex detector is the decay mode B" —• ir+w~, discussed 
in Chapter 6. With fairly simple cuts, which may not yet be 
optimized, the signal to background is improved by a factor 
of more than 4, with an efficiency of 62%. Much of this 
gain is due to a global cut on vertex topology, which can be 
used in a general way to reduce continuum background for all 
B physics, thus also reducing the amount of time needed for 
running below the BB threshold. 

The other important feature for a vertex detector is its 
ability to tolerate the background level at the high luminosity 
B factory. This is true no matter what detector technology 
is considered. Experience at CESR and DORIS, gained in 
recent tests aimed at understanding this environment, is quite 
valuable in this regard,- we will therefore summarize these 
results here. 

A feasible design for a vertex detector depends princi
pally on what is a tolerable background rate. This seems 
to be true no matter what detector technology is considered, 
i.e., wire chamber or silicon-strip device, as naive estimates 
in both cases lead to roughly the same maximum tolerable 
rates. Pixel devices can tolerate a higher occupancy. The 
vertex resolution will, of course, hinge on this choice, but es
pecially in view of the importance of multiple scattering, this 
may be a secondary consideration. Occupancy questions, as 
well as the practicalities associated with handling the heat 
load in the vertex chamber beampipe caused by higher-order 
mode losses and ohmic heating, may dominate the ultimate 
technical choice. 

Three possible background sources need he considered in 
addressing this question: synchrotron photons, particle show
ers from coulomb scattered beam particles striking the beam 
pipe, and high-energy photons from bremsstrahlung of beam 
particles. Each of these processes produces ionization in the 
vertex detector, and ultimately a detected current from the 
apparatus. The latter determines operational lifetime, trigger 
rate and occupancy. Based on present experience, including 
small-diameter beam tests at CESR and DORIS, some con
clusions can already be drawn, which allow for extrapolation 
to conditions at a B factory. 

Simple vertex cuts reduce the 
combinataric background by a 
factor of 4 in an asymmetric 
machine 
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The first of these is that the requirements of a reasonable 
occupancy per detector element will limit the tolerable back
ground rate before the useful lifetime of the device is reached. 
Consider a hypothetical wire chamber, with anodes of 20 cm 
length. For such devices, the maximal amount of collected 
charge before serious degradation of performance varies from 
0.1 to 1 Coulomb/cm, depending on gas composition. There
fore, a useful lifetime of 2 years translates into currents of 
between 0.4 and 4 fiA per wire. Typical beam crossing rates 

rt . l L , . of 40 MHz lead to occupancies per wire in excess of 100% 
Occupancy m the vertex detec- r r 

tor is the primary considers- f°r modest gas gains of ~ 5 X 10 . Clearly this is unac-
tion ceptable; a 10% occupancy translates into a current draw of 

0.03 fiA/mre. A similar calculation for silicon micro-strip 
detectors shows that there, too, occupancy is the critical is
sue, although questions of integration time and readout pitch 
are important assumptions in reaching this conclusion. Once 
again, it must be remembered that the new generation of pixel 
devices currently under development, can tolerate higher oc
cupancy. 

Background rates with small diameter beam pipes have 
been explored recently at CESR. With a 2.3 cm radius pipe 
of 1 mm aluminum, CLEO observed a current draw of 3 /iA 
in the innermost layer (64 cells) of their vertex chamber, and 
10 /JA in total for single beam currents of 43 mA. Assuming a 
gas gain of 5 x 10*, these translate into 130 and 420 primary 
ion pairs per crossing respectively. The average hit multiplic
ity with a random trigger was found to be 8/wire per beam 
crossing. 

In explaining the observed current, all three sources of 
background noted above were considered. Fluorescent pho
tons or synchrotron X-rays above about 20 keV could pass 
through the aluminum beam pipe. In argon-ethane, a 20 keV 
photon would produce 660 ion pairs, so that the observed 
total current in the VDC is equivalent to 2/3 of a photon 
per crossing. If synchrotron light were the dominant source 
of background, one would expect a small hit multiplicity, no 
dependence on the beam tube residual pressure and a strong 
energy dependence. None of these conditions was observed. 

Beam particles which coulomb-scatter from residual gas 
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molecules in the region between 4 and 8 m from the interac
tion point are spread out into a broad ribbon after passing 
through the final focus, Some fraction strike synchrotron ra
diation collimators or the beam pipe producing showers in 
the VDC. If a typical shower consists of 20 tracks, then one 
expects 3 x 10 4 ion pairs per incident electron. Monte Carlo 
calculations for a pressure of 10~ 8 N2 equivalent predict a 
scattered electron rate of 5 kHz, or an expected 50 ion pairs 
per crossing in the VDC. One expects to observe tracks in 
the chamber, a dependence on the pressure in the so called 
"couloTib region" and on the beam current. Although not 
many tracks were found, the latter two conditions were ob
served. It is possible that the Monte Carlo prediction of the 
rate is not reliable, since an understanding of the non-gaussian 
tails of the beam is required. Changes in pressure in the re
gion from 10 to 50 m from the interaction failed to produce a 
strong change in the background rate, leading to the rejection 
of bremsstrahlung photons as a background source. 

If the observed backgrounds in the CLEO vertex detector 
are assumed to be due to coulomb-scattered beam particles, as 
the bulk of the evidence indicates, then the product of beam 
current times pressure in the "coulomb region" of the beam 
tube can be used to scale to the B factory. The innermost 
layer would draw about 20 //A and have an occupancy of 7% 
for total beam currents of 1.5 A, assuming that a residual 
pressure of 10~ 9 torr, which is feasible, can be achieved. a. vacuum of 10~9 ton in the 
However, if a third of the observed current in the present interaction region is required 
VDC is due to synchrotron photons, then this translates into 
a predicted current of 160 ph in the innermost layer at a B 
factory, which is impractical. Because of the large number 
of ion pairs produced in a chamber by a synchrotron hit, the 
flux of X-ray photons through the vertex region must be kept 
below about 10 MHz. A similar restriction can be derived for 
silicon microstrip detectors, where segmentation is finer, but 
integration times are longer. 

The difficulties in combining the requirement of having 
minimum amount of material between the interaction point 
and the vertex detector with the requirement of a tolerable 
flux of synchrotron photons has been emphasized by a recent 
small-diameter pipe test at DORIS. There a 1.8 cm radius 
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.Requirements on small radius 
and minimal material are less 
demanding at an asymmetric 
storage ring, since moderate 
vertex resolutionis sufficient 

pipe of 0.5 mm beryllium was inserted into the empty Crystal 
Ball interaction region and surrounded by 4 quadrantB of wire 
chambers. Rescattered light from nearby copper synchrotron 
scrapers was visible in the form of a copper K-line in the pulse 
height spectra, and in fact dominated the observed counting 
rates. Projected counting rates on the innermost layers of 
the new ARGUS vertex drift chamber approach 150 kHz at^ 
an operating pressure of 3 Atm absolute. Better shielding will 
reduce this to tolerable levels for ARGUS, but the experience 
emphasizes the importance of synchrotron radiation shielding 
for B factory applications. 

The Monte Carlo studies presented in this report assume 
1 mm beryllium equivalent of material, a part of which could 
be taken up by absorbers used to shield against rescattered 
synchrotron light. Moreover, since most of the primary pho
tons are due to the high-energy beam, double masking will 
be ] ossible. In addition, studies indicate that the nominal 
2 cm radius assumed here could be increased to as much as 
3 cm without serious degradation in the physics potential of 
the experiment. Although the requirement that no more than 
~10 MHz of X-ray photons be seen by the vertex detector is 
a challenge, calculations of suitable masking schemes for pro
posed machine designs are already within reach of this gc_ . 
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5. MEASURING CP VIOLATION 
AT AN ASYMMETRIC COLLIDER 

5.1. INTRODUCTION 

M easurement of CP violation in the B meson system pro
vides the possibility of making sensitive consistency tests 

of the Standard Model. Measurements in the past few years 
of two properties of this system have revealed that the mea
surement of CP violation is more feasible than had previously 
been thought. The first is the measurement of the long life
time of the B mesons (TB CZ 1.2 ps). This long lifetime, 
together with the recent development of precise vertex detec
tion techniques, make the observation of detached B vertices 
possible. Secondly, a high degree of mixing between B° and 
W has been reported by the ARGUS 2 and CLEO3 collabo
rations. This introduces the exciting possibility of measuring 
CP violation in the B Bystem. This would be the fLdt detec
tion of CP violation outside the K° system. 

We describe in this chapter a method for measuring CP 
violation at an asymmetric-energy e+e~ collider which takes 
advantage of the long lifetime of the B meson and depends 
on the BB mixing. If a CP eigenstate is detected in conjunc
tion with an identified £"' or 2?°, the distribution of the flight 
path between decays contains a term which provides a mea
surement of CP violation, as described below. The moving 
B mesons in the laboratory make this flight path measure
ment possible. The use of the T(4S) provides the largest 
BB cross section in e+e~ production, other than from the 
Z°, and allows excellent background rejection because the B 
is monoeneigetic in the center-of-mass frame. Since there are 
no extra fragmentation products accompanying the BB in the 
event, very simple tagging strategies can be used to separate 
B° from B° decays, providing a tagging efficiency of w 50%. 
The 1988 Snowmass Summer Study group on e+e~ B facto
ries concluded that this method required the least luminosity 
to measure CP violation in the B system, compared to any 
other e + e - technique, except for a polarized Z factory. The 
CP eigenstates studied in detail here are J/ifrKg, (for mea
suring sin 2/3), x + ir~ (for measuring sin 2a) and paK® from 

The long B lifetime tad 
high degree cl B'B" mixing 
memo that the experiment*! 
detection of CP violation in 
the B tytiem fau become mote 
feuible titan ma originally 
predicted 
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Bt decay (for measuring sin 27). 

We discuss the advantages of an asymmetric energy e + e~ 
collider, the physics behind CP violation in the B system, and 
our analysis methods. We then study the effects of different 
boosts and different beampipe radii on the measurement. We 
conclude with a comparison of possible measurements of CP 
violation at an asymmetric and symmetric e+e~ collider. 

Why an asymmetric energy collider? 

Most measurements in the 6 quark sector (with ' !.c ex
ception of the T discovery itself) come from e + e ~ colliders 
operating in two energy regions which offer complementary 
advantages and disadvantages: (1) a center-of-mass energy 
equal to the T(4S) mass where the cross section is high and 
exclusive BB final states are produced with the B mesons 
essentially at rest, or (2) a center-of-mass energy in the con
tinuum where the cross section is lower and inclusive final 
states are produced, but the B mesons are moving in the 
laboratory frame, making lifetime measurements possible. 

In addition to the higher rate for producing BB exclu
sive states on the T(4S) resonance, there are several other 
advantages. Since only two particles are produced, one can 
use the constraint that each B meson energy is equal to the 
beam energy to reduce the combinatorial background when 
reconstructing final states. Another benefit of exclusive BB 
states is that having tagged one of the B's as a 3U or Bd, 

_ one is guaranteed that the second B is of the same type. Fur-
At the T(4S), a BB pair thermore, there is a great advantage in having produced two 
remains m a coherent state as . . .• 1 • i A n r t i * *• i-
I it as ther h dec&ved spin-0 particles m a p-wave state. Because ot rtose statistics, 

a BaB° pair will remain in a coherent BaB° or B] Bi state as 
long as neither B has decayed. This coherence is extremely 
important for measuring mixing or CP violation. One of the 
most promising ways to observe CP violation in the b sector 
is to use the B decays to CP eigenstates fcp where CP vi
olation manifests itself in the interference of the amplitudes 
A{B° -» fCp) and A{Ba — B° -> fCp). In order to detect 
this CP violation, one must know the nature of the particle 
(B° or B°) at a given time. On the T(4S), tagging one B as 
a B° or a J9° identifies the other with certainty, 
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Because, as we will show below, the CP-violating asym
metry is an odd-function of the time difference between the 
B meson decays (when the B'a are in a p-wave), integrating 
over all times will yield no asymmetry. Thus one must also 
measure the time order of the decays to be sensitive to CP 
violation. Since the B mesons are produced almost at rest at 
a symmetric machine - the B momentum is about 330 MeV, 
and the average decay length of the j?'s is about 20 pun. -
a measurement of the B lifetimes and, consequently, of any 
time dependent effects, is impossible with present vertex de
tection technology. In spite of the advantage of having the 
center-of-mass energy equal to the mass of the T(4S), it is 
currently not practical (with a symmetric machine) to study 
the time dependence of the B decays, and therefore it is not 
possible to measure CP violation using the B°B° mixing sce
nario outlined above. 

The conventional method, in e + e - annihilation, of pro
ducing B mesons moving in the laboratory frame is to operate 
at a center-of-mass energy in the continuum above the T res
onances. At a center-of-mass energy of 15 GeV, the average 
decay length of the B mesons is about 300 /jm, a decay length 
which can be measured with present technologies. Unfortu
nately, there are also disadvantages in this energy region. 

First, the cross section is lower by a factor of eight at a 
center-of-mass energy of 15 GeV compared with the T(4S). 
Since the B mesons are no longer produced with the beam en
ergy, one must fully reconstruct a B in order to determine its 
momentum which is required to study the time dependence. 
Furthermore, mixing and CP violation studies are more com
plicated, since the quantum coherence of the initial state is 
lost and each B meson state can evolve independently of the 
other B state. This means that tagging the second B does 
not guarantee that one has determined the real nature of the 
first one at the time of production. For example, a high energy-
positron might tag a B+, a S ° , or a B° which has mixed to 
a B°. The effect of the B°B° and B%I% mixing is to produce 
an apparent dilution of the CP violation asymmetry. This di
lution (from tagging confusion) requires a factor of two more 
events to make a measurement of the same statistical signif-

At a symmetric e + e" collider, 
B mesons produced at the 
T(4S) have a decay length too 
short to measure. 

The lack of quantum coherence 
above the T(4S) complicates 
the measurement of CP vio
lation and produces an addi
tional dilution factor. 
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An asymmetric collider allows 
bom exclusive BB production 
with a large cross section and 
lift time measurements. 

icance. Together with the lower cross section, one suffers so 
greatly in terms of rate that the advantage of having moving 
l?'s in the laboratory frame is lost. 

A solution that overcomes the disadvantages of these two 
schemes while retaining their positive aspects is to produce 
the T resonances moving in the laboratory frame, which can 
be achieved by colliding two beams of unequal energy. This 
results in two Z?1s boosted in the same direction along the 
beam axis. The average distance between the two B decays 
is approximately fifCT where /? and 7 are the boost param
eters of the center of mass and T is the average B lifetime. 
This method allows both the production of exclusive B meson 
states with a relatively large cross-section and the measure
ment of the lifetimes that enable the detection of a violation 
of CP symmetry. 

5.2. USING C P EIGENSTATES AT THE T(4S) TO M E A 
SURE C P VIOLATION 

The first B decay projects the 
other B into a known (pure) 
quantum state. Hence, it 
is the time difference between 
decays which is relevant to the 
measurement of CP violation. 

Formalism 

The T(4S) decays into 5 ° 5 ° in a p-wave state which im-
7 . . . 

poses special correlations on the final state. The unique ini
tial state implies that if the first neutral B decays into a final 
state / ] at time t i , this projects the remaining neu' ral B onto 
the orthogonal state which cannot decay into f\ • This state 
then propagates in time and we observe its decay at time tj 
into final state /2. We can think of the first decay as preparing 
the second B in a special state at i i , whose propagation then 
depends only on the time difference between decays h — t\. 

The final states f\ or ji that are observed can either be 
unique to B° or 5 ° only (for example, the primary decay 
into a lepton of a given charge) or can receive contributions 
from both types of B. In the case of a CP eigenstate for } \ 
or fa, the contributions from each B are essentially equal in 
magnitude. A decay unique to Ba or B° is said to tag the 
B flavor. We can measure mixing in the B system if both } \ 
and fi are tagging decays. CP violation can be measured, in 
the presence of mixing, if one decay is a tagging decay and 
the other is a CP eigenstate. The observation of an event in 
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which both B mesons decayed into eigenstates of the same 
CP would also indicate CP violation, but the rates in this 
case are too small to be useful. 

The decay to a tagging state plus a CP eigenstate provides 
four configurations which have to be separately analyzed as 
a function of ti — t\ in order to measure CP violation. For 
the possible final states which provide a B* tag ( / a ) , a B° 
tag ( /g) or a CP eigenstate ( /CP)> the choices of decays and 
associated times are: 

(1) /*(*i)/cp<*a), 
(2) / c P ( t , ) /5 (*2) , 

(3) / B ( < I ) / C P ( * 2 ) , 

(4) / C p(< l ) / * (<2) . 

CP violation produces a distribution in <2 — h which is dif
ferent for (1) and (4) from that for (2) and (3). Summing 
over (1) and (2) or (3) and (4), as would be done if no vertex 
information were available, removes the CP-violating asym
metry. A measure of CP violation is therefore given by the 
asymmetry in rates 

(2) + ( 3 ) - ( l ) - ( 4 ) 
( l ) + (4) + (2) + (3) 

where each term is integrated over the same positive time 
interval, <2 — H- A change of sign of the CP of the state is 
equivalent to exchanging B and B and therefore changes the 
sign of A. 

We sketch below, to a very good approximation, the cal
culation of the rates for (1) and (2), as expected for a CP-even 
state. The mass eigenstates of definite lifetime for the B sys
tem are 

With no vertex information, no 
asymmetry can be measured 
using CP eigenstates at the 
T(4S). 

* ? = e#iB° + e-i+lB0 

£? = e ' t o f lO-e - ' ^ -B 0 

giving =m B° = ffi-^fr 
\ /2 
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We define 

_ m1 + m2 _ Ti+T2 

m = ^ ' r = _ 2 ~ ' 
Am = T7i2 —mi and A r = Tj — T\. 

a 

Under reasonable assumptions in the Standard Model, it is 
expected that A r >C T and A r <C Am. Under these assump
tions, the time evolution of B\ and B° is given by 

B?(t) = E°1e-{Tt/2+imt)eiAmt/2 

We take for the decay amplitudes 

{fB\Hw\BD) = B, (fB\H»\Ba} = 0, 

</CP| ff- |BC) = Ae«>, ( / C P | i/^IB0) = A'e^', 
where Hw is the weak decay Hamil toman, and <fo >» the phase 
from the Kobayashi-Maskawa (K-M) matrix. In the following 
we shall let A = A1, which is a safe approximation. 

The phases in the individual formulae shown above de
pend on the phase convention for the K-M matrix. However, 
the final result below contains one phase which is a mea
surable invariant of the matrix and is independent of conven-

The phase that is measured t ions 1 0 

is independent of K-M matrix _ 
convention. For process (1), the state projected at t\ is B°. With 

t = t2 — t\, the rate to subsequently detect a final state fcp 
is proportional to 

K/cp|iM5°(*)>l2-

For process (2), the state projected at ii is 

and therefore the rate to subsequently detect fg is propor
tional to 

I (fB\ Hw\(B0(t)e-^ - E°(ty*')/Vi)\2. 
Inserting the time evolution of B°(t) and B°(t), through their 
dependence on 5f(t) and B^it), and the decay amplitudes, 
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we get the following expressions for the reaction rates: 

fB(h)fcp(h) « | ^ | a | B | 8 [1 - s in(2^) S in(Amt) je- r ' , 
/cp(<i)/a(<a) * \A\2lB\2[l+sin(2<j>)Sm(&mt)]e-Tt, 

where <f> = <f>\ + 4n- The CP-violating asymmetry depends 
on the phase <\>, which in principle can be calculated from the 
K-M matrix, and the presence of mixing which depends on 
the magnitude of A m / r . 

Note that if the Standard Model is not a complete de
scription of weak interactions, observing CP violation in only 
one channel (e.g., Jj^K%) does not allow us to determine 
whether the CP violation originates in the mixing (AB = 2) 
or in the decay (AB = 1). It is therefore necessary to observe 
CP violation with sufficient accuracy in more than one decay 
mode in order to distinguish between different models. 

Measurement for a moving T(4S) system 

For a moving T(4S) system, where the momentum of the 
B in the T(4S) rest frame can be ignored (this approxima
tion will be discussed below), the distribution in t translates 
directly into the distribution between the B decay vertex po
sitions along the flight direction of the B mesons. For this 
study, with beam energies of 9.0 and 3.1 GeV, the boost is 
given by j9*y = 0.56. The distance between the B decays 
within an event is Az ~ Pict, and therefore the mean Az 
has a value of facr n 180 /im. The point of creation of the 
T(4S), which is not precisely measurable, is fortunately not 
needed for the analysis. 

The exact relationship between t and Az, in terms of the 
velocity ^ c m , the Lorentz factor 7em and the polar angle 6cm 

of the B in the event's center of mass frame is 

Az ss cffffc nt + n0cm"(cmcos 9cm{2ti +1). 

The distance between B decay 
vertices along the boost direc
tion is very nearly proportional 
to the time difference between 
decays. 

Reconstructing the momentum of one of the B's does not 
allow exact evaluation of t since ij is unknown. Fortunately, 
since Pem is only about 0.06, 7 " " is very near 1 (ss 1.002), 
and the polar angle distribution of the B meson in the center-
of-mass system is peaked at large angles, the average error on 
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t due to the above approximation is only on the order of '. 
for /?7=0.56. 

The CP-violating, time-dependent asymmetry defined ear
lier is simply given by 

A(t) = sin2^sin(Am<). 

This asymmetry, which depends on the time ordering of the 
decays, can be integrated t over the measured time difference 
between decays. The result of integrating from some mini
mum time to (to exclude events in which the time order of 
the decays was determined incorrectly) to t = oo is 

A = 
r s i n ( A m < ) e - n d t 

sin 2^ 

[sin(Amro/r) + ( A m / r ) c o s ( A m r 0 / r ) | 

l + (Am/iy Sia2*> 

where TQ = toT. If all events are used, TO = 0, and 

( A m / r ) . n , x . n l 

where x = A m / F is the mixing parameter. The factor x / ( l + 
i 2 ) , which dilutes the time-integrated, time-ordered asym
metry is roughly 0.5 for the B4 system and smaller (ss 1/ij) 
for the Bs system in which x, is expected to be large (3 or 
greater). 

If N detected events are available in total, then the error 
on the asymmetry is given by 6 A = \J(\ — A?)/N. In order to 
make a three standard deviation detection of the CP violation, 
we will need TV ~ 9(1 — A2)/A2 events. Since A is expected 
to be ~ 0.05 to 0.3 in the Standard Model, this means we 
need between 100 and 3600 events. 

A cut requiring a non-zero To would increase A at the cost 
of reducing N. For A m / r ~ 0.75, a cut requiring TO £ 0.6 
increases the significance in terms of the number of standard 
deviations, SAjA, by about 20%. 
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Finally, it is important to note that the measurement al
lows several internal checks since the asymmetry changes sign 
if we exchange B° and B°, the CP of the final state, or the 
time ordering of the two B decays. 

5.3. PHYSICS AND D E T E C T O R SIMULATION 

In order for our new, expanded studies of CP violation us
ing B —* JjijiK^ to be directly comparable to the previously 
published study we have continued to use the Monte Carlo 
simulation written for that paper to study this reaction. Our 
studies of B —» T + ? T - and Bt —* p°Kg utilized the simula
tion described in Chapter 3. We therefore include here a brief 
description of the B —> J/^Kg simulation. This simulation 
includes a four-vector generator (written by Roy Aleksan) in-

12 

terfaced to the GEANT detector simulation package. 

B Production and Decay 
This program generates B0B° final states for a moving 

center of mass. In the center-of-mass frame, the 5 ' s are gen
erated with a sin2 6 distribution with respect to the beam 
direction. The B mesons decay either semileptonically or 
purely hadronically. The semileptonic branching ratios are 
set to 12% each for e and fi and 2% for r . These decays come 
from the coupling of the W to the b quark and therefore ex
hibit the standard momentum distribution for V—A coupling. 
The remaining spectator quark is then combined with the c 
quark to form a D or D* meson with probabilities of 30% and 
70%, respectively. 

For the purely hadronic decays we use a simple model, 
consistent with what is known about B meson decay. The to
tal multiplicity of primary decay mesons is selected according 
to a gaussian distribution with mean 4.7 and variance 3.2 . 
The decay multiplicity is bounded between two and ten. The 
ratio of pseudoscalar to vector mesons is chosen to be 1:2. 
The hadronic decay products are distributed according to a 
phase space angular distribution in the B rest frame. 

We feel that for this study, great accuracy in the hadronic 
decays of the B is not necessary. The semileptonic B decays 
and the charmed meson decays are more important, since 

This method of using CP 
eigenstates at the T(4S) allows 
important internal checks by 
comparing the four different 
reaction rates. 
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these are the decays used for tagging B flavor. Fortunately, 
these are relatively well understood and therefore are accu
rately simulated by the generator. 

Once the B decay is simulated, all unstable mesons decay 
according the branching ratios tabulated by the Particle Data 
Group for these secondary particles. The Z) + , D~~, D° and 
5 ° mesons are exceptions; we use the most recently measured 
branching fractions. Twenty percent of charged D decays 
and 10% of neutral D decays have not been measured. For 
these decays, we produce final states with at least two neutral 
pions. The D, decays are simulated using the same method 
as for the B meson. We have checked that the generator 
reproduces the measured decay modes reasonably well. 

Since the measurement of the distance between the pri
mary B decays is a critical part of the CP violation mea
surement described here, the generator must simulate the 
flight distance of all longlived particles such as B and D 
mesons. These lifetimes have been set to the following val
ues: T(£>°) = 0.44 ps, T(D+) = 1.10 ps, T(£>+) = 0.40 ps, 
T(B+) = 1.10 ps and r(B°) = 1.10 ps. 

Mixing 

The generator allows for B$B°d mixing. At the T(45), 
both Ba and B° - or equivalently B\ and B^ - are in a co
herent state, until one of the B\ decays. This coherence is 
vital to the measurement as it means that the relevant start
ing time for time-dependence studies is the time at which the 
first B decays and not the time at which both B's were pro
duced. This is fortunate since the experimentaHy measurable 
quantity is the distance between B decays if this distance is 
sufficiently large. We cannot measure the distance the B's 
travelled together before the first one decayed since the beam 
size is much larger in this direction than the B decay length. 
In the study described here, we assume the beam size is 400 
ftm in the horizontal transverse dimension, 40 ftm in the ver
tical transverse dimension and 2 cm in z (again, purely for 
consistency with ref. 5). 

The decay of the first B (at time tj) fixes the nature of the 
second B, The time dependence for the mixing between B° 
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and B° can be seen in the probability to observe a B meson 
decay as a B° or 5 ° at time 12 if it was a 5 ° at time t\: 

P[B\t{] -+ B"(( a )) « 

and 

P{B°(.h)^B\t2)) oc 

e-r(«,- 4 l) ^ _ co^j-rfo - <i))] 
2 

e - r («>-M[l + c o s ( z r ( i 2 - * l » ] 

where x = ^P* represents the amount of mixing and has been 
measured by the ARGUS collaboration to be 0.73ioJg (and 
subsequently by the CLEO collaboration to be 0.68l^2o) f ° r 

the BjBj system. For this analysis it has been set to 0.75. 

Detector Simulation 

Because an important part of this analysis is the measure
ment of the B vertices and their relative location, accurate 
simulation of the multiple scattering of particles in matter is 

12 essential. We use the GEANT detector simulation package 
since, in addition to the multiple scattering, this package sim
ulates all the other interactions or reactions that degrade the 
measurements such as bremsstrahlung, nuclear interactions, 
pair production, Compton scattering and decays of very long-
lived particles such as kaons or charged pions. The penalty 
for using this package is the large amount of computing time 
that is needed to simulate one event. Therefore, we only simu
late the vertex detector environment in detail. We have simu
lated the central detector and calorimeter by simply smearing 
the momentum of a charged particle and the energy and an
gles of a neutral particle according to normal distributions 
with the following standard deviations: 

^ = 0.005^1 + pf>, ^ = ^ = , ae= 0.02 radian. 
PT W 

In the above formulae, p r and E are measured in units of 
GeV. The angular resolution for the charged particles is then 
mainly due to the multiple scattering and the vertex detector 
resolution. Again, these distributions were used for consis
tency with ref. 5. 

This Monte Carlo study in
cludes accurate simulation of 
multiple scattering and nuclear 
interactions in the beampipe 
and vertex detector. 
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Since the two B vertices are 
c)ose in the x — p plane, 
it is possible to idenitfy the 
primary vertex of one B 
decay by matching its x and 
y coordinates with those of 
the other B which has been 
reconstructed kinematically. 

The important points for obtaining good vertex recon
struction are the amount of material before the first two mea
surements, the distance between the interaction point and the 
first measurement, and the vertex detector resolution. We 
simulate a 1 mm thick beryllium beam pipe at a radius of 
10 mm (or 20 mm for some comparisons; see section 5.7) with 
two layers of silicon pixel detectors. The silicon thickness has 
been set to 300 /zm; the two layers are located at radii of 12 
mm and 42 mm (for the smaller be«m pipe), or 22 mm and 
52 mm (for the larger beam pipe) and extend 300 mm in both 
the forward and backward directions. The pixel resolution is 
set to 10 (im. 

For a boost with /37=0.56, particles emitted at a relatively 
large angle in the center-of-mass frame (\cos&cm\ £ 0.7), 
will have their angle reduced by a factor of roughly 0.6. The 
momentum of most of the particles will be increased slightly 
compared to a symmetric machine, particularly for particles 
emitted at small forward angles. This is fortunate since these 
particles will cross more material than the ones emitted at 
large angles. 

Vertex Reconstruction 
The algorithm used to reconstruct primary B and D dr-

cay vertices is based on the detector model discussed above 
and assumes that the position errors at the vertex location 
are dominated by the resolution of the vertex detector and 
the multiple scattering in the beampipe and vertex detector. 

The algorithm begins by extrapolating each track back 
to its distance of closest approach to the z axis which is cen
tered on the beam-beam collision region and points along the 
direction of motion of the T(4S) system. B and D meson ver
tices are expected to be separated by less than a few hundred 
microns in the plane perpendicular to this axis and to lie in a 
few centimeter long region along this axis. In addition, the 
two primary B decays are expected to be very close to each 
other in the transverse plane (t.e.to have the same x and y 
coordinates but different z coordinates) since they have very 
little transverse momentum and therefore nearly follow the 
trajectory of the parent T(4S) in the laboratory, Note that 
this is a very important constraint since it allows one to iden-
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tify a primary B vertex without having to fully reconstruct 
B or D mesons, by matching its x,y coordinates with those 
of a kinematically reconstructed B meson. 

The track position errors and particle lifetimes are such 
that in only a small fraction of the events are all vertices found 
with all particles correctly assigned. Therefore, the vertex 

finding is most useful when combined with external particle 
identification and kinematic information. In the physics dis
cussion below, one B decay will in fact be fully reconstructed 
using information mostly external to the vertex detector. The 
vertex information is then crucial for measuring the position 
of the second B meson. We summarize the quality of the 
vertex information for this case {with j37=0.56): 

56% of B decays with only one vertex are found 

37% of B decays with two vertices are found 

8% of B decays with three or more vertices are found 

The 2 position error for the 
chosen primary B vertex is 46 fiva 

The transverse position error for 
the chosen primary B vertex is 36 /im. 

The vertex finding is most ef
fective wfcen used in conjunc
tion with additional kinematic 
information. 

5.4. MEASURING sin 20 WITH B - • Jjii>K% 

In order »o measure CP violation, we must identify events 
in which one B meson decays to a CP eigenstate (such as 
J/i?Kg) and the other decays to a final state which identifies 
the B meson as a B° or 5 ° . The latter B will be referred to 
as the tagging B. The relative decay position of the two B's 
riiust be measured to observe a CP-violating effect. In this 
section we explain in detail our methods, using the determi
nation of sin 20 as an example. 

In this analysis, we will concentrate on the CP eigenstate 
J/ipKs with the Jjtj) decaying to a lepton pair. Then the 
vertex position of the lepton pair gives the decay position 
of the B decaying to a CP eigenstate. Since the B mesons 
are produced almost at rest in the T(4S) system, the two 
B's wit) have almost the same decay position in the plane 
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Tie difference in decay posi
tion between J/\p and the pri
mary vertex for the tugging B 
measures tj — (j. 

perpendicular to the beam direction even in the laboratory 
frame. The J/ip vertex position in this plane can therefore 
also be used to identify the primary decay produ.-ts of the 
tagging B, as illustrated in Figure 5.1. The difference in decay 
position along the beam direction between the J/tj> vertex 
and the primary vertex for the tagging B then measures the 
relative time between decays t = ti — t\ referred to in the 
previous section. 

u 

100 urn 

Figure 5.1. Example 
of a B°B° decay illustrating 
the fact that the two B 
decay vertices ore typically 
very close together in the plane 
perpendicular to the beam axis 
but separated in the direction 
along the beam axis. 

11: 
T(4S)-*-B°B' 

Tagging 
B ° - » u + X 

Charged kaons and leptons are 
used to identify the tagging B. 

We use charged K's or charged leptons to identify the tag
ging B as a B° or B°. Throughout this analysis we assume 
perfect particle identification. We will discuss the background 
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levels which would result from particle misidentification. 

We impose the following fiducial cuts on all charged tracks: 
they must have pr >100 MeV, and | cos0| < 0.98 (in the labo
ratory frame). Where appropriate, we will discuss the effects 
of relaxing or tightening these requirements. We have not 
made use of constrained fits in this analysis. 

Reconstructing the Jjij) and the /fg 

In order to test the analysis, we generated various runs 
of 2000 or 20000 B°B° events (for different boosts and beam 
pipe configurations) in which one of the f?'s decays to JJii>K§, 
and the J/i/> decays leptonically. If we assume a branching 
fraction of 5 x 1 0 - 4 for B —» J/ipKg, and a J/ij> leptonic 
branching ratio of 14%, this represents approximately 30 fb~ 3 

or 300 f b " \ respectively (1.4 x 10 7 or 1.4 x 10 8 B°B° events). 
This assumption for the B -+ J/tl>Kg branching fraction is 
based on ihe measured branching fraction of (8 ± 3) x 10~* 
for B * —fJ/ifrK*. Unless otherwise noted, all numbers pre
sented in the remainder of this section are from a run of 20000 
events with $7=0.56, and a 10 mm beampipe radius. 

Since the extreme cleanliness of this decay mode is due 
to the clear signature of the J/if> decaying to an oppositely 
charged pair of leptons, our first step is to reconstruct this 
state. We accept any c + e _ or fi+fi~ pair whose invariant 
mass is between 3.0 and 3.2 GeV to be a J/I/J candidate. The 
J/V> candidate is retained if the leptons form a single vertex, 
with x*< 12 for the vertex fit. We find at least one J/i/> 
candidate which satisfies these selection criteria in 90% of the 
ev .nts. In about 1% of the events, we trad more than one 
candidate; this ambiguity is resolved later. 

We have assumed that we can identify both electrons and 
muons over the full range of momenta from Jjij) decays; i.e., 
0.5 GeV/c to 4.5 GeV/c. Electrons pose no problem; muons 
may be more of a challenge in the low momentum range. 
Cerenkov counters and dE/dx can provide p.jic separation 
up to a momentum of about 500 or 600 MeV/c; a combi
nation of muon range chambers and coarser muon counters 
and absorber can probably cover the rest of the range. If, 
for example, muons cannot be cleanly identified in the 500 to 
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800 MeV/c range, about 6% fewer J/ipKs events are recon
structed. 

The next step is to find a Kg either in the n+n~ or ir°7r° 
decay mode. For the easier (and dominant) charged mode, we 
simply calculate the invariant mass of all pairs of oppositely 
charged pions. We use rather loose cuts on invariant mass 
and vertex x 2 for the charged pion mode, and on invariant 
mass and T ° momentum for the neutral mode. Together, we 
find an average of 3.3 Kg candidates per event. 

Reconstructing the B from the J/ij>Ks 

Once the J/ij>('s) and KsCs) have been found, we calcu
late the invariant mass of each combination in the event. This 
invariant mass distribution is shown in Figure 5.2 for all the 
J/t/fKg candidates. We boost the J/if>Kg combination back 
to the T(4S) rest frame to determine the total momentum 
Pem ° f t n e J/ll>Ks combination in this frame. A combination 

n , « . , is defined to be a B candidate if n c m < 4 5 0 MeV/c, and the 
Our net efficiency for neon- /-OH— / i 
structing B —> J/t/>K% is 65%. reconstructed mass of the combination lies between 5.15 and 

5.45 GeV. (We cut more tightly on the lower edge of the mass 
region in order to eliminate background from B —* J/ipKsir° 
which has opposite sign CP; we will discuss this in more detail 
below.) We do not require that the J/j/idecay products come 
from an isolated vertex. We find at least one combination 
that meets these criteria in 68% of the events. If we require 
that all charged and neutral particles have | cos 0\ < 0.95, 
this drops to 56%; it drops even further, to 41%, if we cut 
at |cos0| < 0.90 (these efficiencies decrease more quickly at 
a higher boost; see section 5.7). This clearly demonstrates 
the need for good forward particle detection, down to within 
~ 12° of the beamline, and mandates that the energy asym
metry not be too large, 
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In about 3% of the events, we find more than one combi
nation which passes the selection criteria. These ambiguities 
are resolved by choosing the "best" combination, as deter
mined by mass and vertex x2- Note that choosing the correct 
A'!j is actually unimportant, as long as our cuts are not so 
loose that they allow background events from other processes. 
The correct choice of Jfyj? candidate is, however, very impor
tant since the J/IJJ candidate determines the vertex positions 
of the B mesons. 

Finding the Primary Vertex of the Tagging B 
Once a B ~* J/tjiKg candidate has been identified, we 

proceed to find the primary vertex of the tagging B. All 
charged tracks in the t- -ait, except the leptons from the J}^> 
candidate and the pio*? from the Kg candidate, are consid
ered. One "track", calculated from the vertex parameters of 
the J/ip candidate leptons, is included We then group these 
tracks into vertices. As explained above, the primary vertices 
of the two B's will be very close to each other in the plane 
transverse to the beam direction. The separation of the two 
vertices in the transverse plane is determined by the trans
verse momenta and the lifetimes of the B's. We use the mea
sured transverse momentum of the JjipKg candidate and the 
mean B lifetime to translate the measured J / ^ vertex to the 
mean position of the primary vertex for the tagging B in the 

Figure S.2. Invariant 
mass distribution for J/^Kg 
candidates in e.enis in which 
one B decays to JjijiK\. 

We use t ie J/tj) vertex of the 
completely reconstructed B to 
help determine the position of 
the primary vertex of the 
other B. 
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transverse plane; the translated J/ij> vertex, of course, tells us 
nothing about the z position of the tagging B decay. Those 
tracks that form a good vertex with the translated J/t)> vertex 
determine the primary vertex of the tagging B, and hence its 
decay position. 

The Tagging B 
We now need to identify the tagging B as a B or a 

B°. Two techniques have been used: lepton tagging, which 
uses semileptonic decays of the B, and charged kaon tagging, 
which uses charged i f ' s from the bottom. —* charm —• strange 
cascade. A negative lepton or kaon identifies the tagging B 
as a B°, while a positive lepton or kaon indicates a B° (where 
we have used the convention that a B° has quark content bd). 

Lepton Taggiug 

To orrectly identify the tagging B as a B° or 3°, we 
must select leptons from the primary decay of the B meson. 
These leptons tend to have higher momentum in the B rest 
frame than leptons from secondary decays such as the decay 
of the charm quark. We boost the momentum of each lepton 
back into the T(4S) rest frame. We accept any lepton with 
momentum in the T(4S) rest frame greater than 1.4 GeV. 
There is very little contamination from wrong-sign feptons in 
this sample. In addition, we accept leptons with momentum 
between 0.8 and 1.4 GeV if exactly two vertices are found 
for the tagging B and the lepton belongs to the primary ver
tex (i.e., the same vertex as the translated J/t/> vertex). Of 
the leptons with momentum between 0.8 and 1.4 GeV, about 
27% satisfy this vertex requirement. Events with only one 
lepton satisifying the above criteria are accepted as tagged 
events. The total tagging efficiency is 14%; 94% of the tags 
are correct. 

Kaon tagging 
Besides the cascade decay which can lead to a charged 

kaon useful for tagging, we must consider other sources of 
charged K's in B decays. The b -+ c decay B —> DMDX can 
result in a wrong-sign kaon; it is likely to be accompanied by 
one or more other charged or neutral K's, however. In events 
with a single charmed meson, the Cabibbo-suppressed decays 
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will generally result in two k&ons (either oppositely charged, 
one wrong-sign charged and one neutral, or both neutral), or 
no kaons at all. Doubly-Cabibbo-suppressed decays of the 
charm meson (which fortunately are relatively rare) can give 
a single wrong-sign K. b —» u decays of the B can add a kaon 
of the right sign. 

Hence we accept two cases. If there we two charged kaons 
of the same sign, and a total of no more than three charged 
A"'s, we accept that sign as tagging the B. If 'here is a single 
charged K, and no good K^—*ir+ir~ candidates, other than 
the one from the B —* J/ipKg candidate, we again accept the 
charged A' as a good tag. This method tags 41% of the events 
containing a B —* Jjrl>K% candidate (37% with a single K, 
4% with two or three K's), with 94% of the tags being correct. 

Combined tagging 
There is some overlap of the two tagging methods. In 

the 6% of events where both tags are available, they agreed 
on the identity of the B meson as a B° or B° 94% of the 
time (the 62 events in which they disagreed were considered 
untagged). Overall, we tag 51% of the events containing a 
B —» J/rpKg candidate with 94% of the tags being correct. 
The combined reconstruction and tagging efficency is 34.6 ± 
0.4%. The efficiency for tagging is less sensitive I o the track 
|cos0| cut than is the B —* J/if>Kg reconstruction efficiency. 
It drops from 51% for | cos 9\ < 0.98 to 49% for | cos 0\ < 0.95, 
and to 46% for | cos0| < 0.90. 

Backgrounds to B —>• J/j>Kg Reconstruction 

Although the B —• JfipKg signature is very distinctive, 
the branching fraction is relatively small ( « 5 x 1 0 - 4 ) . There
fore, this mode could have significant backgrounds. We have 
investigated three possible sources of background: events in 
which a hadron is misidentified as a lepton to form a J/xj) can
didate, events in which both B's decay semileptonically, and 
events in which B —* J/xpKgir0, a process which can also be 
used for measuring CP violation but which has opposite sign 
CP and therefore must be well-separated from B —» J/ij>Kg. 

Particle Misidentification 
We generated a variety of events, including events in which 

We tag $1% of the events con
taining a B —• J/'t'Ks candi
date, with 94% of the tags be
ing correct. 
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Parlkle misidenlific&lian con
tributes negligible background 
to the reconstruction of the 
B — J/VA'g candidate. 

The background from events 
with two scmileptonic B de
cays is less than 1.5%. 

The decay £ -. J/il>K$x0, 
which has CP opposite to 
J/ipI<s, contributes a back
ground of less than 1.5%. 

one or both B mesons decay semileptonically, and associated 
the leptons with pions in the event to attempt to reconstruct 
a J/tp candidate. For a particle misidentiftcation probability 
of 1%, we find no candidates for B —» J/ipK§, resulting in an 
estimate of less than 2.0% background at the 90% confidence 
level. 

Events with two semileptonic decays 

Since the branching ratios for B —v e^X and B —» ft^X 
are each roughly 12%, we expect the rate for same-flavor dou
ble semileptonic events to be almost 3%, about 400 times 
larger than the B —» J/ipKs, Jli>—* l+l~ rate per event. In 
order to measure the background from this process, events 
with twc yemileptonic B decays were generated at random. 
A preselection was then done to choose only those events in 
which same-flavor opposite sign leptons had an invariant mass 
within 200 MeV of the J ftp mass, and in which there was 
at least one Kg. In order to get 2000 such events, over 
121,000 double semileptonic events were generated. Thus the 
2000 events represent 2.2 million B°B° events. Mk,ie of these 
events pass our selection criteria for a B —* JftjiK^ candidate. 
Normalizing to the number of events in the signal channel, 
we estimate a background from double semileptonic decays of 
less than 1.5% at the 90% confidence level. We estimate that 
events in which one B decays semileptonically, and then the 
charm state also decays semileptonically, produce fake J/ip's 
at only 10% to 20% of the rate for events in which both B's 
decay semileptonically. 

<Wg*' 
We expect the product branching ratio for B —*JJjpK*°, 

K*0 -> Kg*0 to be about equal to the B -+ J/ipK^ rate. 
Thus we simulated 2000 events in which one B decays to 
J/jpK*0 and every A'*0 decays to # J * ° . Only 18 events pass 
our selection criteria for J/ipKg candidates. The background 
rate is primarily a function of the detector's mass resolution, 
which in tu,-n is a function of the momentum resolution of the 
tracking chambers and the energy resolution of the calorime
ter. These 18 events represent a background of less than 1.5% 
which is not significant. 
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Backgrounds to Tags 

There are two passible reasons for incorrectly tagging the 
B as a 5 ° or B . First, the charged lepton or kaon may 
be correctly identified but nevertheless have the wrong sign 
because of secondary or Cabibbo-suppressed decays. As men
tioned above, this background is about 6% for the lepton and 
kaon tags. Secondly, a wrong-sign particle may be misidenti-
fied as a lepton or kaon. The particle misidentification proba
bility must be low enough such that the background from the 
second source is significantly less than the background from 
the first source. 

Misidentifying a charged kaon as a lepton does not intro
duce a background to the lepton tag because most charged 
kaons which pass the momentum cuts used for lepton tagging 
have the same sign as the lepton from primary B decay. It 
was determined that the number of wrong-sign charged pions 
and the number of right-sign leptons which meet the selection 
criteria for a lepton tag are about the same in events with a 
reconstructed B —* J/tfrKg candidate. Therefore, if the prob
ability of misidentifying a pion as a lepton is less than about 
2%, this background to the leiton tag will be less than half 
of that due to wrong-sign leptous. 

Since 6% of the charged kaon tags are actually of the 
wrong sign, and we find a K* tag in 41% of the reconstructed 
events, this combination produces 2.5% wrongly tagged events. 
In addition, if we ignore charged pions from K§ decays, there 
are an average of 1.7 wrong-sign pions per event. This means 
for every 1% probability of misidentifying a pion as a kaon, we 
would have an additional 1.7% wrongly tagged events. This 
indicates that the K/ir misidentification rate must be kept to 
~ 1 % for momenta up to 3 GeV/c to prevent the misidenti-
fied pions from dominating our rate of false tags. A Cerenkov 
ring-imaging device will probably be required if K tagging is 
to be used. 

It should be noted that if one is not able to obtain such 
a low misidentification rate with high efficiency for kaon 
identification, one could instead use D tagging. We estimate 
that by using D mesons (reconstructed in their simpler de
cay modes, such as K+Tr~(ir°), K+n~ir~(xa), K+TC~K+TT~, 

The K/x rjiisidentification rate 
must be kept to — l% for 
momenta up to 3 GeV/c. 

If K tagging is not pract 
combination of D tagg 
ieptoo tagging could pr-
tagging efficiency of 30'/ 
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KgT , etc.), together with the lepton tags, 30% of the events 
can be tagged with only 5% wrong tags. 

Correction to Measured Asymmetry due to Backgrounds 
Although the backgrounds dilute the measured asymme

try, the effect is fully correctable if we can accurately estimate 
the size of each background. For wrong sign tags, which move 
events from one time distribution to the complementary dis
tribution, the background has a doubly strong dilution. The 
measured asymmetry Amcat is related to the true asymmetry 
Atruc by the relation 

where P is a measure of the fraction of the sample which is 
background (for other types of random backgound, the fac
tor of 2 is absent from the formula). For example, for back
grounds due to wrong-sign lepton or kaon tags, P is the prob
ability that a tag has the wrong sign. As we have shown, this 
probability is about 6%. For backgrounds due to misidenti-
fied lepton or kaon tags, P is the particle misidentification 
probability per event times the ratio of untagged to tagged 
events. For the analysis outlined above, the ratio of untagged 
to tagged events is one. 

The size of backgrounds to tags can be estimated from the 
data itself using pairs of charged B mesons. Since the charged 

The siie of the background due B mesons cannot mix, the only sources of two like-sign tags 
to tags can be estimated ftom in an event are secondary decays and particle misidentifka-
the data itself, using pairs of y o n W e w o u J ( i ]fee t o ^nov/ t t e correction to Arua, due to 

backgrounds to significantly better than 10%. Since the cor
rections themselves are generally not larger than i9%, this 
should not pose a problem. 

In order to minimize the statistical error in the asymmetry 
measurement, the tagging strategy must be optimized. This 
requires balancing high tagging efficiency against a higher per
centage of incorrect tags. This optimization would depend on 
the size of the data sample and the precision required. While 
fairly "louse" tagging would be very useful in an initial search 
with a small data sample, cleaner, less efficient methods might 
be preferable for larger data sets and higher precision. 
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Summary of Events Generated and Reconstructed 

In Table 5.1, we summarize the number of events gener
ated for this analysis, the assumed branching fractions and 
the si;e of the equivalent B°B° data sample, the charged and 
neutral track geometrical criteria, the number oiB —*• J/^/Kg 
candidates and, finally, the number of tagged events. For 
B decay to the CP eigenstate J/ifrKg, the size of the final 
correctly-tagged sample is 6527 events for 1.4 x 10 8 produced 

pairs, which would be obtained with an integrated lu
minosity of ~ 200 f b - 1 . 

Table 5.1 Summary of results for the CP eigenstate 
J/V'A'g, with 07=0.56 

Number of generated events with one 

B -* J/}I>K% decay 20000 

Assumed branching fractions for: 

B -» J/4KJ 5 x lO -" 

J/4>~ 1*1- 0.14 

Equivaleat number of produced B°B° pairs 1.4 x 10 8 

"""barged track criteria: 

minimum transverse momentum 0.1 GeV/c 

maximum |cos#| 0.98 

Neutral track criteria: 

minimum energy 0.03 GeV 

maximum 1 coe0 | 0.99 

Number of B —• J/^>K% candidates 13620 

Number of right-sign lepton tags 2086 

Number of wrong-sign lepton tags 141 

Number of right-sign kaon tags 5286 

Number of wrong-sign kaon tags 308 

Total number of right-sign tags 6527 

Total number of wrong-sign tags 387 
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Measuring CP Violation 

To measure the CP-violating asymmetry, we use the time-
ordering of the decays determined by the relative positions of 
the Jf4> vertex and the tagging B vertex along the beam di
rection and the identity of the tagging B from the K* or 
lepton tag to divide the events into the four categories de
scribed in section 5.2 (fl° first, J/if>Kg second; J/t/iK^ first, 
B° second; B° firBt, JI^K% second; JfipK% first, B° second). 
Combining the first and fourth categories, and the second and 
third categories, we plot the Az distribution (the difference in 
position of the J/I/J vertex ?*nd the tagging B vertex along the 
beam direction), which is proportional to the relative decay-
time, to a good approximation. 

Fitting lor the amplitude of 
the CP-vioIatmg asymmetry 
reduces the error by 15-20%. 

Given 6914 reconstructed and tagged events, we find the 
raw asymmetry in the number of events to be —0.179±0.012. 
If A m / r = 0-75, this translates into a measurement of sin 20 
of —0.424±0.028 (after correcting for 6% wrong tags) using 
this integrated asymmetry only. We can do better by per
forming a simultaneous fit to the two time distributions to 
derive sin 20 itself; this reduces the error to ±0.023; the fit 
is shown in Figure 5.3. Known values of A m / r and the B° 
lifetime must be provided to the fit; these will be well mea
sured by the time this measurement is attempted. The fitting 
function also takes into account the imperfect vertex position 
resolution; a measured value for the standard deviation of the 
As measurement must also be provided. For our sample of 
20000 events in which one B meson decays to JfipKg, we 
measure sin 20 to be —0.408 ± 0.02.,, in excellent agreement 
with the input value of —0.4. 
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Figure 5.3 Tie decay length 
distributions for the two classes 
of events; the upper plot in
cludes events where the first B 
occays to Jffj>K% and the sec
ond is tagged as a B", or the 
first is tagged as a B" and the 
second is B — J/il>K%(types 
(I) and (4))i the lower plot in
cludes events where the first B 
is tagged as a B° and the sec
ond is B — Jjil>K%, or the 
first B decays as Jj^l>K% a~d 
the second is tagged as a B°; 
(types (2) and (3)). The events 
were generated with sin 2/J --
-0.40 and /3y=0.56; the fit 
found sin 20 = -0.408 ± 0.023. 

Of course, if sin 2/3 is this large, a much smaller data sam
ple would be needed to reach our goal of a three standard 
deviation measurement. In another sample of 2000 events 
(corresponding to 30 f b - 1 ) , the analysis yields 695 recon
structed and tagged events. The integrated method yields 
sin 2fi = -0.25±0.09, while the fitting method yields sin 20 = 
—0.37±0.07, which is a five standard deviation measurement. 
Again, this shows a ~ 20% reductiou in the error compared 
to the integrated measurement. 
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This measurement requires good 
momentum resolution, particle 
identification and vertex de
tection, although it should be 
noted that other analyses ac
tually make more stringent de
mands on the vertex detector 

The integrated luminosity needed 
to establish a 3<r effect should 
he between 4 and 160tb~l, but 
only for an asymmetric ma
chine 

Detector Requirements 
In order to achieve this type of measurement a very good 

detector, such as has been described in Chapter 3, will be 
needed. We reemphasize here those characteristics of the de
tector which most important to this analysis. Vertex detec
tion is central: a detector with excellent resolution and as 
small a beampipe radius as possible is desirable. Note, how
ever, that in this analysis it is important only to get the time 
order of the decays correct. For events in which \t—t\ is small, 
the asymmetry is near zero, so the integrated asymmetry is 
fairly insensitive to the resolution in the decay length. Other 
analyses make more stringent requirements on the vertex 
measurements. Very good momentum resolution is needed 
for good invariant mass discrimination (e.g., separating B —• 
J/tJ/Kg from B —* J/ij)K%ir0), Electron, muon and kaon 
identification at momenta from a few hundred MeV/c to a 
few GeV/c are all important for reconstructing the J/i> and 
for lepton and kaon tagging. Finally, good photon detection 
and energy resolution are useful for the reconstruction of ir 0 l s, 
which can be used for finding more Kg\ or for reconstructing 
other CP eigenstates (e.g., J/^K^T"). 

Reqmred Data Sample 

In order to meet our goal of a three standard deviation 
measurement of sin 2/?, we need roughly N = 33/(sin 2/?)2 re
constructed and tagged events. As we have shown, our anal
ysis yields about 23 such events per fb , if we use only the 
CP eigenstate J/r^Kg. The total luminosity needed then is 
Ldt = 1.6 fb - 1 / (a in2,0) a , or between ~ 4 and ~ 160 f b _ 1 . 

Aleksan et al. have jhown that the states J/jpK*0 and 
i^Kg can be reconstructed with similar efficiency. Consid
ering product branching ratios, these CP eigenstates could 
easily double the number of reconstructed and tagged events 
available to measure sin 20. Other CP eigenstates (such as 

17 
D+D~) which can can be measured with a significance com
parable to J/ij>K^, can be used either to provide consistency 
checks, to increase the statistical significance of the CP vio
lation measurement, or, perhaps most importantly, to allow 
exploration of the pattern of CP violation. It is the compar
ison of a number of measurements of CP-violating quantities 
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(see Chapter 2) which can provide a sensitive consistency test 
of the Standard Model, or provide clues to the origin of effects 
which go beyond it. 

5.5. MEASURING sin2a WITH B -y r+r~ 

The decay B —» 7r+5T~ can be used to measure sin 2a 
where a is one of the angles in the unitarity triangle discussed 
in Chapter 2. Since the ir+ir~ vertex marks the decay of the 
P just as the lepton pair from J/ij> decay marks the B decay 
in B -t. JH>K%, the results of the B -» J}$K% study can 
be used to estimate that approximately 1000 reconstructed, 
tagged B —* ir+ir~ events are needed to measure sin 2o -o an 
absolute precision of 0.06. Since the uncertainties on sin 2a 
are so large, we believe this is a reasonable goal. 

In a study discussed in Section 6.5, the reconstruction 
efficiency and backgrounds for the mode B —» T + T _ are esti
mated. The reconstruction efficiency is •*• 35% and that the 
fraction of continuum background events which pass the se
lection criteria is ~ 5 x 1 0 - 7 . The most serious background 
is from B —» 5r ±A" T and B —> K+K~. Because these decays 
are all two-body, the T ± and K* momenta are high (in the 
range 2 - 4 GeV) and therefore particle identification is diffi
cult without a Cerenkov ring imaging detector (CRID). With 
a CRID, the backgrounds should be acceptable. 

Assuming a reconstruction efficiency of 35%, a tagging 
efficiency of 50% (the tagging efficiency determined in the 
B -> J/i{>K% study), and a sample of 30 fb~ J at the T(4S) 
(about 1,5 x 10 7 B°B° pairs), the branching fraction for B —> 
ir+n~ must be at least 2 x 1 0 - 4 to result in a reconstructed, 
tagged sample of 1000 events. Theoretical models do not 
ir. 'icate that this is likely. To achieve a sample of 1000 events 
with 300 f b - 1 would require a branching fraction of only 
2 x 1 0 - 5 which seems moTe likely. 

Therefore, a measurement of sin 2a to a precision of 0.06 
would require a data sample of 300 f b - 1 unless the branching 
fraction for B —> n+x~ is significantly greater than 2 x 1 0 - 5 . 

Tie position of the B decay 
a CP eigenstate is measuicd 

with tht x+x~ vertex; the 
remaining tracks in the event 
•dentify the position of the 
tagging B decay. 

With a sample of 300 fb" 1 , 
3 good measurement of sin 2a 
seems possible. 
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A measurement of sin 2f can 
only be done in the B, system, 
and therefore must be done 
above the T(4S). 

A(i) = sin2i( s in(x ( i / r ) 

where t is the time difference between decays to the CP eigen-
state p°Kg and to a tagged B, decay, and x, is the mixing 
parameter for the Bs system (x, = Am/F). Since x, is ex
pected to be large ( £ 3), the asymmetry will oscillate in time 

#1 very rapidly. Imperfect vertex resolution will, therefore, 
cause the oscillations to be smeared and the asymmetry to be 
diluted. The resolution must be well understood to predict 
the amount by which the asymmetry is diluted. These issues 
will be addressed below. 

The branching fraction B, —• p°Kg times the efficiency 
for reconstructing this final state must be large enough to 
produce a sufficient number of events. The minimum required 
number of events will be discussed in the first section, while 
reconstruction efficiency and backgrounds will be discussed in 
the second section. 

Just as in the measurement of the mixing parameter i „ 
the CP-violation measurement suffers from the complication 
of the B,B, pair being produced in both a C= —1 and C= +1 
state. This issue will be discussed in the third section. 

#1 We ueume that i , , and therefore the frequency of the oscillation, 
will be measured using like-sî .i leptons as discussed in section 6.2 
on i , . Therefore, we will be trying to determiij the amplitude of 
the oscillation only. 

5.6. MEASURING aia2i WITH BS -> paK° 

In order to determine the third angle, i, of the unitarity 
triangle (as discussed in Chapter 2), it is necessary to produce 
B, mesons, and therefore to run above B,B, threshhold. In 
particular, this means running at an energy higher than the 
T(4S) resonance. In this section we will assume that this 
running is done at the T(5S), and that the T(5S) is also 
above B*,B~t threshhold. 

The time-dependent CP-violating asymmetry in the de
cay B, —* p°K% is given by 
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Requirements for Sample Size and Resolution 

Using the same notation as in the discussion of measur
ing CP violation in the decay B —» J/ifrKg, the rate for 
fcp(U)fa(h) or fs(ti)fcp(t2) is proportional to 

e~' / r ( l + sin27sin(xjt/T)j 

while the rate for fB(U)fcP(h) or fcp{h)}rg(<i) is propor
tional to 

e"'/ r(l - sin 27sin(xJf/-r)]. 

#2 
The time-dependent asymmetry is then simply 

A(t) = sin27sin(i,i/T), 

a sinusoidal function with wavelength 2XT/X, and amplitude 
sin 27. In Figures 5.4 and 5.5, we show examples of this time-
dependent asymmetry for particular cases which are discussed 
in detail below. 

i 

0.5 -

0.0 -

I ' ' ' ' II ' ' ' ' I ' 

Figure S.4 Time-dependent 
CP-violating asymmetry, with 
«in27 = 0.3 and x, = 4-, 
using generated decay lengths 
for 1000 events, with perfect 
resolution for measuring t. The 
fit Bods an amplitude of 0.28± 
0.04. 

# 2 Note that when integrated over t, ton time-ordered asymmetry ia 
diluted by a factor of z,/(I + x\), which ia approximately \/z, for 
large z, and therefore a large dilutiou. 
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Figure 5.5 Time-dependent 
CP-violatiog asymmetry, with 
sin 27 = 0.3 and x, = 4*, 
using generated decay lengths 
for 1000 events, with Gaussian 
smearing having a — 0.2A, 
when A is tie wavelength 
of the oscillation. The fit 
finds an amplitude of 0.14 dt 
0.04, showing that even tiat 
with this modest smearing, 
the amplitude a reduced by a 
factor of two 

The measurement of CP viola
tion in the B, system place* 
irore stringent requirements 
on vertex resolution because of 
the expected rapid mixing rate. 
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In units of distance between decay vertices, the wave
length of the oscillation A is £ /en by 

A = 2xflycr 
x. 

in the approximation that the two B,'s are produced at rest in 
the cecter-of-mass frame. Recall that flyer is approximately 
330 ftm for fly = 1. Therefore, for x, in the range 2T to 4x, 
for example, the wavelength of tin. oscillation is only 165 -
330 fim. The resolution for measuring the distance between 
decay vertices Az must be significantly better than this to 
prevent a significant reduction in the amplitude of the oscil
lation due to smearing. 

To estimate the required resolution, we generated the de
cay lengths for 100,000 events with the expected time de
pendence for sin 27 = 1 and xt = 4ir. The time-dependent 
asymmetry was fit to a sine wave for two cases: for perfect 
resolution and for a spatial resolution a for measuring A? 
given by 

a o o~ x. 
- r—-=0 .1 or ^ = -x ^ = 0.2. 
flyer A flyer 2r 

Therefore, this would correspond to a spatial resolution of 
33 /im for fly = 1, or 18 /im for ^7=0.56. This resolution 
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dilutes the amplitude of the oscillation by about a factor of 
two. If xt = 2x rather than 4TT, the same dilution would 
correspond to a resolution of 66 fim rather than 33 /im(for 
/?7=1). In other words, to limit the dilution to less than 
a factor of two, we must have sufficient vertex resolution to 
satisfy 

Next we address the question of the number of recon
structed events needed to measure the asymmetry. The sta
tistical error on an asymmetry A is given by 

SA 

where N is the total number of reconstructed events and A = 
Ndiff/N- Niiff is the number of events which contribute to 
the asymmetry. In this case, Najf is given by 

00 

Niiff - —sin27 J e-xlT\sxa{xttjr)\dt 
o 

= Nsm2f-^( 2-7- - lY 
l+*iVl-e-*/*« / 

For large x, (£ 3), 

_ W H _ _ A 2 
l + x2, \l-e~'/x- ) *' 

Therefore, A « (2/jr)sin27 and the error on sin 27 is 

8 sin 27 /* 2 /4 - s 
" V N 

sin2 27 

2y/N 
for small sin 27. 

For example, if sin 27 is less than w 0.3, x, is greater than 
« 3, and the total number of reconstructed, tagged events 
is 1000, then S sin 27 « 0.05. Such an example is shown in 

For Jorge x, and small sin 27, 
the statistical error on sin If is 
»/(2v'77) for N reconstructed, 
tagged events. 
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Figure 5.4, where sin 27 = 0.3 and T., = 4;r. In these his
tograms, we plot the bin-by-bin asymmetry and the best fit « 
to a sinusoidal function whose wavelength is specified by x,. 
We fit for the amplitude of the oscillation. The top figure cor- . 
responds to perfect resolution for measuring t. The best fit 
for the amplitude is 0.29 ±0.04. The lower figure corresponds 
to a resolution of a = 0.2A which results in a factor of two 
dilution in the amplitude. The best fit value is 0.14 ± 0.04. 
Backgrounds (as discussed below) will also reduce the ampli
tude; none have been included in these histograms. 

Tagging fc Reconstruction Efficiencies and Backgrounds 

To observe an asymmetry, one B,jB, has to be tagged. 
Then the initial B,/B, nature of the other meson decaying 
to p°Kg is determined. The tagging of a B, can be achieved 
by either looking for a primary positively charged lepton or 
by reconstructing a D~. The useful decay modes of the D~ 
are ^ * - , <fa+x~x~, and K'°K~. Using only the <f> decay 

We estimate tie tagging «ffi- ^ K + K - / 5 0 %) ^ assuming an overall reconstruction ef-
ctency for B, mesons to be _ . , ' - , » . . » , . . . . n 
20% *>d tie reconstruction «f- Gciency of 60% for these final states, one arrives at a D, 
Sciency for B, — p°K% to be tagging efficiency of about 8%. For the lepton tagging effi-
32%. ciency we assume the same value of 14% as in the J/tpK% 

case above. With these numbers one can hope to achieve a 
total tagging efficiency of 20% for the B,. 

To investigate the reconstruction efficiency of the p°Kg 
final state, Monte Carlo B,B, events were generated at the 
T(5S) where one B, decayed to p°Kg and the other decayed 
to a representative mix of hadronic and semileptonic decays. 
This CP eigenstate was reconstructed by first searching for a 
Kg using only the x+ie~ decay mode (neglecting Jr°3r°), and 
then looking for another w+ir~ pair from a common vertex 
within the p° mass range. The four-vectors from the two 
decays were used to form an invariant p°Kg mass which for 
our Monte Carlo event sample shows a clear B, signal at 5.42 
GeV over very little combinatorial background. The Monte 
Carlo simulation includes the detector effects as described in 
chapter 3. With rather loose cuts on the A'<j and p° masses 
one arrives at a detection efficiency of 32%. , 

With these numbers one can estimate the integrated lumi
nosity needed to obtain the 1000 events mentioned in the pre-
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vious subsection. Assuming that the T(5S) decays to B,S, 
(either directly or via BJBJ) 1/3 of the time and that the 
energy spread of the machine is about the same as the width 
of the T(5S), one can start from a B,B, production crow 
section of 0.1 nb. Leaving the branching ratio to p°Kg as an 
unknown parameter, one needs 150 p b - 1 / BR(5 , —» p°Kg) 
in order to observe 1000 events. In other words, with a total 
integrated luminosity of 300 f b - 1 one can measure sin 2y if 
the branching ratio BR(B, ->• p°K^) is At least 5 X 1 0 - 4 . 

The combinatorial background from the B,B, events them
selves is small, about 2%. Likewise, the background from 
BUBU and BJBJ events on the T(5S) is small, about 4%. 
The most serious background comes from the qq continuum 
events and can exceed several times the B, —• p°K§ signal 
- increasing with decreasing p°Kg branching ratio. However, 
with tighter cuts on the Kg and pa selection this background 
can be reduced by almost an order of magnitude - while de
creasing the efficiency for the signal from 32% to 20%. Proba
bly the most powerful tool against this type of background is 
a multiple vertex fit, as described for B —* x + x ~ in Chapter 
6 on rare decays. 

Contamination from C== +1 B,Bt States 

If the B,Bt paii is produced in a C- —1 state, the time-
dependent asymmetry is given by 

A(t) = sin27sin(x,f/T) 

where t is the time difference between decays as discussed 
above. If the B,B, pair is produced in a C= +1 state (such 
as e + c~ —» B,Bt —• BaB3"{), then the analogous time-de
pendent asymmetry depends on the sum of the decay times. 
The time-dependent asymmetry for the time difference t for 
the C= +1 state takes the form 

/ x 1 
A{t) = sin 27 ( j-—-$ cos^t / i - ) + sm{xat/r) 

\ 1 + X, 1 + Xj 

For large x s , the ooa{x3t/r) term will dominate in this expres
sion but will be supressed relative to the asymmetry in the 
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The B,B, pairs m the C= 
+ 1 state will introduce a small 
phase shift in the oscillation 
and dilute the asymmetry. 

A large data sample above 
the B,B, threshold and an 
optimistically large branching 
fraction for B, —• p°K% are 
needed to measure sin 2y. 

C= — 1 state by a factor of x , / ( l + x j ) Rs l(xs. Thecos(x s</r) 
term will introduce a small phase shift in the oscillation. In 
addition, the contamination of these background events will 
dilute the asymmetry. The measured asymmetry A 
related to the true asymmetry AfTUe by the relation 

Ameas = /4true(l — " ) > 

where P is the fraction of the total sample (including back
ground) which is an independent background. Therefore, 
equal amounts of C= +1 and C= —1 states, for example, 
will dilute the asymmetry by a factor of two. The con
tamination must be small enough so that the dilution is not 
significant and well enough known so that the dilution can be 
accurately estimated. 

Conclusions on Measuring sin 27 Using Bt —* p°K^ 
For sin 27 & 0.3, x, J§ 3, and no dilution of the asymme

try due to imperfect vertex resolution or backgrounds, the sta
tistical error on sin 27 for a total of N reconstructed, tagged 
events is approximately x/(2\/N). For N — 1000, this gives 
an uncertainty of 8 sin 27 = 0.05. The reconstruciton effi
ciency for Bs —* p^Kg is estimated to be approximately 32%. 
We estimate that the efficiency for tagging the other B meson 
as a B3 or B, with a charged lepton or a fully reconstructed 
D, is about 20%. Therefore, a reconstructed, tagged sam
ple of 1000 Bi —• p°Ks decays would require approximately 
16,000 BSBS events in which one of the B's decays to paKs. 
To obtain such a sample with a total integrated luminosity 
of 300 f b - 1 , the branching fraction for Bs —» p°Kg must be 
at least 5 x 10 . It may be quite a bit smaller than this; 
however, there are other CP eigenstates (e.g., uK® and uiK*6, 
where ui —* 5r +5r -ir° and K*° —* Kgir9) which could be re
constructed with similar efficiency. Adding several such states 
together may give the statistical precision needed. The size 
of the asymmetry will be reduced by at least a factor of two 
(and hence the relative error will be increased by a factor of 
two) if the spatial resolution a divided by the spatial wave
length of the oscillation A = 2ir0"fcr/x, is greater tljan 0.2. 
For /?7 = 1 and x, = 4n, for example, this corresponds to 

# 3 The ratio of C= +1 to C= - 1 Btates is not known. In the study of 
measuring x,, it was assumed that at a center-of-mass energy above 
the threshold for /?,*#," production, the fraction of B,B, states 
which are C= +1 is 0.06, which would only dilute the asymmetry 
by a factor of 0.94. 

so 



F " 

33 /im resolution for measuring the distance between decay 
vertices. The asymmetry will also be diluted due to decays to 
p Kg from B, meson pairs in the C= +1 state or from other 
backgrounds. The vertex resolution and background contam
ination must be well understood so that the expected dilution 
can be accurately estimated. 

5.7. COMPARING DIFFERENT BOOSTS AND BEAMPIPES 

In their study, Aleksan et a!, used a boost with 07 ss 1 
and assumed a beampipe radius of 1 cm. It is important to 
determine how critical these parameters are, since machine 
design is simplified for a smaller boost, and such a small 
beampipe may not be achievable. Another study suggested 
that a boost with 07 « 0.5 would be closer to optimum. 

We have conducted studies at several boosts to under
stand the advantages and disadvantages of a lower boost. Be
cause we have assumed a constant geometrical acceptance in 
the laboratory frame, the reconstruction efficiency for B —• 
J/tjiKg increases at lower boosts. Moreover, this efficiency is 
less sensitive to the low-angle cut-off, as is shown in Table 5.2 
and Figure 5.6. 

Table 5.2 Efficiency for reconstructing 
B —>• J/ipKg for various low-angle cut-offs. 

COS0 07=0.56 07=0.97 

0.98 68% 61% 

0.95 56% 48% 

0.90 41% 23% 



Figure 5.6 Tie efficiency for 
reconstructing B —• J/ij>K% 
and ta.gg.ing the other B, as a 
function of boost and low-angle 
cut-off. Ehith » the energy of 
higher energy beam. 
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Our study also indicates that the resolution on Az im

proves somewhat going from /?7=1 to /?7=0.56\ but the res

olution scaled by Pier (the mean B vertex separation) gets 

worse. This is shown in Figure 5.7. The important crite

rion, however, is the error on measuring the CP violation 

amplitude, sin 2<p. We have carried out identical analyses, as 

described in section 5.4, on samples of 20000 B^BA events 

produced with three different boosts: /?7=0.97 (12.5 GeV 

vs. 2.2 GeV), 0j=O.56 (9.0 GeV vs. 3.1 GeV) and Py=0A3 

(8.0 GeV vs. 3.5 GeV). In all three cases, the error on sin 2/? is 

essentially the same; the results are summarized in Table 5.3. 

Thus any of these boosts is adequate for studying CP viola

tion in Bi mesons. 
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Table 5.3 Error in measuring sin2/? for different boosts 
and beampipe radii, with 300 fb of data. 

Boost (fa) Beampipe Radius Error on sin 2/J 

0.97 1 cm 0.025 

0.56 1 cm 0.023 

0.43 1 cm 0.023 

0.56 2 cm 0.025 

0.43 2 cm 0.025 

In order to evaluate whether a larger beampipe would pro
vide adequate vertex resolution, we have conducted an iden
tical study to the one described above (for the two smaller 
boosts) using a 2 cm radius beampipe in the simulation (see 
Figure 5.7). We find that the resolution on As is degraded 
by only about 30%. This leaves the error on sin 2(9 essentially 
unchanged; these results are included in Table 5.3. Thus, 
according to this simulation (which includes a complete sim
ulation of multiple scattering and nuclear interactions in the 
1 mm Beryllium beampipe and two layers of 300 fim thick 
silicon vertex detector), a 2 cm beampipe radius is accept
able. Of course, for other measurements - particularly any 
mixing or CP violation measurements involving B, mesons -
considerably more stringent demands are made on the vertex 
resolution. 

The precision with which one 
can measure CP violation in 
the Bi system does not vary 
significantly for boosts in the 
range 07=0-43 to 1.0, and for 
beampipe radii in the range of 
1 to 2 cm. 
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Figure 5.7 The resolution for 
measuring Az, the distance 
between B decays, staled by 
the mean distance between tie 
decay (flyer) as a function of 
boost and beampipe radius. 
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5.8. COMPARING SYMMETRIC AND ASYMMETRIC B FAC
TORIES 

In principle, CP violation can 
be detected at a symmetric B 
factory, if it is operating above 
tie T(4S). 

We have outlined the methods and information required 
for measuring CP violation in the BB system at an asymmet
ric collider; however, this is not the only way this measure
ment could be made. In particular, a CP-violating asymme
try can be measured without any vertex information if the B° 
and B° are in a C — +1 state. Such a state can be produced 
by running above BB* threshhold; the B* decays to 5°7 . 

When produced in a C = +1 state, the reaction rates for 
decays to a CP eigenstate and a tagging (5° or B°) state are 

/ C P ( * I ) / B ( < 2 ) « [1 - sin{2<l>)Sm{Am(h+t2)))e-r^+t'1 , 

/cp(*i)/ff(*a) « [1 +sin(2^)sin(Am(«i + t 2 ) ) ] e - r ( ( l + t 3 ) ** 

Note that they are symmetric in h and <2, in contrast to the 
equations in section 3.2. The time dependent asymmetry can 

#4 The sign convention we have used here is arbitrary; it depends on 
the CP of the eigenstate being reconstructed. 
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be integrated over both U and tz and results in 

2x 
A = 0TxS?aia2*-

Although the dilution factor in front approaches 2/x3 for large 
x (as would be the case for B, mesons), it is approximately 
0.6 for i « 0.7- Thus, even without any time measurement, 
an asymmetry can be measured: it would appear as an un
equal number of B and B tags detected in association with 
a CP eigenstate. This method has the advantage that the 
measurement can be made with a symmetric collider. 

The 1988 Snowmass Summer Study group on e + c ~ B 
factories concluded that asymmetric B factory at the T(4S) 
had a factor of 4.7 advantage in the total luminosity needed 
to make a three standard deviation measurement of a CP-
violating asymmetry for states with no background, compared 
to a symmetric B factory operated just above BB* thresh-
hold. The Snowmass study assumed a total BB cross sec
tion of 1.2 nb at the T(4S), of which 43% was assumed to be 
B°S° production. In contrast, above BB* threshhold, ths to
tal BB cross section was estimated to be 0.3 nb, with 34% of 
this being BjSS+BSB^ production. This produces a factor 
of five advantage in useful cross section. In this background-
free study, therefore, this advantage arises primarily from the 
higher cross section at the T(45). In an actual experiment, 
however, the reduction in background afforded by the use of 
vertex cuts and by the higher intrinsic signal-to-background 
ratio at the T(45) are equally important. 

The symmetric case has a small advantage in the "dilu
tion'' factor d (see Chapter 2.5), which relates the measurable 
asymmetry A to sin 20: a smaller value of d requires a larger 
number of reconstructed and tagged events to measure sin 2/3 
to a given precision. For the symmetric collider case, d is 
just the fully time-integrated dilution, 2a/(l + a:*)2, which 
equals 0.63 for x = 0.71 (neglecting a factor of y/\ — A2). 
The integrated asymmetry for the asymmetric collider case is 
d = xj{\ -r xz) = 0.47 for x = 0.71. The fitting method de
scribed here, however, yields a larger value of d. The uncer
tainty due to the number of correct tags derived from the fit 

A symmetric B factory would 
require at least five times more 
luminosity to achieve the same 
level of precision in measuring 
CP violation, compared to an 
asymmetric B factory. 
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Because (he CF-violation mea
surement at a symmetric fac
tory mast be done above the 
T(4S), where the B cross sec
tion is a factor of four smaller, 
all other B physics studies 
suffer. 

is 0,0208 for N = 6914 events; the effective value is therefore 
d = 0.58, slightly smaller than the value of 0.61 used in refer
ence 4, but larger than the fully time-integrated value. (Note 
that the error quoted in section 5.4 is larger, as it includes, in 
addition, the error due to the correction for wrong-sign tags, 
which we assume are the same for both the symmetric and 
asymmetric cases.) 

Since new measurements by CLEO indicate that B 0 B ° 
production is ~50% (rather than 43%) of the T(4S) cross 
section, the luminosity advantage of the asymmetric collider 
has actually increased from 4.7 to 5.4. It is important in the 
design of a high-luminosity asymmetric collider at the T(4S) 
to pay attention to the center-of-mass energy spread, as this 
reduces the effective T(4S) cross section, and could thereby 
reduce the luminosity advantage. 

What other advantages does an asymmetric collider offer 
compared to a symmetric machine? Perhaps the foremost 
is that it allows the CP violation study to be done at the 
T(4S), where the cross section is maximized for all the other 
Bd and Bu physics one wants to do. For a symmetric B 
factory running off the T(4S), all the other physics studies will 
suffer from the reduced cross section. Also, on the T(4S) the 
continuum cross section is only a factor of two larger than the 
BB cross section and, as we shall show, the vertex information 
at an asymmetric collider can be used to suppress a very large 
fraction of this background. Above the T(4S)the continuum 
generates a much larger relative background; a large amount 
of continuum data must be taken below the T(4S) in order 
to perform a background subtraction, taking more time and 
integrated luminosity away from the B physics program. 

Above the T(4S), B^S0 production may represent 10 to 
20% of the BB cross section; since these B°S° pairs will be 
produced in a C = —1 state, care must be taken to distin
guish these events from the BB* events in order to prevent a 
sizeable dilution of the C = +1 CP asymmetry measurment. 
This can be done given sufficient mass resolution. 

Another important difference is the "confidence" one can 
place in the CP-asymmetry measurements. In our method, 
we have important internal cross checks: the total number of 
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events with a B° tag should equal the total number of events 
with a B° tag; the total number of events in which the CP 
eigenstate decay precedes the tagging decay should equal the 
total number of events in which the CP eigenstate decay fol
lows the tagging decay. Only when the events are sorted into 
the proper four categories, and then properly combined (see The time-dependent method 
section 3.2) will the asymmetry appear. Then the asymmetry " ^ * e « asymmetric B 
should be clearly seen in deviations from exponential decay J j j a U o w a ""P^t"" <*"* 
rates. When measuring a time integrated asymmetry with 
BB* events, one must rely entirely on an asymmetry of the 
tags; every other possible source of such an asymmetry must 
be ruled out in some way. 

Finally, we will show (in Chapter 6) that the vertex-
ing information available at an asymmetric collider is very 
useful in suppressing continuum background to the reaction 
B -* TT+IT". Measuring sin 2a at a symmetric machine may 
be much more difficult than measuring sin 2/9. While it is 
clear that it will require a great deal of luminosity (~ 300 
fb - 1 ) and good vertex resolution at an asymmetric collider, 
we know of no reason it cannot be done. And although mea
suring sin 27 will require a great deal of luck (along with a 
large data sample) at an asymmetic B factory, it is completely 
impossible at a symmetric collider since the integration dilu
tion goes as ~ 2/x3; this is clearly too high a price to pay 
when x 3 i& 3. 
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6. B DECAY PHYSICS OTHER 
THAN CP VIOLATION 

6 . 1 . INTRODUCTION 

T he measurement of CP-violation in the B system is the 
primary goal of a next-generation B factory. Along the 

way, however, a spectacular bounty of physics results can be 
reaped at lower levels of integrated luminosity. The B sys
tem presents a unique opportunity to measure basic param
eters of the Standard Model and to piobe for heavy objects 
which can manifest themselves in decays which proceed via 
loop diagrams. In addition, since B decays are expected to be 
dominated by short-distance dynamics, they provide an im
portant testing ground for perturbative QCD. It is difficult to 
overestimate the richness of the physics program which awaits 
the next high-luminosity B factory. 

The B system has only "begun to be explored; less than 
10% of the exclusive decay modes have been measured and 
only a few hundred B decays Lave been fully reconstructed. 
CLEO, and to a lesser extent ARGUS, can be expected to 
dominate the field for the next five years. CESR has achieved 
a peak luminosity of 10 3 2 c m - 2 s e c - 1 and expects to improve 
this by a significant factor;' the upgraded CLEO II detector 
has greatly improved electromagnetic calorimetry allowing, 
modes with neutrals to be reconstructed with greater effi
ciency. SLC and LEP will also produce a substantial number 
of B's, and although fewer in number than CESR these will 
be moving B's, which allows secondary vertices to be recon
structed. Despite the advances expected in the field of B 
physics in the next few years, tbore are many interesting top
ics, in addition to CP-violat'.on, which are likely to remain 
out of reach or to be only partially explored. This is because 
no one machine will have the combined advantages of high 
luminosity, high cross-section on the T(4S), and moving B's. 

We present in this chapter several detailed analyses show
ing how the advantages of a high-luminosity, asymmetric ma
chine can be exploited in order to make significant inroads in 
B decay physics. The analyses use divided into the following 
categories: 

100 



1. Bs mixing. 

2. Exclusive 6 —» c hadronic decays. 

3. Exclusiveb—tcsemi-leptonicdecays. 

4. Exclusive b —• u decays. 

5. Penguin diagrams. 

6. Annihilation diagrams. 

In all but the last category, which is extremely difficult 
at any machine, the analyses indicate that an asymmetric ma
chine operating at an initial luminosity of above 10 3 3 cm - 2 sec~ 
will begin to produce significant new physics results in the 
first year. 

6.2. B,Ba MIXING 

Introduction and Formalism 

Just as the K° and K° mix to produce mass eigenstates 
K$ and K\, neutral B meson mass eigenstates should be a 
mixture of B and B, In particular, measurements by ARGUS 
and CLEO have reported a high degree of mixing between 
the Bj and Bi mesons, which leads to predictions that mix
ing of B3B3 mesons should be "maximal". The mixing (in 
both cases) comes about through box diagrams involving W* 
and heavy quarks, primarily, the top quark. The mixing can 
be described by a mass matrix with non-zero off-diagonal el
ements: 

M-^iT M i 2 - i t T j 2 ' 

By diagonalizing this matrix we obtain By and B2, the mass 
eigenstates with definite widths; M and T are the average 
mass and width. If we define 

Q s y/{Mu - itT,a)(AIJi - | i r j 2 ) 

then Am=2ReQ and Ar=-4ImQ. For the B sysfem, Am > 
A r , so that the lifetime difference for B's is small, in contrast 
to the K° system. 

Mixing of B,B, mesons is 
predicted to be "maximal". 
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The B, mixing parameter x, is 
expected to be k. 3 sod could 
be much larger 

For large 
dependent 
used. 

t,, only 
method 

time-
in be 

Defining x = A m / r and y s A r / 2 r , the ratio r mea
sured by ARGUS and CLEO is 

P(B° -+ S°) 
P(B° -> J5°) " 2 + *» - y 2 

*2 + y* . . 
2"+~rT 

since x » y. Because of the dominance of the top quark in 
the box diagrams (assuming that there are only three gener
ations), x can be written 

x, = ^mJTBqBBJ%mB,\Vt,VtV^m> 

where q stands for d or s. Here, Gp is the Fermi constant, 
Tjjg and ma are the appropriate B meson lifetime and mass, 
and BB, and fs, are the B meson "bag" constant and decay 
constant. Vtg and V̂ J are the relevant Kobayashi-Maskawa 
matrix elements; r/< is the QCD correction factor of order one 
(ss 0.85 ). A[zt)jzt, where z< = m^/m^r, is a slowly varying 
function of the top quark mass; it equals 0.75 for mt = mw 
and drops to 0.52 for m<=200 GeV. 

Most of these factors cancel, at least approximately, in 
the ratio xa/xj; we are left with 

Xi 

Existing measurements constrain this ratio to be equal to or 
greater than 6. Averaging the results of ARGUS and CLEO 
gives Xd = 0.7l!{5;}J; this implies that x, £ 3. It could be 
considerably larger; x, w 25 is not ruled out. If xs S 2, this 
would be evidence for a fourth generation of quarks mixing 
with the known three generations. 

We have carried out a Monte Carlo study to determine 
the Hmits of measuring x, (Am/r for the B,) at an asymmet
ric B factory. ARGUS and CLEO have measured the ratio 
of like-sign dilepton events to opposite-sign dilepton events, 
for BJBJ events. For BsBa events this ratio approaches 1 
as x , increases, and loses all sensitivity for determining x, 
if xs k, 5, given a 10% measurement of the ratio. Thus a 
time-dependent method ,as opposed to this time-integrated 
method, is required. 
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The goal of the study was to find the largest value of x, 
{= xmax) which could be measured for a given boost, ver
tex resolution and integrated luminosity at an asymmetric 
collider, in order to gain some understanding of the possible 
trade-on^ in these parameters. The method is to use like-sign 
dilepton events to determine the high frequency modulation 
in the Az distribution caused by the rapid time oscillation in 
the Bs mixing. Here Az is the distance between the leptons 
along the beamline, measured where the tracks cross in the 
x — y plane. The assumptions we have made in generating 
"events" will be outlined below; our methods for extracting 
x, will then be described; we end this section with our con
clusions. 

For B, meson pairs produced in a C = —1 state ,t.e., 
B j 5 , and Bt Bt pairs, the mixing depends only on the time 
difference of the decays (At = h — h). Because the T(4S) 
is below threshold for B,B, and BiBt pairs, we must work ~ , „ 

i • e i i i •v/wr,\ mi . . . . To produce B, meson pairs m 
above it, preferably at the T(5S). The quantity At is ob- s C = _ x s t a t e w e w o u l d w o r k 

servable, neglecting the small momentum of the B mesons At theT(5S). 
in the T(5S) center-of-mass frame: At « Azf(Pyc) ,where 
0f is p/m for the T(5S) in the laboratory frame. Because 
of the large size of the beams (relative to the decay lengths) 
the individual times t\ and ii arc not measurable and are 
not required. In effect, we can integrate over t\ with no loss 
of information. For B, meson pairs produced in a C = +1 
state ,t.e., BtBl, the mixing depends on the sum ti + fy. We 
can replace 12 by ii + At and then integrate over t\. The 
resulting dependence on At could, in principle, be observed, 
but because it has a small amplitude on top of a large purely 
exponential component, it is much less distinct than in the 
C = — 1 case. It will be treated only as a background in this 
study. 
Input Assumptions 

For the total production cross section and relative rates 
for various combinations of B mesons, we have used the CUSB 
data and analysis presented in 1988. Because these data show 
the cross section for BB production dipping to zero in the 
range 10.750 to 10.800 Gr- V (the narrow window above B,Ba 

threshold, but below BtBt), we have chosen not to work at 
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this energy, but rather at the T(5S). The total cross section 
for B meson production is taken to be 0.27 nb at the T(5S) 
peak. 

In addition we have assumed that in all cases ,BB, BB*, 
and B*B*, the relative proportions of BvBtt to B^Bj are 
equal, as they are, at least approximately, at the T(4S). Ta
ble 6.1 lists the proportions of event types. Note that CUSB's 
model has the peak of the T(5S) above BtB\ threshold; this 
is an optimistic assumption for this study. If B\B% is not 
produced at the T(5S) , or is produced at a much reduced 
rate, it may be necessary to go to a higher energy, since this 
is the primary source of the signal. We have also followed the 
CUSB analysis and assumed that three-body decays of the 
T(5S) {e.g., B+WK~) are negligible. 

Table 6.1 Relative Rates Assumed for B Species 

Species Fractional Rate Type of mixing 

JJU Jjft 0.11 no mixing 

BiBi 0.11 C = — 1 Xi mixing 

BtBt 0.26 C = — 1 x'j mixing 

BUBU 0.15 no mixing 

BdBl 0.15 C = +1 Xi mixing 

B,B* 0,02 C = +1 x3 mixing 

BaBu ^ 0,07 no mixing 

BiBA 0,07 C = — 1 Xi mixing 

BaB, 0.05 C = — 1 xa mixing 

For decay rates, we have assumed that all B mesons have 
the same lifetime, 1.1 ps. This is smaller than the 1.3 ps 1988 
Particle Data Group value, but closer to th<; value of 1.15 ± 
0.14 reported at the International Conference on High Energy 
Physics in Munich, August, 1988 . We have also taken the 
semileptonic branching ratios to be 10% each for electrons and 
muons, as reported at Munich. The efficiency for detecting 
each of these leptons was taken to be 50%, independent of 
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the boost. Thus, multiplying these factors together, 1% of all 
BB events are included in the "data sample". 

Rather than actually doing detector simulations for tens 
or hundreds of thousands of events, we have simply generated 
the Az according to the appropriate formulae, and then ap
plied Gaussian smearing. More complete simulations show a 
definite non-Gaussian tail to the Az resolution, but for sim
plicity's sake we have ignored this. We have also ignored the 
small, but non-zero, momenta of the B mesons in the center-
of-mass rest frame. These momenta will also effectively add 
a small amount to the smea.mg when relating Az to At: 
about 20 fim on average, for Bt mesons coming from B$Bl 
events (the type of event which produces most of the signal), 
when j3-f « 1. Thus, when a resolution of 40 ftm is used in 
this study, it should be considered to be comprised of 20 /xm 
smearing due to momenta plus 35 pm smearing from detector 
resolution, added in quadrature to yield an effective resolution 
of 40 /im. 

Mixing formulae for the different cases are shown below 
7 

(these equations were found in Krawczyk et al. but are pre
sented here with slight changes in notation). Of course, for 
£'„£?„ events, there is no mixing, and no contribution to the 
like-sign event distribution, only a purely exponential contri
bution to the opposite-sign distribution. For C = — 1 mixing 
events (BdB,t, B$B$, B,B3 and BIB?) the opposite-sign and 
like-sign events are distributed respectively as: 

We have generated decay lengths 
and applied Gaussian smear
ing,- no real kinematics or de
tector simulation was done. 

1 , *J+*2 -jexpt — 

1 , *l+*2 
^extf — 

Jcos'f-—) k 2 r 
xAt 

)sm ( -—) 

where x is xa for B, events and x& for B4 events; Xi = 0.70 
for this study; T is the mean B lifetime quoted above. After 
substituting t\ + At for <2> where <2 > *i> and integrating over 
t\, the formulae are: 

1 , At. 2,x&t\ - e x P ( - — ) c o s ( -—) 
1 . At, . 2,a;A<, -exp(-—-)sin ( -—) , 
T T i, T 

The simple time dependence is thus preserved. 
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For BjBJ and BsBt events (C = +1) the opposite-sign 
and like-sign formulae are: 

- j e x p i ) c o s l ! ( - ) 

1 , <1 + <2* . 2/»<l +*2> 
exp( —_)„, , ' ( -——) . 

After substituting and integrating as before, the relations 
take on the form: 

1 i Al\r„ 2 , z A r 2 , , A t , 

_ _ _ e X p ( _ _ ) [ 2 c o s ( - - ) + x - x s m ( x _ ) ] 

exp( )[2 s in ' ( -—) + x - x sin(a; —)j . 
T Z T V 

2 T ( 1 + x 2 ) 

JVo backgrounds from the con
tinuum or from cascade decays 
were included. 

To generate the Az distributions, we simply substituted Az/{Az) 
for At/r (where {Az} = f}~ycr), and then applied Gaussian 
smearing, to approximate both the vertex resolution and the 
small momenta of the B mesons in the T(5S) rest frame. 

We have not included backgrounds from cc events, or from 
semileptonic decays of charmed mesons from the B mesons, 
or, indeed, from any source. We assume that most of these 
backgrounds can be eliminated by cuts on the leptons' mo
menta. For cc events there is no large source of like-sign 
events, because DD mixing is known to be small; and for 
most cascade events, which could produce like-sign lepton 
backgrounds, there would be no rapid oscillation in the back
ground. There is one obvious exception to this: if leptons 
from the Ba —• DX —»IX cascade are misidentified as having 
come directly from the Bs meson, this could create like-sign 
events with a rapid time oscillation, smeared by the D life
time. If this background cannot be eliminated by momentum 
cuts, etc., it could make the measurement more difficult. 
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Figure 6.1 a&b TJie fun-
vmeared) decay time distribu
tion for C = -IB, me
son pairs; the upper plot is 
for opposite-sign lepton events, 
the lover for like-sign lep
ton events. This represents 
30 f b _ 1 of data., with x,=10. 
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Figure 6.2 a&b The same 
data as in Figure 6.1, but now 
smeared by a = 0.25{Ai). 
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Figure 6.1 a&b The (un-
ameared) decay time distribu
tion for C = —IB,, me
son pairs; the upper plot is 
for opposite-sign lepton events, 
the lower for like-sign lep-
ton events. This represents 
30 f b - 1 of data, with x,=10. 
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Figure 6.2 a&rb The same 
data as in Figure 6.1, but now 
smeared by a — 0.25(Az). 
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The only unit of length in the study is the average B de
cay length (A;?). Thus the resolution, o~, is measured in units 
of (Az). Seven values were chosen for study: 0.667, 0.444, 
0.333, 0.250, 0.182, 0.143, and 0.125 (reciprocally, these cor
respond to (Az)/a= 1.5,2.25, 3,4,5.5, 7 and 8, respectively). 
To achieve a resolution as small as 0.125 (Az) would require 
a high boost machine (12.5 GeV/c vs. 2.2 GeV/c, so that 
(A?)= 320 ftra) and excellent vertex resolution (40 /mi). A 
machine with a small asymmetry, e.g., 7 GeV/c vs. 4 GeV/c, 

Figure 6.3 afcb The (smeared; 
decay ptth length distribu
tion for C = +1 B, me
son pain; the upper plot is 
for opposite-sign lepton events, 
the lower for like-sign lep
ton events. This represents 
30 f b - 1 of data, with x,=10 
and a = 0.K)(Ar). 
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Figure 6.4 a&b The (smeared) 
decay path length distribu
tion for C = - 1 flj me
son pairs; the upper plot is 
for opposite-sign iepton events, 
the lower for like-sign lep-
ton events. This represents 
30 fb" 1 o/daU, with Xd=0.70 
&nd<r= 0.25{Az). 

with (A«)= 90 pm, and a resolution of 60 /un would fall at 
the other end. The study has been carried out at two different 
values of integrated luminosity: 3 and 30 fb" 1 . 
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Examples of these event distributions are shown in Fig
ures 6.1 through 6.6. Figures 6.1 a and 6.1 b show the un-
smeared A t / r distribution for opposite-sign and like-sign (C = 
—1) B3B, plus BIBt events when x,=10. The luminosity is 
equal to 30 f b - 1 . Figures 6.2 a and 6.2 b show the same data 
after smearing with <r=0.25 {A.?}. Figures 6.3, 6.4, and 6.5 

110 



show the similar (smeared) distributions for the (C = +1) 
B,B$, and the B4B4 eventii. Finally, 6.6 a and 6.6 b show 
the sum of all the distributions. The various types of BUBU 

events are included in 6.6 a; 6.6 b is the histogram used for 
the fits. 
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Figure 6.5 a&b The (smeared) 
decay p*th length distribu
tion for C = +1 B& me
son pairs; thr upper plot is 
for opposite-sign lepton events, 
the lower for like-sign lep
ton events. This represents 
30 f b - 1 of data, with xd=0.70 
and <r = 0 . 2 5 { A J ) . 

to/fiyor 

Extracting x, 
The Fitting Function 
As can be seen from Figure 6.6, the like-sign event distri-
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Figure 6.6 afcb The sum 
of all the distributions from 
Figures 6.2-6.5, plus the B„ 
contribution to the opposite-
sign Jepton events in the upper 
plot. The lower plot (6,6b) (for 
like-sign lepton events) is the 
histogram which was fit. This 
represents 30 fb" 1 of data, 
with x,=10, ii=0.70 and <r = 
0.25(A.-). 

bution carries more distinct information than the opposite-
sign events. Thus this analysis used only the like-sign his
togram. Preliminary fits to the opposite-sign histogram gave 
consistently worse results than those from the like-sign his
togram. A simultaneous fit to both histograms may pro
vide additional discrimination, but these have not been tried. 
In every case, we fit all 50 bins spanning the range 0.0 < 
Ai/{Az) < 2.5. This range contains 90% of all events. 
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We have treated each of the four components contribut
ing to the like-sign event distribution separately. The Bj 
C = — 1 and C = +1 slowly oscillating components have each 
been calculated numerically by convoluting a Gaussian with 
the appropriate time distribution formula. This calculation 
assumes that XA is known, so that the resulting distributions 
depend only on the resolution. The convolution was done 
for each of the seven resolutions. The small C = +1 Bj 
component was treated as purely exponential; this is a good 
approximation after the true distribution has been smeared. 
Finally the signal component (C = —1 Bt) was calculated 
bin by bin by doing a numerical integration twice per bin, 
splitting each into a lower and an upper half. 

There were a total of seven parameters in th'i fitting func
tion: 

(1) L integrated luminosity ( f b - 1 ) 
(2) a vertex resolution 
(3) Arrf_ B& C = — 1 cross section (fb) 
(-1) Nd+ Bd C = +1 cross section (fb) 
(5) Aj_ B, C = — 1 cross section (fb) 
(6) A r

J + B, C = +1 cross section (fb) 
(7) x3 B, mixing parameter. 

Only x, was allowed to float. The total luminosity, vertex 
resolution and total B cross section will be well measured; the 
relative fractions of Bu, Bj and BB, and of the C = +1 and 
C = — 1 components may be more difficult to determine. In 
addition, the value of xj was fixed at 0.70, the value used 
to generate the events, which is roughly the average of the 
ARGUS 1 and CLEO 2 results. 

Procedure 

After a resolution ratio (o/(Az)) and an integrated lumi
nosity were selected, a value for x, was chosen. The appro
priate histogram of Az for like-sign dilepton events was gen
erated. The same random number seed was used each time 
events were generated. After examining the histogram, a 
rough estimate of x, was made and used as input to the fitter 
with large errors (±5). The fitter then found the best value of 
x, by first executing the "CHOOSE" procedure (in MINUIT), 
which does a quick search, randomly varying the input param-

A serefl-parwneter St was 
employed; only x, was allowed 
to float. 

MJNUIT varies the initial 
value ofx, over a wide range, 
so the analysis is not sensitive 
to the input value. 
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Figure €.7 The same his
togram as in Figure 6.6b, with 
the St overlaid. The fit value 
of x. = 9-S3iS", t a e i n P u t 

x,=10. 

If the Bt value of x, was 
correct to within 10%, and the 
errors were finite, the fit was 
considered successful. 

eter and searching for the lowest minimum. This procedure 
reduces the importance of the input value, thereby eliminat
ing a possible source of bias. Using this starting value, it 
performed a full minimization procedure, followed by an er
ror analysis in which the true one standard deviation errors 
are determined by finding the lower and higher values of xs 

which increase the \ 2 by 1. As an example, Figure 6.7 shows 
the same data as in 6.6 b, with a fit overlaid. 
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If the fit value of xa was within 10% of the input value, and 
if the error bars were finite, this was considered a successful 
fit (on a few occasions the central fit value was within 10% 

of the correct value, but the upper error bar was unbounded; 
such a case would be useful for setting a lower limit on x,, but 
was not considered successful here). If the fit was successful, 
x, was increased by 1 and the procedure repeated until a value 
of x , which failed was found. If the initial value failed, x, was 
decreased until a successful value was found. xmaz was thus 
determined to be the largest value of x, with a successful fit, 
plus 0.5. 

In order to estimate the errors on x m a x , we redetermined 
Xmaz for a few points, starting with a different random num
ber seed. This was repeated up to 10 times to make 10 mea
surements of xmaz at a single point. The errors determined 
this way are shown as one standard deviation error bars in 
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Figures 6.8 and 6-9. This systematic error (~ 1 — 2) domi
nates ever the l / v l 2 error which comes from taking integer 
steps to determine x m a z . 

Conclusions 

Table 6.2 presents the results for all the cases of the study; 
they are also presented in Figures 6.8 and 6.9. Note that the 
value of Xmax is always quoted as a half-integer, since we made 
integer steps. 

Table 6.2 x max Values 

Lumin. 0.667 

Ve 

0.444 

rtex Re 

0.333 

solution 

0.250 

(*/{A 

0.222 0.143 0.125 

3 f b - 1 3.5 6.5 6.5 9.5 11.5 15.5 19.5 

30 fb~ ] 4.5 8.5 9.5 11.5 17.5 20.5 22.5 

The figures also show a least-squared fit to a straight line; 
the functions and their x 2 i for 5 degrees of freedom, are as 
follows: 

=3fl>_1: C 

£ =30 fb" 1 : 

xm„ = 0.06 + 2.29(Az)/<7 x 2 =2.8 

Xmax = 0.08 + 3.00{A2)/ff x 2 =3-3 

It is clear that x m a z is proportional to {Az)/a. The more 
interesting result is that increasing the luminosity increases 
the dependence of our xmaz capability on (AZ) / IT , but does 
not alter the constant term. This implies that in the region 
of (Az}/<7 ~ 3, which corresponds to the capabilities of our 
detector with 9 on 3 GeV, we will gain only slowly with lu
minosity. On the other hand, if xs is larger than x m a l for 
our data, we will, at the least, be able to set a lower limit on 
x, of roughly xmaT. This will probably be the best limit on 
x„ and is of significant theoretical interest. 

Increasing the integrated lumi
nosity increases the slope of 
the relation between 
(Az)/<r but does not increase 
the intercept. 
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Figure 6.8 i m u as a function 
of(As)/<r tor3tb~l integrated 
luminosity. 

Figure 6.9 Same as Figure 
6.8, but for 30 A T 1 integrated 
luminosity. 
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6.3. i - t c HADRONIC DECAYS - UNDERSTANDING THE 
W E A K DECAY MECHANISM 

Introduction 

The study of the hadronic weak decays of heavy mesons 
has, over the last decade, been advanced considerably by ex
periments in both the c and 6 quark sector. There is an inter
esting opposition, however, of experimental and theoretical 
progress in the two areas. The clearest theoretical predic
tions are made in the 6 quark sector, where the experimen
tal measurements are crude. The experimental situation in 
the charm sector is very much better: there are high preci
sion measurements of exclusive branching ratios and meson 
and baryon lifetimes. The clear interpretation of these re
sults is, however, complicated by the fact that the energy 
release in charm decay places the final state hadron relative 
momenta in the middle of the resonance regi< n: moreover, 
non-perturbative effects are relatively large. In the b quark 
sector, both of these effects are substantially less important, 
so that more definite predictions can be made. The prob
lem is that the data on hadronic B meson decay are sparse. 
The total of one million B mesons thus far produced at the 
T(45) by CLEO and ARGUS has yielded only a few hundred 
reconstructed events. There is also no measurement of the 
individual lifetimes of charged and neutral B mesons. Thus, 
our understanding of the non-leptonic decays of the b quark 
remains at a relatively crude level. 

A high-luminosity asymmetric B factory promises to pro
duce a much larger sample of B mesons, which together with 
• he reduction in combinatoric background made possible by 
the reconstruction of individual B meson decay vertices and 
the improved photon detection and particle identification ca
pability of a new detector, could lead to an increase in the 
number of reconstructed hadronic B decays by as much as 
a factor of 10 3. This would bring the experimental precision 
to a level comparable to th.it which currently exists in the 
charm sector. We would thus achieve a detailed understand
ing of the hadronic current-current interaction in the heaviest 
experimentally accessible quark system. 

Theoretical predictions in the b 
quark sector are more definite 
than those in the c quart 
sector. 

With the statistics which could 
be obtained at an asymmetric 
B factory, ire can achieve an 
understanding of the hadronic 
current-current interaction. 
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The Model of Bauer, Stech and Wirbel 
a 

Bauer, Stech and W^rbel have produced a model which, 
assuming factorization, evaluates the effective Lagrangian us
ing quark model wave functions for the hadronic states. The 
use of quark-model wave functions means that, perforce, this 
picture deals only with two-body and quasi-two-body final 
states. This model has been successful in describing the main 
features of exclusive hadronic charm decay, although, since it 
incorporates neither non-factorizable amplitudes such as an
nihilation processes, nor final state interactions, it cannot pro
vide a complete description. Since these contributions are al
most certainly much less significant in the b quark sector, the 
BSW model should come much closer to a complete descrip
tion of non-leptonic B meson decays. The phemonemological 

q 

BSW model finds its justification in the l/Nc expansion, as 
well as in QCD sum rule calculations, which demonstrate 
that those terms neglected in the model are of non-leading 
order in 1/NC and that these terms tend to cancel. 

Por a brief discussion of this approach, we begin with the 
AB a= 1 non-teptonic effective Lagrangian (neglecting pen
guin amplitudes): 

LeIf(AB=l) = 

^ { V « * K J M / 0 ( B & M C & O Z + C2(l*){db)L(cu)L) + 

KiV; a [ C l ( / / ) (c6)i(5u) £ +ca{ft){.Sb)l{ai)i] + 

W.[ciOO(a)i(fcU + c2(ti)(sb)L(cc)L] + 

VchV:d{ci{lt){cb)L{dc)L + c*{y){&)L(cc)L\ + 

V^V:d[cx{ti){ub)L{du)L + c2{v){db)L{uu)L] + 

K*V;* J [CI(/J)(W6)L(5U)L + c2{n){su)L(uu)L] + 

K4Ve*[C1(/0(S&)z(Sc)£ + c 2 ( / /)(5i) L (u C ) i} + 

VuiV;d[ci{p)(ub)L(dc)L + c2{(i){db)L{uc)L]} . 
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where the QCD renormalization group coefficients 

C++C-
c\ = — and ci 

are evaluated at the appropriate scale fi ~ 5 GeV. The no
tation (sc)i stands for the V — A color-summed operator 

s 
{sc)i = 52 srr'Ml — 7s)ci- Note that the QCD correction in-
duces an "effective neutral current" coupling; the pure charged 
current form is recovered in the limit c\ —t 1, ci —» 0, as 
a, - • ( ) . 

The BSW method consists of evaluating this La^rangian 
in a specific quark model. The various terms are interpreted 
as effective hadron, rather than quark, field operators. Thus 
the first term would be rewritten as 

Tie terms in the effective 
Lagr&ngiasi are interpreted as 
hadronic field operators, 

<*l{tt)(cb)H(su)H • 

The hadron field operators are to be explicitly evaluated using 
factorization and quark model wave functions. 

There is a relation between the coefficients c,- and a;: 

OJ = Ci + f c2 \n~mcmi, 02 = C2 + £ci | „ ~ m < . , m 6 . 

The color factor £ = 1JNC arises from the color mismatch 
involved in forming color singlets from the Fierz-transformed 
terms in the Lagrangian. Its actual value may differ from 1/3 
due to non-perturbative effects, particularly in the charm 
sector. At the scale ft = mt we expect 

Tie BSW coefficients are di
rect// extracted from measure
ments of B hadronic decay 
branching ratios. 

ci ~ 1.1, c 2 a -0.24. 

Thus, the most basic task of an experimental investigation 
of the mechanism of B meson hadronic decay is to establish 
the values of «i, aj and f, and to compare these with values 
derived from QCD-based models, such as the 1/JVC expansion. 
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Current B meson branching 
ratio measurements are based 
on, at best, tens of events per 
exclusive channel. 

The reconstruction efficiency 
for B meson decay channels 
proceeding through a D or D' 
meson is necessarily small. 

Particular exclusive decay modes may have decay widths 
proportional to a\, a% or (ai + Kazf. For example: 

B{B" -* D+ir~) 
B(B~ -* K~J/i>) • 

B{B~ - • D0-*-) • 

0.48a? 

1.01a£ 
<0.48(ai+0.75a 2 ) 2 

where factors proportional to K-M angles and phase space 
have been suppressed. 

Thus, measurements of individual branching fractions to 
sufficient precision can allow the extraction of the a\ and ai 
coefficients. Comparison with the calculated values of c\ and 
C2 allows extraction of the value of £. In the charm sector, 
the value of f so derived is 0.10 ± 0.15, which is consistent 
both with the naive value of 1/3 and with zero, which would 
indicate that color-suppressed amplitudes are absent. While 
the complexity of the charm decay process makes it difficult 
to further refine this analysis, in the 6 sector this ansatz pro
vides a far more complete description., and thus improved data 
on B meson decay branching fractions should allow explicit 
confrontation with theory. Current measurements, based on a 
handful of events into any particular exclusive hadronic chan
nel, are not capable of shedding light on the problem. The 
order-of-magnitude increase in statistics we can expect from 
T(4S) experiments in the next several years will also not pro
vide sufficient precision to clearly establish the value of { in 
the B mson system. 

B Meson Reconstruction Efficiency 
The experimental problem facing us is the small branch

ing ratios of B mesons to particular exclusivr channels, and 
the relatively low efficiency of reconstruction of many major 
channels. A low efficiency for reconstruction of B meson 
decays which proceed through D* or D channels (the vast 
majority) is inescapable. If we restrict ourselves to the recon
struction of J P + mesons through the modes Kgir+, Kg^ir", 
Kgir+Tr+ir-, K~z+ir+ and K~Tr+ir+ir'', we have a typical 
D+ reconstruction efficiency of 10%. For D° decays, recon
structed through the modes K~ir+, K~ir+ir0, K~T+T+T~, 
Ksx+ir+ir- and K%ir't the efficiency is higher, at 14%. For 
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D+ decays, reconstructed through the modes <jyir+, ^JT + T°, 
iqK+ and K*°K+, the efficiency is 1.1%. For D*+ and D*°, 
the overall reconstruction efficiency, including the D meson 
reconstruction efficiency, is 10%. The excellent resolution 
in M/>» — MD produces very clean reconstructed B signals. 
We will quote numbers of reconstructed B meson events un
der the very conservative assumption that it is possible to re
construct charmed mesons with an acceptable signal-to-noise 
ratio in only the simplest all-charged-particle decay mode. 
This reduces the reconstruction efficiency to 2.7% for D° (via 
K~ir+), to 5.4% for D+ (via K~r+r+) a=d to 0.7% for D+ 
(via <j>n+). It also reduces the D*+ efficiency to 3.1% and the 
D*° efficiency to 2.0%. This approach produces very clean B 
signals, suitable for those experiments which depend on recoil 
tagging. 

Table 6.3 summarizes the number of B mesons which can 
be completely reconstructed in integrated data samples corre
sponding to our standard 30 f b _ 1 and 300 f b - 1 luminosities 
at the T(4S), under the assumptions stated above. The B 
meson branching ratios used are those of CLEO, reported 
at the recent Lepton/Photon Conference, for charged particle 

12 modes, and those of ARGUS reported at the 1989 Heavy 
Quark Symposium, for modes involving T 0 , 8 . For compari
son, it is worth noting that the largest extant T(45) sample 
(the CLEO 1987 sample) has yielded about 15 events in the 
efficiently reconstructed B" —* D*+TC~T~T;+ mode. 

Thus, even with the initial sample, a very large number of 
B mesons will be reconstructed, even if we restrict ourselves 
to the use of all-charged modes only. The excellent vertex 
reconstruction and ir° detection capability of a new detector 
will certainly allow the use of other modes in reconstructing 
B mesons. 

#1 We use the Mark III branching ratios for D', D+ and D' decays 
and assume that all D* decays used have a 3% branching ratio. 
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Table 6.3 Number of reconstructed B meson hadronic decays 

Decay Mode 30 fb" 1 Sample 300 fV _ 1 Sample 

Normal Charged D Normat Charged D 

D Mode Only D Mode Only 

B" -» D+T- 8300 4400 83000 44000 
B" -* D'+x- 10000 3100 100000 31000 

B~ -+ iJ'+T-T- 1700 5500 17000 55000 

B° -» D+x-*° 22000 40700 ;>2000 407000 

B~ -» D°T-*° 10800 54700 J0800 547000 

B° -* D+DJ 270 790 2700 7900 

B" - D*+D~ 230 1200 2300 12000 

Samples of these large sizes allow the determination of the 
BSW coefficients to a statistical accuracy of far better than 
1%; at this level, conclusions will be limited by systematic un
certainties involving calculation of reconstruction efficiency, 
luminosity determination, and the accuracy of charmed me
son branching fraction measurements, which should soon be 
improved by results from BEPC and the new generation of 
fixed-target experiments. 

A further use of these large, clean samples will be their 
use as tags, much as been done with D mesons by Mark III. 
Having a large sample of very clewi tagged events allows the 
reconstruction of exclusive semileptonic decay modes, as well 
as the search for rare decays such, as B —• TUT. Examples 
of such uses of tagged events will be discussed later in this 
chapter. 



6.4. b - * c SEMI-LEPTONIC DECAYS - TAGGING 5 - M E S O N S 
BY PARTIAL RECONSTRUCTION 

While the semi-leptonic decays of B mesons cannot be 
full)' reconstructed due to the missing neutrino, they can be 
partially reconstructed using the fact that B mesons are pro
duced almost at rest in the T(45) rest frame. Such tags are 
still useful for many purposes, and since the semi-leptonic 
decays have much larger branching fractions then the fully 
reconstructable modes, e.g., Z>*r, much larger samples of B 
mesons can be tagged by this technique. 

We consider the following decay modes: 
a. B" -» D*+l-u,D'+ -» Z>°jr+ 
h. B° - D*+l-v,D*+ -» D+T° 

c. B~ -* D°l-v 
d. B~ -» D*°rv,Dt0 -* D°x° 

For the reconstruction of thn D° we assume that all de
cay modes with no more than one *° or one Ks can be re
constructed. Table 6.4 gives the resulting efficiency for these 
four channels. 

Table 6.4 B Meson partial reconstruction efficiencies 

Mode Sum of branching fraction! Overall efficiency 

a. 2.5% 0.65% 

b. 2.1% 0.25% 

c. 1.7% 0.50% 

d. 2.5% 0.40% 

The calculations asume that 90% of the charged tracks 
and 60% of the x°'s can be reconstructed. Lepton indentifi-
cation is assumed for all reconstructed tracks with momenta 
greater than 0.5 GeV. These calculations have been checked 
against the Monte Carlo for the D decay channels K~n+, 
K~x+K~Tr+

t K~ir+r~ and K~x+ic0. They agree to better 
than 20% in all cases. 

We have made preliminary Monte Carlo studies of the 
backgrounds in these channels. Backgrounds in mode (a) are 
very small. For (b) and (d), the modes involving a slow JT0, 
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there is a strong tendency to pick up the wrong «•". There is 
also strong feed down of D* modes into (c). However, when 
the decay on the other side does not involve slow 7r0,s, they 
provide a reasonably clean tag. 

In a 300 f b - 1 data sample we can expect « 10* tags in 
each of these channels. This should allow us to study rare 
decays a the 10~ s level. 

Measuring m,i | provides im
portant constraints on the 
Standard Model. 

6.5. b - t (i DECAYS - DETERMINATION OF V^I 

Introduction 

There are several reasons for studying those decays of 
B mesons which are expected to occur via b —» « transi
tions. First, such decays provide the possibility of determin
ing the magnitude of the Kobayashi-Maskawa matrix element 
V,,*- This measurement alone is an important goal for any B-
physics program. In the three-generation Standard Model, 
all elements in the KM matrix must be non-zero in order to 
explain CP violation in K decays. From this one obtains a 
theoretical lower limit, IV.i/Vcij > 0.05, or for \Ve\\ ~ 0.05, 
W*b\ > 2.5 x 10~ 3 . An accurate measurement of |VM4| would 
provide an important ingredient in constraining the Standard 
Model via the so-called Unitarity Triangle, as described in 
Chapter 2. 

Second, as discussed in Chapter 5, the measurement of 
CP-violation in B° and B° decays ta CP-eigenstates reached 
via b •-»« transitions would provide information distinct from 
that accessible with b —> c decays. In particular, such a mea
surement of CP violation would determine sin 2a, thus pro
viding another constraint on the Unitarity Triangle. Third, 
one would like to extend the studies of strong interaction ef
fects in weak B decays (c.f. Section 6.3 for 6 —+ c decays) to 
the case in which the final state contains no heavy quark. 

Three approaches have been considered for experimen
tally determining V̂ t at a B factory: 

1. Inclusive semileptonic decays 
2. Exclusive semileptonic decays 
3. Exclusive hadronic decays 
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13 

Inclusive Semileptonic Decays 

The traditional method has b e e n " has been the study 
of the endpoint region of the inclusive lepton momentum 
spectrum. Because of the large mass of the e quark com
pared to that of the u quark, the highest-momentum leptons 
should arise only from the quark-level decay 6 -+ v.l~v. At 
the 1989 Lepton-Photon Symposium, both CLEO and AR
GUS presented evidence for such decays at the 2.2a and 3.2a 
levels, repectively. While not yet statistically compelling, 
this is the closest we now have to confirmed evidence for 
6 -* u decays of B mesons. If the effects are real, they imply 
that |Vi&/K;6l ~ 0.1. However, the central values are rather 
model-dependent: CLEO finds a factor of 2 range for this 
ratio, depending upon the choice of the model used to relate 
the experimental yields to KM matrix elements. Uncertain
ties in the models also affect the assumed shape of the b —• c 
lepton momentum spectrum, which must be subtracted or fit 
to obtain the b —• u yields. 

We expect that by the time a high-luminosity B factory is 
built, Method 1 will have reached the limit of systematic and 
theoretical uncertainties. Moreover, Isgur and his collabora
tors ' have called into question the use of free-quark decay 
models to describe a kinematic region which is in fact dom
inated by specific single—hadron states. They maintain that 
the inclusive spectrum near the endpoint should be obtained 
as an explicit sum of exclusive contributions. 

For these reasons, our discussion of the determination of 
\Vub\ via semileptonic decays will focus on the complemen
tary approach of Method 2, involving exclusive modes. The 
simplest such modes are B —* irl+v and B —» pl^is. Calcula
tion of i ' sir yields should be less theoretically uncertain than 
in the inclusive semi-leptcnic case. However, the calculation 
does involve transition form factors whose shapes are mea
surable but whose absolute normalization must come from a 
model. Hence extracting \Vmi\ from such measurements is also 
not free of theoretical uncertainties. Given adequate statis
tics, however, there is a great wealth of information which 
can in principle be extracted from detailed studies of these 
decays, as well as from exclusive 6 —» c and c —+ s decays, 

We mil focus on the exclusive 
semi-leptonic decay modes, on 
the assumption that the in
clusive semi-leptonic measure
ments will soon reach their the
oretical and systematic limits. 
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allowing one to confront QCD models in considerable detail. 
It is crucial that there be a significant signal-to-background 
ratio over the entire Dalitz plot if we are to measure the four-
momentum-tranfer-squared (g 2) dependence of the form fac
tors. This cannot be done without precise vertex information. 

Finally, one can explore exclusive hadronic modes such 
a s f l ° - » T + T - , B° -» p°p° and B" -> u V . These final 
states can be fully reconstructed with high efficiency, in con
trast to the more difficult partial reconstruction necessary in 
semi-leptonic decays. Theoretical predictions for these modes 
exist, but there are large uncertainties in relating the quark 
level dynamics to the resulting hadronic final state. Until 
these models have been fully tested in a variety of final states, 
there will be a significant theoretical error involved in relat-

There are large theoretical un- «ng Br(J3° -f r+ir~) or Bl(B° -» p0p0) to | V u 61. However 
certainties in relating exclusive these final states are still very important to study, because 
hadtonic branching ratios to they could in principle allow one to measure two parameters 
1 ' of the Unitarity Triangle: one side, given by | l« j | , which is 

related to the branching fraction, and one angle, sin 2a, which 
is related to the CP-violating asymmetry. 

A high-luminosity, asymmetric B factory would provide 
sufficient data to explore in some depth the exclusive b —• u 
decays of B mesons, which have not yet even been convinc
ingly established. Furthermore, as the analyses presented be
low will demonstrate, at an asymmetric machine there are 
vertex constraints available which significantly improve the 
signal to background ratio and enhance the discovery poten
tial for these rare decays. 

Exclusive Semileptonic b—* u Decays 
To lowest order in the weak interaction, a process B —» 

Afl+v (where M is a light-quark meson) is mediated by a 
single W boson of four-momentum 

q = Pl+pv = PB-PM' 

The invariant fl2,which is equal to m 2„, can be in the range 

>nf < q2 < (m.3 - I H M ) 2 , 

where the upper limit corresponds to M at rest in the B 
rest frame. The amplitude is proportional to Vub times the 
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scalar product of a known leptonic current with a hadronic 
weak current. The hadronic current is in turn given by a 
sum of terms, each the product of a known kinematic factor 
times a form factor which depends only on q2. In the case of 
light leptons, a, pseudoscalar M (i.e., r) involves a single form 
factor, while a vector M (i.e., p) involves three form factors. 
(If mi cannot be ignored, there is one additional form factor 
in each case.) Thus the differential decay rate is 

dT(B -» *l+v) = |V„j|2 • \f+(q2)f • known factors. 

The corresponding formula for B —* pl+v is a sum of terms, 
each involving one of the (correlated) W and p density matrix 
elements in a helicity basis. Each helicity amplitude is a linear 
combination of the form factors, leading to complicated in
dependent interference effects. The complete formulas, as well 
as detailed derivations, are given in Ref. 16. 

Thus if we know the form factors, \VMi\ can be extracted T° extT'ft '/••'• °D\"** '° 
A ' , know the form factors (one 

from a measurement of either B —» xrv or B —* pVv. A for B -> rl+v three for 
common assumption is that each form factor is dominated by S -»pl+i>). 
a single pole, at the mass of the closest spin-1 meson with 
the right parity and flavor-composition. For B —» 7rl+v only 
the Vector (as opposed to Axial Vector) current contributes, 
so that pole would be at the B*. That is, the pole is at q2 as 
28.4 GeV 2, very close to the maximum physical q2, 26.4 GeV 2 . 
Hence the predicted total rate is very sensitive to the assumed 
shape of f+tf). For B —> pl+v, the individual form factors 
are less steeply varying, but this is compensated for by the 
interference effects, so the sensitivity is still great. Moreover, 
we axe dealing with transition form factors, so that even the 
vector form factors are not constrained at some normalizing 

15 18 19 20 
point. As a result, various QCD models ' ' ' give total 
rate predictions differing by a factor of four for the same |V^i|. 
If we take |V„j| = 0.005, then typical predicted branching 
ratios, for a particular lepton, range from ~ 0.6 to 2.2 x 1 0 - 4 

for B -> irl+v and from ~ 2.5 to 10 x 10~ 4 for B -> pl+v. In 
fact, comparison to experiment for D decays, for which the 
models tend to differ less, shows that none of them is entirely 
correct. 
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The v" shapes and the ratios 
of tne form factors can jn 
principle — and should — be 
measured. Obtaining enough 
statistics to do this will require 
a B factory. 

In order to extract a believable value of \Vui\ from mea
surements of semileptonic B decays, it is thus necessary to 
actually measure the form factors. Fortunately, given ad
equate statistics and an understanding of experimental sys-
tematics, this is in principle achievable: for B -* TI+V one 
needs to measure the g2-dependence of the decay rate; while 
for B —»• pl+v one can determine the shapes and ratios of 
the form factors by measuring the joint angular decay dis
tributions of the W and p as a function of q2. The overall 
normalizations must still be taken from theory, but these mea
surements, along with similar ones for corresponding 6 —» c, 
c—*s and c —• d decays, should heavily constrain acceptable 
models. 

H'e have carried out a Monte 
Carlo study of B — *I+v 

We have carried out a Monte Carlo study of the process 
e+ + e - -» T(4S) -» B°B° with B° -» T~1+U (or complex 
conjugate, where I is either e or n), for the generic detector 
of Chapter 3. Beam energies were 9.00 on 3.11 GeV. The 
"other" B is treated by Lund quark-decay algorithms. For 
purposes of this analysis, we assumed perfect identification of 
detected charged particles; we do not expect this to affect the 
conclusions significantly. The form factor f+ was taken to be 
a simple pole at 5,329 GeV. Figure 6.10 shows the generated 
<72 distribution, both for phase space and with the full decay 
amplitude. (Because B —» W + ir is a p-wave decay, and large 
q is correlated with low pion momentum in the B rest frame, 
the angular momentum barrier largely counters the large form 
factor in this region.) 

The analysis procedure, both for the signal of interest and 
for background studies to be described, was as follows; 

(1) In each event, find all candidate TT^/* pairs, with each 
particle having p j > 0.5 GeV, and m(/?r) > 1.0 GeV. 

(2) For each pair, let all the remaining detected particles 
form a loose 'tag'. Accept only those tags with invariant 
mass between 4.75 and 5.50 GeV. (Events below this 
range are not adequately constrained; and only back
ground contributes above it.) 
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Figure 6.10 Generated q1 

distributions in GeV1 for 
B -* TTI+V. The full amplitude 
includes a simple pole form 
factor. 

B 12 16 20 24 28 

(3) After the tagging cuts, a surviving candidate for the 
decay of interest is defined to have ps = ih — £ p » , 
where t runs over the particles making up the tagging 
B. The four-vector pa is completed by assigning the 
true B° mass. We define p* as \pg\ in the overall center-
of-momentum (T(4S) rest) frame. The four-vectors q 
and pv are computed from PB and the four-momenta 
of the candidate I and x. 

Fig. 6.11 shows the distribution at this stage of p* versus 
the reconstructed neutrino mass-squared for the signal of in
terest. The sharp peak around the expected values provides 
two-dimensional discrimination against most sources of back
ground. This may be seen from Fig. 6.12, which shows the 
same distribution for general T(4S) —* BB Monte Carlo 
events. 

A key to separating the B —• r/+i> 
signal from background is the 
two-dimensional constraint in 
m,,* vs. p*. 

(4) Cut on p* and m„ 2 , accepting only the peak. 

(5) Finally, the T T and /* must be consistent with originat
ing from a common vertex. (No cuts have been made 
on the location of that vertex or on the overall vertex 
configuration.) A simple cut against all tracks in the 
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TAGGED B-->PJ-L-NU 

Figure 6.11 Reconstructed 
m»s vs. p' (three-momentum 
of B in overall cm. {rune) 
for Monte Carlo B° - , r~I+v 
events. 

B-BSAR BACKGROUND 

Figure 6.12 Reconstructed 
m,,2 vs. p" (three-momentum 
of the B in overall the cm. 
frame) for Monte Carlo BB 
background event*. 

the event arising from a single vertex — as used \ r the 
B° —» T + T _ analysis described in the succeeding sub
section — is ineffective here; the dominant backgrounds 
are no more consistent with this than is the signal of in
terest.) 

Fig. 6.13 shows the mv

2 spectrum for the signal after all cuts 
except that on m , 2 . 
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The efficiency to detect the correct IT and / is 0.85. The 
steps outlined above have associated efficiency factors of t\ = 
0.83, e 2 = 0.23 (tagging efficiency), et = 0.44, and e 5 = 0.98, 
for an overall efficiency of e = 0.070. The accepted area in 
p* vs. mi,2, and hence the background, can be reduced by a 
factor of 2 at a cost of reducing t to 0.059. To estimate 
the total yield, we have taken a branching ratio (for each of 
l-e,ft) of 1.2 x 1 0 - 4 . Then in the initial sample of 30 f b _ 1 

we would detect 440 signal events (with the more stringent 
requirements). According to the Monte Carlo simulation, 
the BB background would be ~ 340 events, and the con
tinuum background, with no special event-shape cuts, ~ 150 
events. We have also studied two specific sources of back
ground: B° -* D~l+u with D~ -> Kll~; and B° -> p~l+v, 
with the a - 0 from the p decay treated, if detected, as part 
of the tag-candidate. For the latter calculation, we assumed 
isotropic p decay, and a branching ratio four times that for 
B° —* ir~l+u. The expected backgrounds are 2% and 4%, 
respectively; neither process shows a peak in Tnv

2, although 
the first process does show a peak in p*. Hence neither poses 
special problems. 

These calculations ignore the effect of beam energy spread, 
which, due to the low Q-value for the T (4S) decay, can signif
icantly broaden the p* distribution. (TLere is no significant 
effect on the reconstructed raj*.) For a 5MeV r.m.s. spread 
in the overall c m . energy (the result, for example, of indi-

Figure 6.13 Distribution of 
reconstructed mj1 forB° —• ic~l+v 
after cuts. 

The detection efficiency for 
B° — *-\+v can be as 6%, 
while that for BB background 
is~ 0.001%. 

Beam energy spread has an 
important effect on the width 
of the p' distribution. 
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We should achieve a signal-
to-background ratio for B —» 
tl+v o(~ 1: 1, with (he back
ground subtracted statistically. 

B —* / J / + C ai an asymmetric 
B factory: vertex information 
will be of considerable help. 

vidua! beam energy fractional spreads of 6.7 x 1 0 - 4 r.m.s.), 
achieving the same e = 0.059 requires increasing the accepted 
p* range — and hence most of the backgrounds — by a fac
tor of 1.55. (The p* cuts become ±70 instead of ±45MeV.) 
However, it is highly likely that more sophisticated event-
recognition cuts, relying primarily on vertex analysis but also 
on kinematics, can gain back this factor and more. 

Thus the overall signal-to-background level is expected to 
be at least ~ 1 : 1, with the background separable statisti
cally. We conclude that the initial experiment would provide 
a good first measurement of B —* irl+v. With the full data 
set of 300 f b _ 1 we could measure the yield separately for / = e 
and / = u in each often q2 bins with 10% statistical precision. 

While we have not carried out a Monte Carlo study of 
B —* pl+v, a few remarks are in order. The easiest way to 
measure this will be in the charge state B+ —» p°l+v, for 
which all the detectable particles are charged. If the branch
ing ratio is indeed significantly larger than that for B —»irl+v, 
then measuring it will be less demanding. However, as already 
pointed out, using this process to assess models for the form 
factors and to believably extract \V„i\ requires measuring not 
only the q2 dependence, but also joint angular distributions. 
This will require higher statistics and lower background than 
does the B° —» w~l+v measurement. Fortunately, the re
quirements that the x+ and TT~ form a p° and that all three 
detected decay particles come from a common vertex should 
help considerably. In fact, we have been informed that a 
DESY asymmetric collider study concluded that vertex cuts 
are powerful enough to allow measuring the B+ -^ p°I+u 
branching ratio even without tagging (and therefore without 
p* cuts). Of course, a detailed simulation is needed to assess 
how well one can do, p +.icularly for the separation of the 
form factors. But in any case, by allowing one to combine 
all of these tools, an asymmetric collider should provide a 
significant edge in understanding this decay. 
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Exclusive Hadronic Decays 

JL 
The branching fraction for the decay B° -* T + J T ~ is 

predicted by Bauer, Stech i jd Wirbel to be 2.1 X 1 0 - 3 x 
{V*b{K:b) • If Vub/Vcb is about 0.1, as recent semi-leptonic 
decay results from CLEO and ARGUS suggest, this would 
imply Br(B° -» n+x~) ~ 2 x 10" 5 . In an inital data sample 
of 30 f b - 1 this represents over 1000 produced events of this 
type. 

A branching ratio of this order of magnitude is too small 
to have been detected in any of the currently available BB 
data samples; the best upper limit on the branching ra
tio from CLEO is 0-9 x lO -" 1 . However, in the CLEO data 
sample of 242,000 BB events there is already a significant 
background of the order of 0.4 events/MeV from continuum 
qq events. Extrapolating their observed background level to 
a data sample twenty-five times larger, they will observe 100 
background events in a signal region of 10 MeV in beam-
energy constrained mass, compared to a signal of 50 events 
assuming a 2 x 1 0 _ s branching ratio and using their quoted 
efficiency of 45%. It will be necessary to do much better in 
order to study CP-violation in this channel We have in
vestigated ways to further suppress the backgrounds at an 
asymmetric collider, and found that vertex cuts and improved 
particle identification can significantly improve the signal to 
background while retaining a reasonable detection efficiency. 

The decay mode B° -+ i r + x ~ was studied using an asym
metric version of LUND 6.3, using beam energies of 9 GeV 
on 3.11 GeV. One B was forced to decay to T + T _ while the 
other B decayed to a cocktail of final states. The detector 
response was simulated as described in Chapter 3; only those 
tracks within the detector acceptance were considered. The 
simple nature of the two-body final state made it very easy to 
reconstruct and identify. In Figure 6.14, the invariant mass of 
all opposite-charged tracks is shown; the B° —» TC+V~ signal 
is very clear and there is no combinatoric background from 
other B decays. A Gaussian fit to the data yields a mass 
of 5.277 GeV and a = 23 MeV. Assuming a detector which 

Continuum qq backgrounds 
are already limiting present 
searches for B° —» r+*~. 

The detector acceptance for 
B' - . *+*- is 66% for an 
asymmetric msdiiae of 9 on 
3.U GeV. 
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Figure 6.14 Two-pion invari
ant mass distribution for re
constructed B" —* *+*- de
cay*. 

extends down to | cos 9\ > .95, the geometrical acceptance for 
B° —* x+r~ is very high, approximately 86%. 
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Figure 6.15 Invariant mass 
distribution for oil opposite 
sign charged tracks in contin
uum qq events. 

To investigate the background due to continuum qq events, 
wu, dd, S9 and ec events were generated with standard cou
plings again using LUND 6.3; the invariant mass distribution 
of all opposite charge tracks is shown in Figure 6.15. In the 
region of the B mass, from 5.0 to 5.5 GeV, the background 
is linear and slowly falling. The fraction of continuum events 
which contribute in this region is 0,8%. We have also inves
tigated possible backgrounds from other low-multiplicity B 
decays, such as B —» DK, where D —* Kir. However no de-
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tectable backgrounds of this type were found, even when both 
S 's decay to such final states. We conclude that the dominant 
source of background is from continuum qq production. 

To reduce the continuum background we imposed two 
kinematic cuts on the two-pion system, after boosting back 
to the center-of-mass frame. First, the vector sum of the pion 
momenta is required to be between 250 and 410 MeV. The sig
nal and background distributions for this quantity are shown 
in Figures 6.16 and 6.17. The distributions are smeared by an 
assumed center-of-mass spread of 5 MeV as well as by detec
tor resolution. This cut reduces the background by a factor of 
2,6 x 10" 2 , with 92% efficiency lor the signal. Note that this 
cut is equivalent to restricting the beam-energy constrained 
mass, m j c = yJE$ — pjj m , to be within ±5 MeV of the B 
mass. 

Two kinematic cuts are used 
to reduce the continuum <fj 
background. 

X ! 0 * 
>ou>- i am i ii» HOT gwi 

.4 .8 1.2 l.Q 2.0 2.4 2.B 
MOMENTUM, GEV/C 

Figure 6.16 Momentum of 
candidate two-pion system jn 
the center-of-mass frame for 
B" —> 7r+ir" events. 

135 



Figure 6.17 Momentum 
of candiate two-pion system 
in center of mass frame in 
continuum qq events with an 
invariant r i mass from 5-5.5 
GeV/c2 
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Figure 6.18 Cosine of the 
angle between the sphericity 
axis and one of the candidate 
pions in the center of mass 
frame, for B" — ir + ir~ events. 

Second, additional continuum reduction is achieved by 
exploiting the difference in event topologies. BB events de
cay isotropically in the center of mass frame while continuum 
events are more jet-like. Therefore the angle between either 
of the JT'S and the sphericity axis, computed in the center-of-
mass frame after removing both candidate it's, will tend to 
be flat for signal events and peaked forward and backward 
for background. These angular distributions are shown in 
Figures 6.18 and 6.19; requiring |COS#,J,A| < 0.7 rejects 90% 
of the background and has an efficiency of 70% for the signal. 
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XIO1" wm» • a«i* • twa Mtr HU 

f igure 6.19 Cosine of tjie 
angle between the sphericity 
•ids and one of the candidate 
pioiu in (he center of mass 
frame, [or qq events. 

At this stage of the analysis we observe a continuum back
ground level of 1.4 x 10~ 7 events/MeV/BB pair in a signal 
region of 92 MeV in unconstrained mass i.e., within ±2er 
of the B mass. This is consistent with CLEO's observed 
background level of 1.6 X 10~ 6 events/MeV/BB pair in a sig
nal region of 10 MeV in beam-constrained mass, which has a 
resolution an order of magnitude smaller than unconstrained 
mass. We have chosen to cut on pCm and plot unconstrained 
mass because it leaves the background distribution flat in in
variant mass. 

Comparison is made to ob
served background levels in the 
CLEO analysis after applying 
standard kinematic cuts. 

We now apply the additional cuts, unique to an asymmet
ric machine, which will greaJ ly improve the signal to back
ground level. We begin by requiring that both pions form a 
vertex with a probability greater than 5%. This cut rejects 
backgrounds in which the tracks come from different ver

tices, such as e+e~ —• cc, where cne of the tracks comes from 
a D decay iad the other comes from the other D decay or 
from the primary vertex. However, because most of the con
tinuum background comes from uu events, only 14% of the 
background 3ample is rejected. The efficiency for the signal 
events is 95%. See Figures 6.20 and 6.21 for vertex probability 
distributions for signal and background, respectively. 

Vertex cuts provide additional 
background rejection. 
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PI+ PI - VERT PRQB 

Figure 6.20 Vertex prob
ability distribution for recon
structed B* -> IT* ir~ decays. 

300 

200 

100 

Figure 6.21 Vertex probabil
ity distribution for background 
pairs from continuum events. 
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3.5 

* VERT PROB, NO KOS 

Figure 6.22 Vertex- prob
ability distribution for signal 
events m'tn p > 005, for 
*U track (except fiose from 
K% decay) fit to a common ver
tex. 

The best rejection of continuum actually comes from the 
vertex probability distribution for all tracks in the event fit to 
a common vertex. In this distribution, we excluded all tracks 
coming from K® decay. This is a reasonable approximation: 
although we will have less than perfect K° rejection due to 
acceptance, this will be compensated by additional rejection 
of tracks from hyperon decays, which we have not excluded 
from the vertex fit in this study. The vertex probability dis
tribution for the hypothesis that all tracks (except for those 
from KJ decays) come from a common vertex (PALL) is shown 
for our signal sample in Figure 6.22 and for the continuum 
background events in Figure 6.23. In both plots, the events 
in which the B° candidate pair failed the P + _ requirement 
have been omitted. It is obvious from these plots that there 
is a much higher fraction of events with PALL < 0.05 in the 
signal sample than in the continuum background sample. If 
we require both P + _ > 0.05 and PALL < 0.05, the efficiency 
is 65% for the signal, while 84% of the remaining continuum 
background events are rejected. The combined efficiency of 
both vertex cuts is 62% for signal events and 14% for con
tinuum background events, or an improvement in the signal 
to background ratio (S/B) of 4.4. This corresponds to a sub
stantial reduction in the integrated luminosity necessary for 
this study. 

The signal-to-background ratio 
is improved by a factor of 4.4 
by appropriate vertex cuts. 
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Figure 6.23 Vertex proba
bility distribution for contin
uum background events with 
Pr+r. > 0.05, for all tracks, 
except those from K" decay, St 
to a common vertex. 
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Particie identification using 
a CRID provides additional 
continuum rejection, as -•?«// as 
separating B° —* x + * ~ from 
other rare decays such as B* -* 
K+x- andB' -*K+K~. 

Finally, we impose particle identification requirements on 
the event. With the particle identification capabilities of a 
Cerenkov ring-imaging detector (CRID) we will be able to 
unambiguously separate pions from kaons even in the mo
mentum range from 2 to 4 GeV/c which is populated by two-
body B decays. We require both tracks be within ±2<x of 
the expected CRID radius for a pion, and greater than 2c* 
away from that expected for a kaon. This rejects 99.3% of all 
kaons with 91% efficiency for acceptance of both pions. The 
particle identification requirement rejects 70% of the contin
uum background events; this reflects the fact that protons 
and kaons form a significant fraction (~ 40%) of all charged 
particles in qq events which are consistent with the B mass. 
In additon to reducing the dominant source of background, 
another important benefit of the CRJD is that we can cleanly 
separate the process B° —> 5r+jr~ from B" —* K+x~ and 
B° —» K+K~, which are interesting decays in their own right 
but which would dilute the CP-violating asymmetry mea
surement in the B" —» TT+IT~ system. 

In conclusion, we have demonstrated that the process 
B" —* ff+jr~ can be observed at an asymmetric B factory 
running on the T(4S) with a total detection efficiency of 30%. 
The expected background from continuum qq production is 
4.9 x 1 0 - 7 background event/JSS event in a ±2cr signal re
gion of 92 MeV around the B mass. {This assumes that all 
cuts on the continuum events are orthogonal; we have tested 
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that this assumption is reasonably accurate by taking all cuts 
pairwise and observing that the product of the rejection fac
tors individually is similar to the case when they axe applied 
sequentially.) Thus we will be able to detect the processs 
B" —f 5T+jr~ if it occurs at the level of a few times 1 0 - 5 with 
a signal-to-noise ratio of ~ 12. Without vertex cuts and the 
excellent particle identification capabilities of a CRID, the 
expected signal to background is over an order of magnitude 
worse. 

B° P"P" 

The process f?° —> pap° proceeds via a color-suppressed 
spectator decay of a b quark to a u quark: it is thus sensitive 
to V uj. with a predicted branching ratio B° —• p°p° of about 
10 _ 4 x |V r

l l j /V c i | 2 . Recent CLEO and ARGUS measurements 
suggest that |V^j/K^| is about 0.1, yielding a branching frac
tion of 1 0 - 6 . The upper limit on BR(B° -» p°p°) from CLEO 

17 
measurements for a sample of 264,000 B mesons is more 
than 2 orders of magnitude larger than this prediction. This 
clearly requires large increases in the luminosity as well as ma
jor improvements in background rejection techniques. These 
background-rejection improvements can best be realized at an 
asymmetric B factory. 

The process under study was investigated by Monte Carlo 
simulations, using the Lund 6.3 model. One of the 5 ° mesons 
was forced to decay into p°p°, the other was free to decay 
into anything. Since the p° decays with 100% into n+ir~, 
B° —* p°p° events are reconstructed by requiring two 7r+ir~ 
pairs with invariant masses between 0.66 and 1.1 GeV/ c 2 

to account for the broad p° width (Figure 6.24, left). This 
cut was chosen to be asymmetric about the nominal mass, 
in order to keep the signal efficiency as high as possible and 
to reduce background, which decreases with increasing mass. 
The invariant mass of two p° candidates is then required to 
be consistent with the B° mass (Figure 6.24, right). 

Current experimental upper 
limits on BR(B° — pBpB) are 
two orders of magnitude larger 
than theoretical predictions. 
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Figure 6.24 p° mass (left) 
and B mass (right) distri
butions tor reconstructed 
#> _ p < y e v e n t s 
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Kinematic cuts reduce the 
continuum background. 

There is a substantial combinatorial background from 64 
and continuum events, which have a high charged pion mul
tiplicity. To reduce this background, we calculate the mo
mentum of the four jr's in the T(45) rest frame and require 
it to be between 0.1 and 0.42 GeV/c (Figure 6.25), using a 
enter-of-mass energy spread of 5 MeV. This ^symmetric cut 
alone rejects continuum and bb background with an efficiency 
of better than 1000:1. 

Figure 6.25 Momentum 
distribution of (be four-pion-
system in the T(4SJ rest frame 
for reconstructed B° —• p°p° 
events (left) and continuum 
background (right). 
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Further background rejection is accomplished by constrain
ing the four JT'S to a, common vertex, thereby taking advan
tage of the boost provided by the energy asymmetry of the 
collider. The vertexing probability P\T is a flat distribution if 
the tracks come from the same vertex, but is enhanced near 
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zero probability for background events, i.e. when the fcur 
JT'S of two p° candidates come from different vertices. The 
requirement, Pir > 0.05, is thus 95% efficient for the signal 
but rejects about 34% of the background events. This back
ground suppression is better than in the B° —> i r + *~ case, 
due to the fact that four pions are constrained to come from 
one vertex. 

Additional background rejection is obtained by making 
use of the fact that the tracks of the light quark continuum 
events (dd, ufi and sS) form a common primary vertex, if 
tracks from K, and hyperon decays are excluded. Here we 
used all charged tracks to calculate the vertexing probability, 
Paii. In fact, the reconstruction of K® did not change the 
result significantly, since most events which pass this cut are 
due to secondary vertices from D decay. With the requirement 
Pall < 0.05, we exclude events where all tracks emerge from 
one vertex. This cut reduces the background by a factor of 
4 and B° -* p°p° events pass with a 67% efficiency. Both 
vertex cuts combined lead to a background to signal rejection 
factor of 4, which is somewhat smaller than that described in 
the section on the B° —• w+ir~ decay. 

Since the B's are produced nearly at rest in the center of 
mass system, events are rather spherical. This can be used 
to reduce background even further. Omitting the two p° can
didates, we calculate the sphericity of the remaining event in 
the T(45') rest frame. If a denotes the angle between the 
sphericity axis and either pa'm the pp c m . frame, the cos a 
distribution for B° —• pap° events is nearly flat, as expected. 
In contrast, the distribution for p° candidates from continuum 
events peaks at forward and backward angles. We required 
|cos a\ to be less than 0.8, thereby reducing the continuum 
background by a factor of about 3 with 80% efficiency for 
fj° _ ffipo e v e n t s (Figure 6 .26). 

Vertex cuts provide additional 
background rejection. 
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Figure 6.26 \cosa\ 
distribution for reconstructed 
B" — p°p° events (left) tad 
for continuum background 
events (right). 

In conclusion, we find an overall reconstruction efficiency 
for B° —̂  p°p° events of 28%, which includes the detec
tor efficiency. We simulated a sample of 2.7x10 s continuum 
events, which, after all cuts, resulted in 0.002 background 
events/MeV in the B mass region. The distribution for the 
B candidates from this background peaks near twice the pa 

mass and falls sharply off towards higher invariant mass. This 
is understood from the two constraints on the />° mass and 
the low momentum of the 4 ir's in the Y(4£) frame. A similar 
Bample of 66 events yields a suppression factor which is bet
ter by an order of magnitude. From these studies, we find an 
encouraging signal-tc-background ratio of about 1:2.5, assum
ing a B° —» p°p° branching ratio of 10 _ 6 and a signal region 
of ±15MeV about the nominal B mass (this is equivalent to 
a ±l«r cut in mass). In Figure 6.27 we show the signal and 
background one would expect for a sample of 10 8 BB events 
(120 l b - 1 ) . The observation of this decay mode is thus clearly 
possible, thereby providing a test of the BSW model as well 
as an independent method of determining |V„&|. 
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Figure 6.27 Expected signal 
and background for a sample 
of 108 BB events and a B" — 

B° 

The branching ratio for the CP eigenstate decay B° —» 
u; 0 T 0 could be as large as 1 x 1 0 - 5 . We have studied the 
possibility of measuring the branching ratio for this reaction 
in the initial data sample of 30 f b - 1 preparatory to a possi
ble measurement of the CP asymmetry for this decay in the 
"program" sample of 300 f b - 1 . We have explored the recon
struction of this "difficult" final state which includes neutrals 
as a prototype for other decays which include u; mesons, such 
as B° -+ CJ° Kj, which could show a CP asymmetry different 
from that in B° -* p°K° decay. 

The decay B° -> u°jr° 
provides a test of our ability to 
reconstruct "difficult" modes 
with neutrals. 

We generated 10,000 B°B events in which one of the B 
mesons decayed into w°r°. We then formed all two-photon 
invariant mass combinations; the result is shown in Figure 
6.28. There is a clear signal at the ir° mass, defined as 1.25 
to 1.45 GeV/c 2 . We then combined these JT° candidates with 
all pairs of oppositely charged tracks in the event, and found 
an unambiguous signal for w° —» K+ir~n0 decay (see Figure 
6.29). 
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Figure 6.28 Invariant mass 
distribution for alt photon 
pairs in 10K B»B* events, 
where one B decays intouQx°, 
and the other B decays into the 
standard cocktail. 
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Figure 6.29 Invariant mass 
distribution for all J T + * - T ° 
combinations in 10K B"B 
events, where one B decays 
intov**0. 
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200 - Figure 6.30 Invariant mass 
distribution for all U°T° pairs 
in 10KB" B events, where one 
B decays into u°r°. 

We required the x+T _ir° mass be between 0.770 and 0.795 
GeV/c to form a candidate or decay. We then combined the 
u>° candidates with all remaining T° candidates in the event 
and plotted the w°7r° invariant mass (Figure 6.30). There is 
a clear signal for the decay B° —* w°ic°. If we define our B° 
signal to be all w 0 * 0 combinations with mass between 5.16 
and 5.40 GeV/c 2 , there are 2669 entries, corresponding to a 
reconstruction efficiency of 0.27. For our initial sample, this 
would correspond to SO reconstructed decays. 

The reconstruction efficiency 
after making nominal mass 
cuts is 27%. 

There is, however, significant background to this reaction. 
We have generated 331K standard bb events and 500K con
tinuum events, and find 3 and 290 events, respectively, which 
pass these cuts. These would correspond to backgrounds of 
272 events from B production and 69600 events from qq pro
duction compared to our signal of 80 events. 
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Figure 6.31 Center of mass 
momentum distribution for nil 
w°*° pairs with mass between 
5.0 and 5.5 GeV/<? in 10K 
B"B events, where arte B 
decays intou0-*0. 

A set of simple cuts is sufficient 
to suppress continuum back
grounds. 
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We employed four cuts to suppress the background. Fig
ure 6.31 shows the center-of-mass momentum distribution for 
the properly reconstructed w°7r° decays. We required that 
this momentum be between 0.27 and 0.40 GeV/c. We also 
plotted the angle in the center of mass frame between the 
ir° from the B° decay and the sphericity axis of all tracks 
not coming from the B° decay candidate (cos 6,). We ob
served that the distribution for real B° decay is approxi
mately flat, while the distribution for continuum candidates 
is strongly peaked at |cos0j | = 1. We used the same cut 
as CLEO, | cos 0,| < 0.7. We also used the same two vertex 
probability cuts that we used for the reaction B° —» T + 7 T _ , 
namely P + _ > 0.05, where P + _ is the probability that 
both charged tracks from the candidate B° decay came from 
a common vertex, and PAlL < 0.05, where PALL is the prob
ability that all tracks in the event (except for those from 
K® decay) came from a common vertex. The vertex prob
ability distributions are very similar to those observed in 
the J3° —> JT + 7T - study. With these cuts, the number of 
J5° —* u>°ir° which we observe in the signal sample is 1053, 
or a reconstruction efficiency of 11% . A small amount of 
combinatorial background to the signal seen in Figure 6.30 at 
masses less than 5.1 GeV/c 2 is suppressed. We would expect 
to see 32 B° 
these cuts. 

u> IT decays in our initial data sample with 

No events in the normal 66 or continuum samples pass 
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these cuts. If one event had passed the cuts in each of these 
samples, that would correspond to backgrounds of 91 and 362 
events, respectively, or a signal significance of 1.5. Generating 
enough events to find the true level of these backgrounds is 
not justified at this time. 

However, for the continuum background, we can measure 
the effect of each of the cuts separately on the background 
candidates. If we assume that the cuts are sufficiently or
thogonal, we can estimate the total efficiency of the cuts as 
the product of the individual efficiencies. For the bb back
ground, we could not generate enough candidates to even do 
this, so we will assume that this is not as serious a back
ground as the continuum. For w°ir° candidates in the con
tinuum sample with masses between 5.0 and 5.5 GeV/c 2 , the 
net efficiency for events which pass all cuts is 7 x 1 0 - 4 . Mul
tiplying the estimated 69600 continuum background pairs in 
the initial data sample by this factor results in an estimated 
background of 50 events. If the bb background is not signif- Vertex cats gre&tly improve 
icant, as it appears in these studies, then the significance of the significance of the result, 
the signal for Ba —• w°ir° would be 4.5 if the branching ra
tio for this reaction is 1 x 1 0 - 5 . Note that without the vertex 
probability cuts, the significance of the signal would be 2.2, so 
the ability to employ vertex probability cuts, which is unique 
to an asymmetric machine, makes the difference between a 
questionable and a believable measurement in this case. A 
more detailed study of the effect of material in the particle-
identification system on the tv/o-ir" efficiency, as well as more 
detailed consideration of backgrounds to this decay mode, is 
clearly warrented. 
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6.6. b-* sy : PENGUIN DIAGRAMS 

Introduction 
In the Standard Model flavor-changing neutral currents 

are forbidden by the GIM mechanism at tree level. They can, 
however, occur at the one loop level via penguin diagrams, 
which caa give rise to b —* 37 transitions as illustrated in 
Figure 6.32. 

B ^ — - ^ K * 

Figure 6.32 Penguin diagram 
for b —• $y p. 

There are a variety of theoretical predictions for inclusive 
decay modes, as well as for the more experimentally accessi
ble exclusive decay modes such as if* 7, although these suf
fer from uncertainties due to hadronic effects. Nevertheless, 
the measurement of the rate for some of the exclusive decay 
chanels will give us information on the mass of the top quark 
as well as on the Higgs sector. The study of these processes 
is thus sensitive to physics beyond the Standard Model. 

We examine herein the reconstruction of a few examples 
of exclusive B meson decay modes which are produced by 
penguin diagrams. 

The decay mode B —* K'f has been studied in a Monte 
Carlo simulation using the detector simulation described ear
lier. Only the K* —» /f^ff* decay mode has been studied; 
presumably additional sensitivity could be obtained if one 
used the neutral K' decay mode. This particular study was 
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done using beam energies of 8 and 3.5 GeV and involves fully 
reconstructing the B final state with positive identification 
required for the charged * arid K. 

A total of 2000 T(4S) - • BQB° events were generated by 
the Lund 6.3 MC, with the decay B° -* K*f and B° decay 
to a cocktail of decay modes. The following set of kinematic 
cuts provide a clean signal: 

1. a photon with a measured energy in the range 1.8 to 3.5 
GeV which does not come from a di-photon pair whose 
mass is consistent with a it0 or an r/. (It is assumed 
that the detector can recognize and eliminate interact
ing neutrons and KLS. However this assumption is not 
crucial.) 

2. two charged tracks, of opposite charge, whose identifir ••-
tion is consistent within three standard deviations with 
a JT and K, where the particle identification is coming 
from the CRID system and the invanaiit mass of the two 
charged particles is within 100 MeV of the K* mass 

3. the cosine of the angle between the K* and the photon 
must be less than -0.6. 

4. The "K'"/" system is transformed into the rest frame of 
the T(4S) and the momentum of this system is required 
to be less than 400 MeV/c as expected for a parent B. 

The invariant mass of the K*-y system in events satisfying 
these selection criteria are shown in Figure 6.33. The signal 
is very clean, only events from the desired topology survive 
the cuts. The efficiency of the selection criteria is 0.31. 

Backgrounds from continuum events have been checked 
by applying the same selection criteria to 107,000 events with 
the standaid mix of light quarks. 22 events pass the cuts, but 
none fall in the B invariant mass bins; the largest invariant 
mass event is at 4.8 GeV. Taking into account the relative 
normalization of the T(4S) and the continuum, this amounts 
to no background events in a sample of 125,000 produced BB 
events. For the "initial" sample, defined in the introduction 
as 2.5 10 7 BB, and a B° -» K*f branching fraction of 2 10" 4 

(as expected for a top mass of 150 GeV), 1300 signal events 
are expected. 
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Figure 6.33 The K'f 
invariant mass for the signal. 
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In summary then, it appears that a rather simple set of 
kinematic criteria can easily and efficiently isolate a background-
free set of events of the kind B —» K*f. 10" produced BB 
events will yield on the order of 500 detected events. 

Tie cuts applied to the events 
generated by the LUND MC. 

• + * • -T T 1 T consists of 4 

B -> Kl+ r 

The B° -> J K j r i - , with K° 
charged particles, and can thus be completely reconstructed. 
A total of 20000 T(4S) -f B°B° events were generated by the 
Lund 6.3 MC, with the decay B° -» K%e+e~ and J5° decay 
to a cocktail of decay modes. The following requirements give 
a very clean and unique signal : 

1. Two electron candidates (or two muons) must have op
posite charge. 

2. K° are selected by a two-pion mass cut (0.46-0.54 GeV). 
No vertex cut is applied ( See Figure 6.34). 

3. The four-body mass (2 pions in the K° mass range and 
2 leptons) must lie in the B peak (5.25 - 5.35 GeV). See 
Figure 6.35. 
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Figure 6.34 The two-pion 
mass spectrum. 
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Figure 6.35 The four-body 
mass spectrum: 2 electrons, 
and 2 pions in the K° mass 
range. 
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The principal background for this reaction is the reaction 
B" -+ K°J/i/> with J/tl> —> e + e ~ , which generates the same 
four final-state particles. For this reaction 2 X 10 4 MC events 
were generated as above. See Figures 6.36 and 6.37. 
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Figure 6.36 The two-
electron mass spectrum for the 
background reaction, without 
cuts. 

Figure 6.37 The electron-
pair invariant mass distribu
tion for signal events, after all 
cute except excluding the J/'ji. 
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Here the direct signal can be removed by a mass cut on 
the e + e ~ mass distribution in the region of the J/4>, 3.0-3.2 
GeV, leaving only background events to the reaction under 
study. Since the branching ratio for this reaction can be es
timated, we can deduce the potential limits on the reaction 
under study. 

The branching ratio Br(B° or B+ -> J/^+Xs) is 1.12%, 
where X, is any strangeness +1 sys'am. We can estimate that 
the B° —> K°J/i[> fraction, accompanied by A'" —c ir+x~ 
is 1/24 of this branching ratio. The factors are: neutral B 
only: 1/2; A",0 only: 1/2; K" to charged pions: 2/3; K, but 
not K* in the final state: 1/4 from spin factors; Jjt)> decay 
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to elections: 7%. These factors yield a rate for this reaction 
of 3.2 x 10 We have assumed that no appreciable number 
of higher K*s are produced together with the J/V>. 

Aside from the Jjtj) region, which has been removed, this 
study shows various amounts of background falling into the 
remaining e + e ~ mass distribution. 

As a function of various cuts (taken cumulatively) this is: 

1. e + e ~ identification: 4l% background or 1.3 x 10~ 5 of 
B° decays. 

2. K° mass cut and B° mass cut: 0.5% or 1.8 x 10~ 7 of 
B° decays. 

3. A cut on the momentum in the T(45") CM, for the 4 
particles making up the B meson from 0.25 to 0.40 GeV. 
This cut assumes a 5 MeV r.m.s. energy spread. 

No background events are observed; if we assume 1 event 
this corresponds to 0.01% or 3 x 10~ 9 of B° decays. 

We have also studied background from semi-leptonic de
cay modes of B° and D in various combinations as well as 
the case where both B's decay to a cocktail. No significant 
background is seen from these modes. 

The efficiency for the detection of the chain B° —» K°e+e~ 
, / t? ->• ir+*- is 1/2 x 2/3 = 1/3 -The efficiencies of the three 
standard cuts are e = 0.82,0.55 and 0.52 respectively. This 
includes the effect of cutting out the J/iji region. This gives 
an overall efficiency of 0.33 x 0.52 = 0.17 if we apply all the 
cuts above. 

We have investigated the effect of considering the e + e ~ 
mass distribution both as phase space and weighted by a ma
trix element (due to Bob Cahn) of (MB - 2E+)(MB - IE-) -
M\. Here E is the lepton energy in the B meson CM sys-
tem.The inclusion of the matrix element shifts the two-lepton 
mass spectrum to lower masses, but tbe effect on the detection 
efficiencies is minimal. 

We can, therefore detect ihe decay mode J9° —* Kae+e~ 
with a 17% efficiency, giving us a sensitivity to branching 
ratios of the order of 3.0 x 1 0 - 9 in our large sample of B 
mesons. 
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The decay modes B° —• Kge+e~ with decay of the ATJ -» 
K+K" and B+ -* K+e+e~ also have final states with all par
ticles clearly identifiable. They should therefore have compa
rable detection efficiencies and background problems to the 
reaction studied here, and be observable at comparable levels 
of sensitivity. 

6.7. B+ -> T 4 U : DETERMINATION OF JB 

The branching fractions for B+ meson annihilation de
cays are sensitive to the value of the B decay constant / g . 
Annihilation of B mesons to quarks is, however, difficult to 
distinguish experimentally from ordinary spectator decays, 
while purely leptonic decays involving electrons and muons 
are strongly helicity suppressed. Measurement of the B+ —* r+u 
branching fraction is therefore the most viable experimental 
method of determining / g . The rate is given by 

T(BU - ru) = (G2/&x)MBM?fB\Vub\2(l - MlfMlfl2 

where V„6 is the KM matrix that determines 6 —+ w transition 
rates and JB is the decay constant of B mesons. Since IV^I 
can be determined by other processes (e.g. see section 6.5), 
B —* TV can be used to find JB- Normalizing to the inclusive 
semi-leptonic decay rate, we find 

Br{B -» TV) = 5 x 1 0 - 5 x ( / B /100MeV) 2 ( (V u k /V c t ) /0 .1} 2 

for the branching fraction. 

For the purposes of this study we assume a sample of 106 

charged B decays can be tagged. Section 6.4 shows that such 
a large number of tags is within the reach of our full data 
sample. We use the leptonic decays of the T (i.e. r —> Ivv) to 
identify TV decays of the remaining B. Specifically we search 
for events where in addition to the tracks used in the tag there 
is a lone lepton and nothing else. 

Using the detector and Monte Carlo described in Chapter 
3, we find that in our sample of 10 6 tagged B decays we should 
find 15 lone lepton events for /g=100 MeV and |K,&/1^{| = 
0.1, and 60 lone lepton events for /a=200 MeV. 

Measurement of the B •— TV 
branching fraction is the most 
viable experimental method of 
measuring JB . 
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Whether a measurement of / JJ is possible with these events 
depends, of course, on backgrounds. Potential backgrounds 
arise from two major sources: a) correctly tagged B's where 
all particles from the untagged B other than the lepton are 
undetected and b) mistagged £?'s in which particles from the 
other B have been mistakenly associated with the tag. 

We have studied these potential backgrounds due to cor
rectly tagged B decays by generating Monte Carlo samples in 
which there is only one B decay. The correct-tag backgrounds 
would be severe if the detector were not to be designed with 
this measurement expressly in mind. The Monte Carlo pre
dicts 128 potential background events in our 10 6 tagged event 
sample. The signal to noise is ssl /9. 

All of the potential background events are of the type 
B -» D°h where D° -» KLw° or D° -» K~l+v. Figure 6.38 
shows a scatter plot of Ki momentum versus cos 6 for Ax's 
from these events. Clearly, the difficulty is caused by the com
bination of a wide angle Ki with a small angle (|cos 0\ > 0.95) 
ir°. The relatively small number of A'i's at very small angles 
is due the kinematic bias introduced by seeing the lepton in 
the detector. 

KOLONG 

MOMENTUM 

In the case of the Da —• Y~ J+i> source, a high-momentum 
wide-angle neutrino is associated with low KI effective mass. 
Were this low-mass pair to be directed forward, out of the 
detector acceptance, we would see an apparent lone lepton. 

Figure 6.38 Momentum vs. 
coa 8 for KL 'S from potential 
background events. 
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The nature of the potential background suggests that the 
detector must include the following elements in order to make 
a measurement of B+ —* r+t/T possible: 

• A hadron calorimeter composed of three interaction 
lengths of thin steel plates sandwiched with scintillator 
should be able to detect Ki*s with momenta greater 
than about 500 MeV if they interact. In three inter
action lengths w 75% of Ki mesons should interact. 
For purposes of estimating its utility in rejecting back
ground we assume such a calorimeter covers 95% of 
the solid angle. However, it is clear from Figure 6.38 
that it is not necessary to go that far forward with the 
calorimeter, and that loss of some forward solid angle 
could be made up by increasing the number of interac
tion lengths. 

• A small-angle veto system, covering angles down to 
8° ([cos 6\ < 0.99) to reject charged tracks and photons 
with momenta greater 500 MeV which miss the detector 
proper. 

With these features included in the detector, the background 
is reduced to 1.3 events in 10 6 perfect tags. 

In the case of imperfect tags, some of the tracks from the 
other B decay may be mistakenly associated with the tag, 
leading to an apparent lone lepton. To investigate this effect 
we have looked at the tag channel B~ —* Dal~v, D° —» K~ir+ 

in detail. The tagging efficiency of this channel (based on 
Monte Carlo) is 0.15%. This leads to a sample of 3.8 x 105 

tagged events in the 300 f b - 1 data sample. Thus the expected 
signal is « 2 lone leptons for the nominal values of fg and 
V.I. 

CPU time limitations preclude generating enough unbi
ased Monte Carlo events to investigate these backgrounds. 
Based on our experience with the perfect tag case, however, 
we expect that the background will come largely from double 
semi-leptonic decays. By generating only semi-leptonic de
cays we can increase the statistical power of our sample by a 
factor of 25. 

In a sample of 5 x 10 6 double semi-leptonic decays equiva
lent to 1.2 x 10 s unbiased decays we see no background events 
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due to imperfect taga. The background we do see is consistent 
with our expectations for perfect tags. The clean situation in 
this channel leads us to believe that other tag channels will 
also prove usable, thereby producing a substantial increase in 
sensitivity. 

We conclude that a measurement of the branching frac
tion for the B —» rv decay mode is possible. Such a measure
ment requires the detector to be designed with this objective 
in mind, and, of course, requires a large total integrated lu
minosity. This fundamental measurement is clearly worth the 
considerable effort involved. 

• 
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7. T PHYSICS AT AN ASYMMETRIC B FACTORY 

7.1. INTRODUCTION 

Quarkonia, or bound states of quark and antiquark, provide 
us with an excellent testing ground for quantum chromo-

dynamics (QCD), both perturbative arid non-perturbative. 
Of the known quarkonia systems, bottomonium (bb) is the 
heaviest known to date. It is the most amenable to theoreti
cal interpretation because both relativistic effects and higher 
order perturbative QCD corrections are less important than 
in the lighter quark systems. The T system has a very rich 
spectrum, as can be seen in Figure 7.1, and although many of 
the expected states have been observed, there still remain a 
large number of important spectroscopic measurements that 
must be made. However, much of this physics is only acces
sible with large data samples of a few tens of millions of T 
resonance events. 

We believe that the rich physics potential of the T system 
will remain largely untapped after 1990, until such time as a 
high luminosity B factory is available, together with a very 
high quality electromagnetic calorimeter. Thus, in this re
port, we discuss the unique T physics opportunities available 
at an asymmetric B factory. The physics topics include: 

1. the possible discovery of the pseudoscalar and pseu-
dovector states and the measurement of the hyperfine 
structure of the bb system from the measurement of 
transitions from the T(3S) and T(25) states to the sin
glet S states, T(n'5o), otherwise known as the r/t, states, 
and to the lowest singlet P state, ~f{llP\), the Aj 

2. the discovery and measurement of the T(l£>) states via 
radiative transitions, 

3. detailed studies of the known triplet P states (the xVs), 
4. detailed studies of hadronic transitions between T states, 

5. high statistics studies of radiative T decays, including 
searches for light neutral Higgs, 

6. high precision physics measurements such as a compar
ison of the Bpp to BTT rate, which is sensitive to the 
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compositeness scale, the x* *nd x[ n n e structure, where 
tagged events can be used in gluon vs quark fragmenta
tion studies, El rates, which can be used for potential 
model relativistic correction studies, etc. 

The richness of T physics has not gone unnoticed in other B 
factory studies.' 

The only detectors running 
in the T region in the early 
1990's will be CLEO and 
ARGUS. Neither will have 
the integrated luminosity or 
detector resolution to carry out 
these precision spectroscopic 
studies 

Figure 7.1 The T spectrum. 

The possibility of performing precision spectroscopic mea
surements is strongly dependent on electromagnetic calorime-
try with superior resolution. We discuss, in the following, the 
quality of calorimetry needed to carry out bb spectroscopy 
studies. In particular we will focus on the requirements for 
(1) the angular resolution, (2) the intrinsic energy resolution, 
and (3) the low energy photon cutoff. We should also note 
that these high luminosities combined with the relatively large 
T(15) hadronic cross section will lead to the necessity of han
dling data rates as high as 100 Hz. 
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7.2. A R E V I E W O F THE P R E S E N T STATUS 

There are numerous reviews of quarkonia available 
which summarize the present situation. In this section, we 
will only discuss some of the + ' cs which are relevant to the 
T physics that will be studied *. ^ B factory. 

Data Samples The potentially vast data samples available 
at a "modest" B factory offer the unique capability of prob
ing branching ratios on the order of 1 0 - 5 , which is the level 
at which much of the remaining physics lies. In Table 7.1, 
we have tabulated the total (integrated over all the exper
iments: CUSB, CLEO, ARGUS and Crystal Ball) present 
data samples available on the T resonances, where we have 
included a large (w 1.5 x 10 6) sample of T(3S) events that 
will be obtained by CUiiB this final running period at CESR. 
The present samples are compared in the Table with the 
data samples one could obtain from a B factory running at 
Cpeak w 10 3 3 c m - 2 s e c - 1 with a beam spread a = 5 MeV 
(to be compared with the CESR width of « 3.5 MeV). We 
have assumed that the accelerator is capable of delivering 50 
pb - 1 /da,y. 

Table 7.1 Comparison of present data samples with 
3 month runs at Cp^k « 10 3 3 c m - 2 s e c - ' . 

1990 Sample 3 months B Factory 

T(1S) 1.5 x 106 70 x 106 

T(25) 0.5 x 106 25 x 106 

T(3S) 3.0 x 106 15 x 106 

As Table 7.1 illustrates, there is an opportunity to ob
tain data samples in a single detector which are 5 to 50 times 
larger than all accumulated future data samples at CESR and 
DORIS. The type of T physics described below, will remain 
untouched until these kind of data samples are accumulated. 
It is also important to note that these samples were calcu
lated using very conservative assumptions; three months is a 
relatively short run, the luminosity we have assumed is below 
that which the storage rings will reach at an early stage, and 
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the beam energy spread may be smaller than the 5 MeV we 
assumed. 

a. Determinations The T system can supply some of the 
most precise values of a , (subject, however, to varying degrees 
of theoretical uncertainty). These values are determined from 
measurements of !?,,„ and Bggl. For example, using the most 

7—9 
recent values of B M M shown in Table 7.2, we presently find 
the best values of at and consequently Ajyj to be those shown 
in Table 7.3. 

Table 7.2 Recent experimental values for B{ 

B„{IS)(%) B„(2S)(%) B„(3S){%) 
CUSB 2.61 ±.09 ± .1 1.38 ±.25 ± .2 1.73 ± .15 ± .1 

CLEO 2.52 ±.07 ± .1 2.02 ± .19 ± .3 

ARGUS 2.30 ± . 25 ± .1 

Average 2.53 ± 0.08 1.38 ± 0.29 1.79 ±0.17 

Table 7.3 Computed quantities from B, 

r « (keV) Tg99 fTfUL a,(4.9 GeV) AMS (MeV) 

T(15) 53 ± 2.6 32.1 ± 1.5 .176 ±.003 164 ±10 

T(25) 43 ±0.1 32.5 ± 8.3 .176 ± .015 167 ± 54 

T(3S) 25 ± 2.8 29,3 ± 3.6 .171 ± .007 146 ± 24 

While th j statistical errors are generally small, there still 
is room for improvement for the T(25) measurement, which 
has an error of »s 10%. The theoretical uncertainties are 
significantly larger; it is an area in which we could hope for 
improvement in the future. 

Interpretation of BMy might be on a more secure theo
retical footing, but there is considerable need for improved 
experimental measurements. 
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Figure T.2 Observed exclu
sive photon spectrum. 

CO 80 BO 120 
Pinion E iw» (M*V) 

future T spectroscopy studies 
must be done with better 
resolution titan ire presently 
have, i.e. significantly better 
resolution than 1.8%/v^. 

Spectroscopic measurements 

The fine structure of the T system is presently quite well 
measured (e.g., Table 7.4 shows the OUSB results from the 
exclusive channels shown in Figure 7.2), except for some of 
the smaller branching ratio transitions. 

Table 7.4 Measured fine structure for T(2P) from 
ZS -»f2Pj -* 77(15' or 25) - • 7 7 ^ - . 

T(23/>j) Ey (MsV) Events 

J=2 86.1 ± 0.5 104.9 ±11.7 

J=l 101.5 ± 0.6 122.5 ± 12.5 

J=0 122.4 ± 2.6 12.3 ±5.1 

The measured fine structure has imposed constraints on 
model builders since the observed fine structure can be com
pared to the generalized formulation of the spin dependence of 
the QZ} potential. By inserting potentials of known Lorentz 
transformation properties in the Bethe-Salpeter equation and 
making a nonrelativistic reduction to order v-fc2, the fine 
structure of the xt states can be related to a /ector potential, 
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V, and a scalar potential, S by: 

Af( s-P2)=3f + a -26/5 , 
M( 3 Pi )=Af-a - f26 , 

and M(3Po) «Af - 2a - 46 

w h « « a = ^ r ( 3 V / r - 5 / r > 

are the spin-orbit and tensor contributions respectively, and 
M is the center-of-gravity of the triplet P states. The prin-

12 13 
cipal difference between potential models {e.g., MR, MB, 
and GRR ) is their choice of V and 5. Agreement of the 
data with the GRR model is usually taken as support for 
a long range confining potential that transforms as a scalar. 
However, the situation may indeed be more complicated (see 
the discussion in section 7.3). 

The electric dipole transition rates for T(3S) —• ix'h are 
quite well measured, however the T(3S) -* iXb ~* 77T(1S) 
transition has only just been seen by CUSB and is very poorly 
measured at present (BH(T(3S) -• Xl,y)^BR{Xk -* TflSfr ft 
(9 ± 5) x 10 -*). The interes1 in this product branching ratio 
lies in the fact that it is particularly sensitive to relativistic 
corrections. 

Hadronic Transitions 

The «•«• hadronic transition rates between T states have 
to date been successfully described in terms of a QCD mul-
tipole expansion of the gluon fields. CLEO has now ob
tained a large sample of T(35) wz hadronic decays in which 
the observed dipion invariant mass spectrum differs from that 
predicted by ref. 15 (where one uses the soft pion theorems 
of PCAC), and is not presently well understood theoretically. 
Higher statistics for the transitions T(35) —* irxT(2S) would 
provide useful information in order to clarify the situation. 
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Radiative T Decays and Searches for New Particles 

High statistics studies of radiative T decays provide us 
with an excellent laboratory in which to search for rare pro
cesses. At present, only the inclusive rate for T —* igg —» 
7 + hadrons has been measured (see Table 7.5). 

Table 7.5 Latest BR(T —* ygg) values . 

CUSB CLEO ARGUS 

BR{T - 7M)(%) 3 ±0,6 2.5 ± 0.2 3 ±0.3 

This same process has also been used to determine a3. 
However the branching ratio values are obtained by integrat
ing over the high end of the direct photon spectrum (£T/iJbe»m > 
0.5), and thus still subject to uncertainties. 

Exclusive radiative processes, T —• 7 + light mesons, have 
not yet been seen, but experiment is approaching the level of 
sensitivity at which one expects to observe them, for instance 
from simple scaling from the cc system, as shown in Table 
7.6. 

Table 7.6 90% CL UL for T -* 7+ light meson. 

Both BR's and the scaled values are shown xlO*. 

Final State BRezpt Prediction 

7n(550) < 3.5 (CB) 0.2 

W(W) < 13 (CB) 1 

7/2(1270) < 8.1 (CB) 0.3 

7/ 2(1270),/ 2 -» x * ] ^ < 1.2 (CLEO) 

7/2(1720), h-*K°sK°s < 3.6 (CLEO) 

7 / 2 ( 1 7 2 0 ) , / 2 - W < 4.3 (CB) 

7 / 2 ( 1 7 2 0 ) , / 2 - f / r ± ^ < 1.2 (CLEO) 0.1 

777(1430),!?-J/^*-*^ 0.82 (CLEO) 1 

Finally, T radiative decays are an excellent laboratory in 
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which to search for the elusive Higgs. The present CUSB lim
its on monochromatic searches in the process T —» 7 + X are 
at the level of 10~*. At this level of sensitivity we are probing 
the Standard Model predictions (including radiative correc
tions) for the decay T -* 7 + Higgs. The present search from 
CUSB rules out Higgs of masses up to « 5 GeV, although 
it is clear that more theoretical work needs to b» done in 
calculating the radiative corrections. 

7.3. T PHYSICS CAPABILITIES AT HIGH LUMINOSITIES 

Having seen the rich physics potential of the T system, 
let us now turn to look in some detail at those topics which 
offer unique physics opportunities at a B factory. 

Measuring the Hyperfine Structure 

One of the open questions in quarkonia is the nature of 
the spin-spin interaction (responsible for the hyperfine struc
ture) which is very short ranged and presumably mediated 
predominantly by single gluon exchange. The singlet states 
of heavy quarkonia have always been difficult to find relative 
to their triplet cousins. They are not produced directly in 
e+e"~ annihilations, and thus at e + e - colliders they are usu
ally searched for by detecting monochromatic photons result
ing from magnetic dipole transitions between higher triplet S 
wave states and the lower lying singlet S wave states, n'.So or 
Vft's. The rates involved are considerably suppressed relative 
to the electric dipole transition rates. In the upsilon system 
the largest rate is expected for the T(15) ground state decay 
to the lowest lying 17$, where 

BR(T(n3Si) - iT^So) « lQ-3(Ei(MeV)/10Q)3. 

At present, using « 4 x 10 s T's, CUSB places a upper limit 
for the BR(T(lS) - • 7%) of < 0.005 - 0.007 for 30 MeV< 
£ , <100 MeV at the 90% confidence level." This agrees 
well with the expected scaling of Ml transitions with the 
magnetic moment, oc | C Q / M Q | 2 % 0.01 when compared with 
BR(J /^ ->• 7t)c) w 0.013. With ss 7 x 10 7 T events, one can 
conservatively expect a factor of 10 improvement in the upper 
limits (we are ignoring improved jr° ^construction efficiency 
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which will significantly reduce backgrounds), or perhaps one 
will be able to observe the T( l l 5o) if the hyperfine splitting 
is sufficiently large. 

One can also search for monochromatic photons from the 
hindered Ml transitions, T(35) —• -y^ and T(2S) —> 7%. 
The predictions for these branching ratios are sensitive to 
relativistic corrections, but they lie in the range of 10~* to 
1 0 - 6 . These will be extremely hard to observe if they exist 
at the smallest branching ratios, since they must be observed 
in the inclusive photon spectrum. 

Kuang and Yan have suggested a search for the sing'et 
states by studying the decay chain T(3S) —urir 1Pi —»irtr^rn,, 
because the branching ratio of the hadronic transition is ex
pected to be about 1%, and that of the following El tran
sition about 50%, yielding a product branching ratio for the 
whole chain of about 5 x 10~', the largest branching ratio by 
far of all channels leading to singlet states. Unfortunately, 
the m, does not decay leptcnically, therefore we cannot use 
the "exclusive" event method. We can, however, search for 
a monochromatic photon line of about 480 MeV in the in
clusive photon spectrum, the result of a transition from the 
singlet P wave to singlet S wave, in events with two pions 
recoiling against a state of mass near the center-of-gravity of 
the Xb states. This process has the added bonus that one 
observes not only the singlet 5 states but also the singlet P 
state (which still remains undiscovered in charmonium as well 
as bottomonium). In addition, the dual requirement of ob
serving both the irx transition and the « 480 MeV photon 
will effectively eliminate the possible backgrounds from the 
competing and more copious El transitions via the Xb states. 
If the Kuang, Yan and Tuan branching ratio predictions 
are correct, the singlet S state may be seen by CUSB in the 
upcoming CESR run, however, there is the possibility raised 
by Voloshin, who uses a different treatment of the soft gluon 
conversion to hadrons, that this TT transition is greatly sup
pressed, with BR(?(ZS) -> Kirki) < 1 0 - 4 . If this is the 
case, then this transition will remain undetected until large 
(few xlO 7 events) are available. In even the most optimistic 
scenarios, the higher singlet S states, J^ and *jj', will remain 
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undetected rutil a high luminosity B factory is built. 
Another promising method to detect the singlet 5 state 

is via the decay T -> it(23Pi) -> T**T{11S0) where the 
branching ratio may be t-> high as 10~ J but the process will 
remain undetected until a detector with both excellent pho
ton detection and excellent charged particle tracking is built 
(present detectors do not manage to optimize both at once). 

In summary, the prospects for observing and measuring 
the singlet 5 state in the T system look very promising. 

D-wave State Spectroscopy 
Recently, Kwong and Rosner have used the "inverse scat-

22 — 
tering" method to construct the bb potential and in turn 
determine additional 66 states. They find two bound D wave 
states which lie below the free flavor threshold and have their 
centers of gravity (cog's) at s» 10.16 (ID) and 10.44 (2D) GeV. 
They also find the fine structure splittings to be very small, 
of the order of 4-6 MeV instead of the 15-20 MeV character
istic of the X'I, fine structure. These predictions are supposed 
to be largely model independent, not only because the "in
verse scattering" method is based on using measured 5-wave 
and P-wave levels, but, as A. Martin shows, they also follow 
from general mathematical properties common to most non-

23 relativistic potentials. These states, however, are not easy 
to observe, their leptonic widths are minute, and lying so 
far below threshold, one does not expect much S-D mixing 
enhancement. At e + e~ colliders, therefore, we can only ac
cess these states via two sequential El transitions, i.e. from 
T(35) -» 7xi -» 77T J{ID), with product BR's of t!ie order 
of 3.7(3.2) X 1 0 - 3 for the J=2(3) final states. Recent calcu
lations by Belanger and Moxhay have shown that for D-wave 

24 
quarkonia, the three-gluon annihilation rate is very small. 
Moxhay has shown that the hadronic transition rates are also 
very small, thus the D states essentially all decay electromag-
netically to the Xb states. 

Since these predictions are firm and essentially model-
independent, the observation (or nonobservation) of such states 
at the predicted masses constitutes a real test of the validity 
of the current potential model description of heavy quarkonia. 
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The region of the potential probed by heavy quarkonia 
spectra lies neither in the perturbative regime nor in the rel-
ativistic one. There are valid arguments that gluon exchange 
within quarkonia systems might be more similar to gluon 
propagation through the gluon condensate, which means they 
cannot be described using non relativistic potentials. 

Thus, two ways present themselves for the search of D 
wave states. The first is to look in the inclusive spectrum for 
monochromatic photon lines characteristic of x'f, —* f 2,3(^^)7 
transitions, with E t as 100(110 MeV) respectively, and of 
T 3 i 2 ( l D ) -> xtl transitions, with E 7 « 230(240 MeV). Un
fortunately, all but the 260 MeV line are going to be masked 
by the much stronger (T(25) -» x{, -* T(25)) photon lines. 
Such a measurement would be extremely difficult. 

Given the large amount of data available at a B factory, 
we believe that 
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one can afford to give up some on statistics and concentrate 
on the lower branching ratio but cleaner sample of multipho-
ton exclusive events. This means searching for the D wave 
states by capitalizing on the relatively large branching ratio 
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for the transition Xb -* T ( lS )7 and that the T(15) decays 
leptonically some 3% of the time. Hence the product BR 
for T{35) -* x'bl -> T2(li?)77 - • X>777 - T ( l S ) 7 7 7 7 -
Wrm is « 3 x 1 0 - 5 and for T(35) -* x["t -* T 3(l£>)77 -> 
Xblll -* ^ (15)7777 -» ftpTrrr is « 2 x 10~ 5 . While 
these product BR's are small, the events would be very, very 
clean: four photons of the appropriate energies accompanied 
by two leptons. A small complication does arise from the 
fact that the level splittings conspire to make the T(35) —» 
Xj7 -» T2(1D)77 -» X6777 ~* T(1S)7777 transition indis
tinguishable from the T(35) —» Xj7 —» T(2S)77 —» X4777 -* 
T(15)7777 transition, although the latter process has the 
smaller product BR of » 1 x 1 0 - 5 . However, with the neces
sary angular resolution, one can perform kinematic fits of the 
four photons and two leptons, which will effectively eliminate 
any c .iusion. 

We have carried out a Monte Carlo study for D state 
exclusive spectroscopy of the type outlined above. The ex
pected observed spectrum from a run corresponding to 1.5 x 
10 7 T(35) decays is shown in Figure 7.3, where we have as
sumed an angular resolution for the detector of 10 mr, and 
a photon energy resolution of CE/E = l%/\fE, where E is 
the photon energy in GeV, and a very modest photou finding 
efficiency of 50%. The observed spectrum consists of photons 
from the decays shown in Table 7.7. 

Table 7.7 Assumed D state branching ratios. 
Only dominant ones shown. 

Decay E1 (MeV) BR 

3S -» 2Pi - • 1Z>2 - • IP -* IS 98.6 2 x 1CT5 

35 -» 2Pi — 1A -> IP -> 15 104.6 3 x 1 0 - 6 

35 -> 2P 2 -» \Di -* IP -* 15 110.6 1 x 1 0 - 5 

35 — 2P 2 - • IDi -> IP —15 114 3 x 10" 6 

Notice that even with the excellent resolution, is still not 
possible to fully resolve the D state lines because of their 
minute expected splittings, but it will still be possible to ex
tract fine structure information by fitting the above observed 

D state spectroscopy imposes 
the strictest requirements on 
the detector calorimetry, the 
response can be nothing short 
of superb. 
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spectrum to the sum of four lines coming from T(2 3/'i i2) de
cays to the ID state. In particular, we have found that we are 
able to measure some D state splittings to a few %. For com
parison, we have also considered what the spectrum would 
look like if the resolution were aE/E = 2%I^E. The result 
is shown in Figure 7.4. 

Figure 7.4 Photon spectrum 
from T(35) -. yrn&t-
decaye tor <rB/E = 2%/VS. 

X6 and xj Studies 

As indicated in the earlier summary of known T physics, 
the fine structure of the xt and1 \ j states is quite well known, 
but there still remains some physics that is only accessible at 
the highest luminosities. 

Relativistic Corrections 

The measurement of the T(35) —» x> transition is of 
interest since it bears on the relativistic corrections to be 
applied in potential model construction. With the b-quark 
being quite heavy, relativistic effects do not manifest them
selves as readily as in the lighter quark syslems. However, 
when they do, it seems to be relatively easy to pinpoint 
the source, and study them in relative isolation. A good 
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measurement of the T(3S) —t 7^4 rate, in particular, will 
serve to constrain the varieties of potential models on the 
market which are indistinguishable as far as static proper
ties and predictions are concerned. We also have further 
interest in knowing this rate because of the possible over
lap between this signal and that of the kt -* -ytji, transition 
in the inclusive photon spectrum from T(3S) decays. With 
« 1.5 x 10T T(3S) events, and assuming the CUSB value of 
Bfl(T(3S) -» 1Xb -* r y T ( l S ) -+ 77A + / i " ) * 3 x K T 5 , 
we should be able to collect a sample of a few hundred such 
events. 

The Nature of the Spin-Dependent Potential 

From the known measurements of the P state fine struc
ture, it is usually inferred that the interquark potential is 
made up of short range vector contribution and a long range 
scalar confining contribution. This conclusion is usually reached 
because of the agreement of the observed fine structure with 
potential models that assume a long range scalar connning 
term, such as the Gupta, et al. model. However other models 
also assume a similar long range scalar confining term but dis
agree with the data. A closer inspection of the fine structure 
reveals an apparent fallacy in the simple picture presented 

27 
with respect to the Lorentz structure of potentials V and S. 
Consider r in terms of a and b (defined in an earlier section) 
for P-wave states, r = [2a - (12/5)6]/[a + 66]. For a Coulom-
bic potential (S = 0, V oc - 1 / f l ) , r = 0.8. Note also that if 
S is not 0, a decreases and r decreases. Thus, since the rms 
radius of the x^ is greater than that of the \U it should feel 
the confining "scalar" potential more strongly, hence r(x'i) 
should be less than r(xb)- Yet neither the data nor explicit 
potential model calculations support this simple deduction. 
Dib, Gilman and Franzini (DGF), with numerical computa-
tions, resolve this apparent contradiction. They conclude 
that one cannot make a simple assignment of the Lorentz 
structure (that it is the fourth component of a Lorentz vector 
or a Lorentz scalar) to pieces of a potential and expect it to 
hold true over the whole range of the interactions, A. Mar
tin proved and extended the DGF conjectures and in addi
tion, showed that for the standard potentials used to describe 
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^eavy quarkonium, the overall splitting of the higher P states 
is likely to be smaller than the 'ower P states. This last 
statement is indeed borne out in the 66 P states: the overall 
splitting for x'b i S 34.6 MeV and for the xt >s 53.5 MeV. 

Higher precision results on the fine structure of both the 
Xt and the x't should provide valuable experimental input to 
this question. 

Hadronic Widths of the T(n3Pj) States 

Unlike in the charmonium system, the hadronic widths of 
the Xb states are too narrow to be measured directly. We re
call that CUSB had pioneered the method of obtaining them 
from the measured branching ratios for 3Pj —»3 St + 7 tran
sitions (BRj) using the El rates calculated from potential 
models, see section 2.2. We recapitulate the QCD predictions 

22 of the hadronic widths by Kwong and Rosner, using the low-
30 est order QCD calculations of Barbieri et al., they are: 

T w U i z ) = 145(153) keV 
I W x l i ) = 51 keV 
I W x i o ) = 542(866) keV. 

The widths of the J = 2 and J=0 states including the first order 
corrections axe given in parentheses. 

The ratio of the widths of the .1=0 and J=2 states is equal 
22 

to 15/4 x (1 + 10.2a, /x)/( l + lJia,(r). Thus we note that 
a precise measurement woulil yield a new test of QCD, i.e. 
provide an independent way of determining a,. 

The current experimental the value for this ratio is 5.12 ± 
2.45. This accuracy is insufficient to distinguish between lead
ing order, 3.75, and next to leading order, 5.65. This is be
cause of insufficient statistics in the x'to channel. The present 
CUSB result is based on (4.1 ± 2.7) events in the T(2S)-n 
channel and (8.1 ± 3.7) events in the T( lS)77 channel. From 
a 1.5 x 10T sample of T(3S) events, one would collect more 
than 500 exclusive events in the XJO channel, sufficient to re
duce the error on the ratio to « 5% of its value. Similarly, we 
will be able to measure the ratio for the T(2S) decays, which 
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has not and will not be measured until a B factory comes into 
existence. 

Gluon vs Quark Fragmentation 

The combination of excellent photon energy resolution, 
ir° reconstruction efficiency, and large data samples would al
io." us to tag inclusive events in T(3S) decays which have 85 
and 122 MeV photons in the them. Depending on the even
tual jr° reconstruction efficiency, one could obtain a relatively 
pure sample of tagged x'jo 2 events. These states are expected 
to decay principally into two gluons, allowing us to compare 
the fragmentation of two gluon decays with two quark decays 
(from continuum decays). 

Hadronic Transitions 

To date, no hadronic transitions other than 
T(35,2S) -+ **T(2S, IS) have been seen, and the present 
upper limits for transitions via the r) are at the level of a 
few x l O - 3 . Scaling from the ip(2S) -* i\ J/ij>, one expects 
that the branching ratio for T(2S) -+ ?T(15) decay will be 
« 0.1%, which is somewhat less than an order of magnitude 
smaller than present limits. Similarly, the T(35) —> nT(lS) 
decay is expected to have a somewhat smaller branching ra
tio (0.02%). With an increase over the present statistics of 
between a factor of 10 to 100, we should be able to observe 
these decays and check the multipole expansion description 
of hadronic transitions. 

Radiative T Decays and Search for New Particles 

A B factory is an excellent laboratory in which to search 
for new particles, rare transitions, and measure a, because 
of the vast (s» 10 8) data sample of T(1S) events one could 
obtain there. In the following sections, we discuss some of the 
T radiative decay physics that can be done, 

B-,gt and a, 
These large data samples will be able to unambiguously 

determine the shape of th e high energy photon spectrum 
from T —» fgg decays. One can also expect a very significant 
improvement in the accuracy of the BR{y —* fgg) measure
ment which is presently known to 10% of its value. 
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Radiative T Decays to Light Mesons 

As can be seen in Table 6, we have only just begun to 
reach the levels of sensitivity required to see T —>• 7 + light 
mesons decays. If the branching ratios are indeed as expected, 
a large number of possible decays will be seen with a few 
hundred events in each channel, enough to provide stringent 
tests of the theoretical predictions. 

Search for Light Neutral Higgs 

Finding the Higgs is perhaps the central problem in high 
energy physics today. A light neutral Higgs has not yet been 
unambiguously ruled out, so one must consider methods to 
search for them. In fact supersymmetric theories tend to 
favor a light Higgs. One of the methods that has been 
successfully employed is to search for radiative decays, T —> 
7 + H. The expected branching ratio has been calculated by 
Wilczek and by Weinberg who find 

BR(T - 7 + H) = BR,, x ^ £ ( 1 - j&)x*fru 

where x is the ratio of vacuum expectation values for the 
Higgs fields (or x — 1 in the minimal Standard Model) and 

35 where / r a < j « 0.5 is the radiative correction factor. Thus 
one expects BR(T -* fH) as 10~ 4. That level of sensitiv
ity has been reached now, but with these large data samples, 
one should be able to push the upper limits down by at least 
an order of magnitude. That should finally place the exper
imental upper limits well beyond the reach of ever changing 
radiative correction effects, and thus unequivocally rule c-\ 
a light Standard Model Higgs below the « 7 GeV level or 
perhaps even find it. 

Another interesting issue has been raised by Drees and 
og 

fiikua who point out that if the Higgs should 1 ie near the 
T or x*i then one should expect considerable mixing effects, 
which could be searched for in the decays T(35) —• -yx'k ~* 
7TT. In fact for MH * 10 GeV this may be one of the only 
ways to search for it. 
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High Statistics Studies of B^, BTT, El rates... 
The high statistics obtained at the proposed B factory 

would also enhance the " bread and butter" physics by pro
viding the statistics to do high precision studies of already 
relativt y well measured quantities. The gains are obvious, 
and we do not enumerate them here, except for one case that 
cannot be done without these high statistics. 

Bnn and at 

Bw is well measured, and will probably not benefit much 
from very high statistics until theory catches up with the ex
isting experimental precision. However there are other pre
cision tests such as fi — r universality that can be addressed 
(see next section). 

ti — r Universality and a Compositeness Scale 
The question of universality among generations can pro

vide a useful probe for physics beyond the Standard Model. 
Here we investigate the sensitivity attainable in a comparison 
of T —» T+T~ iyith T —» (i+fi~- The immediate theoretical 
impetus for this study came in the claim by Pati and Strem-

37 
nitzer that Urge differences might be observed in toponium 
decays due to compositeness, where they stress the possibility 
that compositeness may show up at a lower scale in the third 
family than in the first two. It is expected that the effects 
will be substantially smaller in T decays, but the possibility 
of very high statistics experiments makes the question worth 
studying. Of course the question of universality is of general 
interest, but we use the Pati and Stremnitrer model as a guide 
for where the interesting region lies. 
The effect of compositeness on T —• r+r~ 

In this section, we reapply Pati it Stremnitzer's calcu
lation to the upsilon system. Without resorting to a specific 
model, there is no '•'ery precise prediction, so we give a range of 
predictions, as a function of compositeness parameters. This 
range should not be construed as covering ail compositeness 
ideas, but at least is interesting. 

First, we generalize the equations in Rfif. 37 to apply to 
the upsilon system as well as the toponium system. Define 

Compoeiteness may show up 
at a lower oca/e in the third 
family. Little experimental 
constraint exists n< . 
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the ratio: 

where V is either T or 6. There are two diagrams which we 
consider for the (i+ii~ decay, corresponding to quark-anti-
quark annihilation through a photon or a Z°. A third diagram 
appears in addition for (he T+T~ decay, as a consequence of 
shared components in the third generation quarks '3d lep-
tons according to the compositeness model. The ratio R is 
conveniently expressed in the form: 

O _ | A T 1 2 + 1A' T | 2 . . . . 

We generalize Pati and Stremnitzer's expressions for A and 
A' to j.pply to both toponium and bottomonium decays, as 
well as include a slight modification for the hypercolor term 
suggested by B. Ward: 

A = _ e 2 GFm\ 2 ( f l f r+j jr t ) ( - l + 4sin 2 9W) 
1 '"a 2 v ^ DZ(s) 

[ 0 iii^r 
1 -4-

A; = n ' ^ 

itt=T 
(7.3) 

1' = GFmz2(gitq-ir9Lq) 
1 2J2 Dg(s) ' 

where Dz(s) = s — mz + imzTz, s = m 2/ is the square of the 
vector meson mass, and the hypercolor force is awimed to 
conserve parity. The hypercolor term is arranged so that the 
sign of the strength parameter, K2, is consistent with Strem-

38 
nitzer and Pati's second paper, and opposite to the sign in 

37 
their first paper. With the sign convention as chosen here, 
Stremnitzer and Pati suggest that K 2 is most naturally posi
tive, though this is not required. The quark charge is e,, and 
—2(5itj + gig) = 2/3J — 4e 9 sin Gw- It is convenient to also 
express R in the form R = 1 + S with: 

6= K 

There are two unknown parameters associated with the 
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compositeness picture which are needed in an evaluation of 
R: (i) K 2 is a strength parameter associated with the com
positeness force. By analogy with the ordinary strong force 
(QCD), it is argued that one expects |« 2 | ~ ltolO. (i») A 
is a compositeness size parameter for the r — b—t family and 
is related to Age, a scale parameter for the hypercolor gauge 

39 . 37 39 
force which binds this family. It is argued ' that, in a 
world with three families, this scale cannot be larger than a 
few TeV if the compositeness idea is a correct approach for the 
masses in this family. However, the effective size parameter 
A may be different for different members of the family. 

To calculate the expectation for T decays, we tune the 
calculation to agree with Pati & Stremnitzer's results for to-
ponium. The Z diagram is not a serious contribution at the 
T, nor is the mass of the T (compared with A), though they 
are included in the calculation. Neglect of these contributions 
yields the simplified formula: 

_ r(T - r+r-) 
"r ~ r(T -»„+„-) 

- 1 9 K? / m T \ 2 U 2 /m-rN2 8g] ; 

+ 16sr2 o U / o U i 3 

In practice, we need to apply a correction for the non-zero 
lepton masses, since we need to deal with rather small devia
tions from ft — T universality, as we shall see. Since the parity 
violating contribution may be neglected, we may simply mul
tiply the value of R in formula (7.5) by 

_ M 3 %•) _ „ qq227+o.oooo5 ,- gx 

where velocities appropriate to T decays have been used. 

We thus obtain a family of curves for Rr as a function of 
A and re2, as shown in Figure 7.5. 
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Figure 7.5 Rj as a function 
of A for different values of K1. 
The man of the T is eaten to 
he 9.46 GcV. 
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Measurement otR-c to &l% is 
the goal for interesting physics 
reach. 

The conclusion from this figure is that an experiment to search 
for compositeness in T —» V + T ~ decays with a precision of 
£ 1% in the measurement of Ry could be very interesting. 

Experimental measurement of Ry 

In considering the experimental measurement of Hy, let 
vi first look at the current situation. The 1988 world averages 

40 
are: 

£ ( T - » f f V ) = 2.6±0.2% 
J 9 ( T - H - + T - ) = 3 .0±0 .4%. 

Thus, the current world average for the ratio, neglecting possi
ble correlations between these measurements, is R-c = 1.15 ± 
0.18. This is about one standard deviation above the value 
expected in the Standard Model (0.992). The preliminary 
world averages for the 1990 edition of the Review of Parti
cle Properties (as obtained from the PARTICLES database 
in SPIRES) are B(T - • / i + / 0 = 2.61 ± 0.11 % and B(t -» 
T+7- - ) = 2.97 ± 0.35%, yielding RT = 1.14 ± 0.14, with the 
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cise. 

same conclusion as from the data available in 1988. Unfortu
nately, the experimental errors are too large to expect to see Current data on fiT is impte-
evidence for compositeness, or to put especially interesting 
constraints on the model-builders. 

However, given the high statistics that may become avail
able for T physics, measurements at the level of ;S 1% might 
be attainable in the future. A measurement of such precision 
requires some care. A good approach, in terms of control of 
systematic effects, is one in which the n+ft~ and T + T ~ are 
measured at the T and in the continuum just below the reso
nance. Simultaneous measurement of rr and fifi is important 
so that sensitivity to knowledge of the accumulated luminos
ity may be suppressed or eliminated. 

Let Nrr be the number of r-pair events and JV^ the num
ber of ii-pair events observed on the T, and MTr, M^ be the 
corresponding observed numbers in the continuum below the 
T. The efficiencies are assumed to be the same on and off the 
resonance. Also, rri is the ratio of the continuum t+t~ cross 
section on resonance to below resonance (rat « 1 is approx
imately the ratio of the inverse squares of the energies), and 
r-£ is the ratio of the accumulated luminosity on resonance to 
below resonance. 

With these definitions, we may write the measured value 
of Ry in this experiment as: 

The fr/p which appears in this expression is to be evaluated 
at the continuum point. Propagation of errors yields the es
timated error: 

2 

\NTT - T9rLMrr) \Nrr M r r ) 

( a* VP-+-M 
(NrrM^ - N„M„) 

[(NTT - rarLMTT) (Nn,, - r^riM^) 
(7-8) 

where we have used the simplification r f f r w r f f i i = r„. We 
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r 

will neglect the uncertainty in / r /^ . In the limit Rx = 1 (i.e., 
NTTjMTT ~ Niip/Mpn), the estimated error reduces to: 

Rr N„ - Nfoy NTT

 + M r r

 + N„ * M^ K'*> 
We propose effectively a doubk-
ratio measurement of Rx, 
in which systematica cancel, The important point here is that by using the below reso-
yielding a statistics-limited ex- nance measurement, we drastically reduce the contribution 
penmen . from systematic effects - to an excellent approximation, we 

have a statistics-limited experiment. 

We may now make numerical estimates of the amount 
of integrated luminosity required for a given statistical er
ror in Rx. For the numerical estimates, we assume B{T —» 
li+fi~) = J9(T -* T+T-) = 0.03 and <r(e +e- -» T) = 18 nb 
(observed value at CESR, including beam spread and radia
tive effects). Also for the sake of numerical estimates, we 
assume that the continuum /j-p&ir and r-pair cross sections 
are given by the QED single photon cross section, 1 nb, at the 
T energy. For simplicity, we will also take tu = eT, though 
this is not required. 

The optimum strategy is to divide the running time so as 
to observe equal numbers of /i-pairs at the two energy points: 
JV î = M^ and (in limit Rx = / T /^) NTT = Mrr. For a 
desired error in Rxi on the T point, we must obtain: 

^produced 1 + JVgp/JVj,, //frf V , . .Q) 

Nr ~ 4

£ r B ( T - > ^ - ) U J > ( 7- 1 0 ) 

where Nfa refers to the non-resonant continuum contribution 
to the observed numbers (likewise JVjJ refers to the reso
nant contribution to the observed numbers), and £( is the 
efficiency to observe f+ f - , including £ decay modes and de
tector limitations. Off-resonance, we must run a factor of ~ 
1+Njp/Npp ~ 1.5 times longer (for the cross section assump
tions stated earlier). We summarize the required datasets in 
the following Table: 
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SRJRT Required equivalent N*toi"cei 

0.01 10 T/er 

0.001 10 9/£r 

Assuming proper care is taken to insure equivalent run
ning on and off resonance, the experiment should be statistics-
limited. A measurement at the level of a 1% measurement of 
RT requires a relatively small investment in running time for 
a B-factory. Note that the statistics required for a 0.195 error 
is also within reach of a B factory of the luminosity under 
consideration. 

Backgrounds 

The design of the experiment is such that backgrounds 
tend to cancel out. The only potential worry is backgrounds 
from other decays of the T itself, since continuum contribu
tions cancel. We note that no exclusive decays of the T{15) 
have been observed other than the lepton pairs. Backgrounds 
due to cross-over in the lepton decay channels are not a se
rious problem even if they occur, and even we have only a 
rough idea how large they are. This is because this source 
will occur in the same way on the continuum, and so the 
uncertainty in this source cancels to a good approximation. 
We need only be concerned about backgrounds from T decay 
processes that are not compensated by identical backgrounds 
in the continuum. 

The limits on exclusive branching ratios of the T(15), 
which could contribute backgrounds exist for a few channels, 
and are typically of the order of 10~ 4, already considerably 
smaller than the branching ratio to lepton pairs. Thus, tails in 
these low multiplicity decay modes are unlikely to pose much 
of a problem. Fortunately, with a high luminosity machine, 
we will be able to study the background sources at the same 
time as we collect the data for the measurement. 

Summary 
The prospect of a precision test of p-r universality in T 

decays is very promising. Without resorting to a specific com-
positeness model, a measurement of R-c at the level of ^ 1% 

A 1% measurement w easy 
for a B-factory, the required 
statistics for a 0.1% measure
ment is also attainable. 

The largest background sources 
will not contribute to the un
certainty in Hr- Remaining 
backgrounds from t decays are 
expected to be negligible, and 
can be examined in the same 
experiment. 
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probes a new region in the third family. Such a measurement 
appears to offer the potential of an exciting and fundamental 
discovery, and at least will provide useful constraints 

Spectroscopy Above the b-Flavor Threshold 

Although the principal focus of this section has been on 
the spectroscopy accessible from bound 66 states, one should 
address the question of spectroscopy above the 6 flavor thresh
old. In particular, with excellent photon energy resolution 
and low photon energy cutoffs we would accurately measure 
the B* —» B + 7 photon spectrum (where Ey fa 50 MeV 
has already been measured by CUSB), and from the shape 
of the spectrum one can study B, production vs energy. 
This would allow for a determination of the optimal energy 
at which to run in order to observe B, — Bs mixing. 

7.4. D E T E C T O R CONSTRAINTS 

The physics that we have discussed in previous sections 
relies on having an excellent detector capable not only of pre
cision charged track measurements, but also achieving the 
highest possible energy resolution for photons. 

Angular Resolution 

We have carried out several studies of the necessary angu
lar- resolution required by the detector in order not to compro
mise the intrinsic electromagnetic energy resolution. Figure 
7.6 shows the contours for various contributions to the en
ergy resolution due to angular resolution alone. These studies 
were done assuming asymmetric collisions of 9 on 3 GeV. If 
one maintains an angular resolution of better than 20 mr, its 
contribution to the energy resolution is negligible. A similar 
study of the angular resolution contribution to the energy res
olution is shown in Figure 7.7. The resolution shown here is 
only from angular smearing with no contribution from photon 
energy resolution. The four photon lines shown in Figure 7.7 
correspond to the transitions T(dS) —» x'uj—i i) followed by 
*MJ=2 it ~~* "^(25). The two higher energy lines have some 
doppler smearing, from recoil of the Xy All lines are clearly 
resolved even with an angular resolution of 30 mr, it is only at 

The ability to tag B* events 
via their 50 MeV photon may 
prove to be important in CP 
violation studies 
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the very poorest resolutions (> 50 mr) that the "unboosted" 
energy resolution begins to deteriorate. 
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Figure 7.6 Energy resolution 
contours »$ angular resolution. 

The angular resolution is of course determined by the 
number of calorimeter elements. We can make a very sim
ple estimate of the number of elements required to achieve 
10 and 20 mr, assuming that the full solid aogle is covered, 
and that there is no energy sharing between elements (this is 
the most pessimistic case). Under those conditions, the rms 
angular resolution is 1/VT2 times the actual angular opening 
of the calorimeter towers. The number of detector elements 
is shown in Table 7.8. 

An asymmetric B factory is as 
good for doing T spectroscopy 
as a symmetric machine 

Table 7.8 Minimum number of calorimeter elements , 

69 = 20mr 69 = lOmr 

No. of detector elements 2,600 10,500 
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Figure 7.7 Photon spectrum 
for T(3S) -» X i ( J = 3 1 } w 

angu/ar resolution. 

Given the proper detector, T 
physics is as easily done at an 
asymmetric machine as at a 
symmetric machine 
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In conclusion, we find that for any reasonable detector be
ing considered, the Doppler smearing produced by an asym
metric e+e~ machine can be easily and effectively removed. 
T physics at an asymmetric machine is as easily done as at a 
symmetric machine. 

Energy Resolution 

The question of energy resolution is more critical to the 
physics we have considered. Much of the physics demands 
excellent photon energy resolution. It includes the study 
of D state spectroscopy, where the splittings are very small 
(RS 6 MeV), xi, and x't tagging studies, and T ° reconstruction 
(where one needs to maintain good mass resolution). 
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Figure 7.8 Photon spectrum 
for T(3S) - X'HJ=3.1J0) *»d 
X» -• T(2S) decays with 
eBIB = 2%/VE® 1%. 

As an example of the effect of resolution on Xi studies, 
Figure 7.S shows the photon spectrum assuming a resolution 
of <TE/E = 2%/\/E(Bl%. While this resolution appears quite 
adequate to measure the T(35) -» x» lines, the x\ —* T(25) 
lines are no longer fully resolved. The situation ir aggravated 
for the D state lines, where the splittings are significantly 
smaller. Improving the resolution to 1% instead of 2% leads 
to the spectrum shown in Figure 7.9. Note that now the 
Xt -+ T(2S) lines are fully resolved, and that the D state 
lines are partially resolved as was shown in Figure 7.3. 

The energy resolution plays a very important role in T° 
reconstruction. Previous B factory workshops have empha
sized the need for excellent electromagnetic calorimetry in 
order to achieve the very good w° resolution that is necessary 
not only for T physics, where one needs it to reduce pho
ton backgrounds in inclusive photon spectra, but also in B 
physics where it is quite as important as excellent charged 
particle resolution v/hen reconstructing B particles. 
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Figure 7.9 Photon spectrum 
tor T(35) - XK/XI.I.0) •»<* 
Xi — T(25) d««j« witfc 
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Figure 7.10 shows a comparison of what a modern CLEO-

II like detector should be capable of in terms of mass resolu

tion (under ideal assumptions such as no lower Ey cutoff, and 

no noise in the crystal readout), and Figure 7.11 shows what a 

superb calorimeter could achieve with an energy resolution 

of 1% at 100 MeV. The benefits are self-evident. In actual use 

real detectors have other limitations imposed on them, e.g., 

the actual ir° reconstruction achieved with the first run of the 

CLEO-II endcaps was significantly poorer than that shown in 

Figure 7.10. 

190 



1000 

0 $0 100 ISO 100 
« n (M.V) 

ISO 300 

Figure 7.10 Reconstructed 
*° spectrum in a typical 
crystal calorimeter. 

1000 > 

0 SO 100 ISO 300 
Mr. (MeV) 

300 
Figure 7.11 Reconstructed 
x° spectrum in an optimal 
calorimeter. 
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Figure 7.12 Reconstruc
tion efficiency for i ° tk' mini
mum Ey cutoff tor optii.-tsd 
calorimeter. 

Figure 7.13 fraction of B 
events in which oil JT°'S are 
reconstructed. 
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Minimum Photon Energy Cutoff 
One of the constraints imposed on a real calorimeter is 

that sufficiently low energy photons, below some value Elf, 
42 

are not observed. Other B factory studies, assuming the 
very best possible electromagnetic calorimeters, have shown 
that one pays dearly in r° reconstruction efficiency as a func
tion of E1™. Figures 7.12 and 7.13 from ref. 42 show that one 
must pay close attention to the low energy photon cutoff. For 
a cutoff of 50 MeV, the efficiency for reconstructing a photon 
in an average B event is reduced to 50%; the probability of 
reconstructing all jr°'s drops to 30%. 

7.5. CONCLUSIONS 

We find that if care is paid to the detector design, then 
the large amount of remaining T physics is readily accessible 
at an asymmetric B factory. The physics we have considered 
requires sensitivity to branching ratios of the order of 10~5, 
and is thus only accessible at a high luminosity e + e _ machine 
(independent of whether it is a symmetric or an asymmetric 
machine). In fact, the majority of this physics will remain 
untapped until such luminosities are achieved and a detector 
with superior photon energy resolution is employed. It offers 
a unique opportunity to carry out fundamental tests of QCD, 
deepen our understanding of potential models, and conduct 
searches for new physics. 
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8. TAU PHYSICS AT A B FACTORY 

8.1. INTRODUCTION 

>"T̂  he T lepton was discovered in 1975 at the SPEAR e + e ~ 
J. storage ring at SLAC . The initial investigation of its 
properties at SPEAR and DORIS I established it as a third 
generation lepton and yielded first measurements of its major 
decay modes. When the higher energy storage rings PETRA 
and PEP came into operation, the situation improved con
siderably because increased samples of T'B could be obtained 
that were relatively background free. Thus it became possible 
to study the semi-nadronic decays of the T in much more de
tail. In addition, the known decay channels were remeasured 
with accuracies of a few percent typically. More recently, 
even larger data samples, taken at CESR and DORIS II, be
came available, adding to our knowledge about the r lep
ton and its associated neutrino vT. There have been several 
recent reviews. Present event samples are about 3.5 x 10 4 

events maximum for each of the PEP/PETRA experiments, 
and about 3 x 105 events for each of the CESR/DORIS II 
experiments that operate in the region of the T{4S). 

All existing measurements agree with the r being a spin-
1/2 pointlike particle of unit charge with a V — A weak in
teraction and no strong interaction. Except for phenomena 
related to its higher mass, no significant differences between 
the r and the other charged leptons, electron and muon, have 
yet been found. 

Compared to the precision reached in the study of other 
fundamental particles, such as the muon, research in r physics 
still has a long way to go. There are many topics of interest to 
pursue in r physics, where very large event numbers collected 
by a single experiment will be important. Some of these in
volve the r itself, e.g. lifetime, branching ratios, rare decays. 
Others involve using the r as a probe for other physics, e.g. 
vT mass, r-fi-e universality, weak charged currents, hadron 
spectroscopy, physics beyond the Standard Model. 

The new generation of e+e~ experiments will certainly 
improve matter, but statistics will continue to dominate the 
precision of many measurements performed over the next few 
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Tie B factory promises to 
produce by far the largest 
obtainable r sample 

years, and will also limit the reduction of systematic errors, 
due to lack of sufficient data to exhaustively study system
atic effects. Projected r pair yields of various machines are 
9 x 10*/year for LEP, ~ 10 s /year for BEPC, 1.6 x 105/year 
for HiLum PEP, and 1.5 x 10 7 after five years for CESR*. The 
30 f b - 1 initial sample at the B factory yields 3 x 10 7 T pairs, 
the 300 f b - 1 sample, 3 x 10 8. These samples will dominate 
the field even if the other experiments have been accumulat
ing data for a number of years before the B factory turns on. 
It should also be borne in mind that several of the features 
we envision for a new detector, «»z. the low-mass drift cham
ber and ring-imaging Cerenkov counter, provide substantially 
improved capability for measurements such as mVr limits and 
the Gabibbo angle determination. 

We present a representative selection of r measurements 
at a B factory. Our discussion is based primarily on a sample 
of 3 >. 10 7 T pairs, although in some cases we quote results 
for the full data sample. In our calculations we use the fol
lowing r decay branching ratios: B\ = 0.866, 53 = 0.133, 
Be = B„ = 0.18, Br = 0.108, J33» = 0.064, BK = 0.007. 
Particle identification is done with a (normalized) likelihood 
that makes use of the information from the CRID, 'rom the 
electromagnetic calorimeter, and from the muon filter. 

8.2. LIMITS ON THE TAU NEUTRINO MASS 

The question of non-zero neutrino masses is now of con
siderable interest because of theoretical ideas such its GUI's, 
neutrino oscillations, and dark matter. In the Standard Model 
there is no fundamental principle requiring a vanishing mass 
for the neutrinos. On the contrary, many extensions of the 
Standard Model predict non-zero neutrino masses and a mass 
hierarchy among different neutrino generations, as is the case 
in the charged lepton sector. Whereas fairly stringent mass 
limits exist for the electron and muon neutrino {mUt < 18 eV 

* ID calculating these numbers we assumed: 1 year = 10 sec, LLEP = 
6 x K P c m - ' s e c - 1 , <r„{^i = 91.2GeV) = 1.45nb, L B EPC = 
10 s 1 cm" 2sec" 1, *„<,)(>/* = 3.568-4.2GeV) = 0-3nb, L P E P = 
1 0 3 3 c m - 3 s e c - 1 , < r T r M ( ^ = 27GeV) = r.l56nb,ftndLCESii = 1-
5 x lO^cm-^sec" 1, ff„(7)(-y« = 10.58GeV) = 0.91 nb. 
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at 95% C.L. and m„„ < 250 keV at 90% C.L.), m¥r is limited 
only to < 35MeV at 95% C.L. 4 

The most sensitive technique to obtain a limit on m„ r is 
based on studying the endpoint of the hadroaic invariant mass 
distribution, mj 1 ," , in T decays into high-mass final states, 
such as T~ —*- i/T*~x+*~it+x~ and T~ -» VrK'K^x*. The 
endpoint of this distribution is related to m„t by 

n i l = "tr-mZ7' (1) 

Neglecting for now systematic uncertainties, the mVr limit 
that can be obtained is governed by the detector resolution 
for m-had and by the number of events observed in the mass 
range close to the endpoint, N0u. 

The projected N0%t depends crucially on the assumed in
termediate resonance structure in the hadronic system. Exist
ing data seem to support a ppic substructure in the 5x final 
state. For the KKx final state we make use of a chiral pertur
bation model (see References 5 and 6 and references therein) 
that takes into account all accessible vector and axialvector 
•esonances (e.g. p'(1700), aj(1270)) in the intermediate state. 
The model predicts a branching ratio of 0.4%, in agreement 
with the present experimental value of (0.22i£]J)% . 

Whereas N„i, is quite model-dependent, the shape of the 
hadronic invariant mass distribution, d r / d m ^ j , is not. It is 
rather dominated by the so-called weak matrix element u> and 
by a kinematical factor A : 

dr/dmfca<£Ocm*.iw(TnT, nu a a , mVr) k1/2(mr, m ^ j , m„ r ) , 
(2) 

where 

=lm2.-m? , \ ( m U m ? , 1 -u/(mT, mhai, mVr) = (mj - mlai)(m% + m^) 
2mlr(2ml - m\ai - m*T) 

and 

A{m r, m w . m„T) =[mj - ( r o w +mVr)2]x 
[mr - (mi,ad - mVr) ]. 

The limit on m„r is de
rived from the endpoint of the 
htdrook invariant mass distri
bution 

* Throughout the text T~ is used for both charge states of '.he r. 
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• Decay channel T —• t/r5ir 
We have generated events of the type 

— 0 0 0 + — 

Ti —» IV* P P , P —* T T T 

T2 -+ Vr€Vt, VtV-Vf. . 

Given 3 X 10 7 r pairs and Bs» = 5.6 x 10 - * , we expect to 
detect 5200 Z-5TT events (e/s, = 0.43), of which 910 are found 
in the mass region m s , > 1.7 GeV. (We find no indication of 
background from 100000 qq events and 80000 cc events.) 

• Decay channel r -+ vTKKx 
We have generated events of the type 

Given 3 x 10 7 r pairs and BKJC* = 0-22%, wo expect to de
tect 23800 l-KKr events (ei5„ = 0.5), with 320 events above 
TIKKI = 1.7 GeV. (Again we find no indication of back
ground from 100000 qq events and 80000 cc events. Back
ground from T\ —• T T T and i\ -+ Kxir has been found to 
contribute zero and two events, respectively. None of Chem 
fell into the endpoint region.) 

To estimate the mVr limit that can be obtained from both 
channels, the follov,ing procedure was applied: 

• Generate TJ -+ vTzpp, vTKKv events 
with mVr = 0, 1, 2, 3, 4, 6, 8, 10. 15, 20MeV. 

• Fit the invariant mass distributions above 1.7 GeV 
to get dT/dmhad. 

• Calculate the likelihood that the distributions from two 
appropriately sized test samples of TJ —* vT^pp, vTKKic 
events (generated with mVr = OMeV) agree with any 
of the mVr hypotheses stated above (taking into ac
count the Gaussian mass resolutions Gm with <7(m5») = 
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4.5 MeV and <r{mKK,) = 3.5 MeV): 

£- n n i*»*iy±2*xa„ (3) ck*nn*Ii evenii 

• Plot C vs mVT and integrate up to 95% of its area to 
obtain a 95% C.L. upper limit on mrt. 

2 io 

T3 
O 
O 
X 
"3 

0.002 0.004 0.006 0.000 0.01 
Tau Neutrino Mass (GeV) 

Figure 8.1 shows that, given the assumptions stated above, 
we can reach a limit of 

m„r < 5.5 MeV at 95% C.L. (4) 

with the initial data sample. (The initial 95% C.L. limits for 
each individual channel are mVr < 7 MeV for 5* and m„, < 
9MeV for/jftfir.) 

For the full course of the experiment (3 x 10s produced 
r pairs after ~five years of running), the projected ultimate 
mVr limit is 

m„,.<1.7MeVat 95% C.L. (5) 

Figure 8.1 Likelihood C n* 
mVr. The mow indicates 95% 
of the tote/ integral. 

A limit ofmVr < 1.7 MeV at 
9S% C.L. can be obtained with 
tie 300 lb-1 sample 

Clearly the limit will be somewhat degraded by system
atic effects like the uncertainty of mr and of the measured 
TUfai. We assume that m T will be measured by BEPC to 
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within 1 MeV, and that the hadronic mass scale in the ex
periment is found to 1 MeV by studying, e.g., inclusive K$. 

' These systematic errors will worsen the one-year upper limit 
on m» r by 0.7MeV and the five-year upper limit by 1.5 MeV. 

8.3. MEASUREMENT O F THE CABIBDO A N G L E 

The Cabibbo angle, as defined originally by N. Cabibbo , 
is given by the ratio of the muonic decay widths of K and JT: 

1 > - , „„ ) = U n 0cmr(l-rnl/mW ( 6 ) 

r decay allows a very ciean way The Cabibbo angle can also be measured in r decay, the 
to measure (he C&bibbo augfe only difference (apart from radiative corrections) being that 

the Vp-W-ii vertex is replaced by the vT-W-r vertex: 

T{T-+VTK) , (l-m^/m?)' 
T(r - * , ) ~ t a n «°(l-m»/m?)»- ( ? ) 

The ratio of the partial widths equals the ratio of the r 
branching ratios into K and T, BK/B*. At present, this ra
tio is known only to a precision of about 25% . A dedicated 
measurement at the B factory can improve the precision by 
a factor of 40 by measuring the number of events where 

n ~* vTK or vrit 

T2 -*• VTtVt, VTPVH-

Then BK/B* is given by 

BK NtKhlK 2B,BKNTr 

B„ Nir/clx 2B,BTNT 

(8) 

where Bi and NTr cancel. 

Our studies show that we can detect 1.5 x 10 5 x (e;# = 
0.34) = 5.2 x 10* l-K events and 2.3 x 10 6 x [tlr = 0.42) = 
9.7 x 10 5 l-x events from 3 x 10T produced r pairs, yielding 
a statistical error on BK/BX of 0.45%, (We have assumed 
equal efficiency for I = e and I = fi.) 
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To estimate the background, which is mainly due to par
ticle misidentification, we checked other r decay channels as 
well as qq events (see Table 8.1). 

Assuming that the Monte Carlo correction for this back
ground is accurate to within 10% yields a systematic error of 
0.3%. The difference in efficiency, which is mainly due to a 
momentum cut to keep particle identification efficient, con
tributes another 0.3%. Thus we expect to measure Bx/B* 
to a precision of 0.6%, where statistical and systematic er
rors have been combined in quadrature. Assuming that tbe r 
mass is measured by then to 1 MeV, this yields a 0.6% mea
surement of the Cabibbo angle in r decay. 

The B factory can make a 0.6% 
measurement of the Cabibbo 
angle in r decay with the 30 
fb~l sample 

Table 8.1 Background contributions to e-?r and e-K. 

Background contribution (%) 

Prom Toe-x Toe-rY 

e-/i 2.6 0.18 

e-x - 0.42 

eK 0.013 -

e-e 0.02? -

99 0.7 0.14 

8.4. SECOND CLASS CURRENTS 

The weak charged current can be classified into first and 
second-class currents according to its transformation under 
G parity (see Reference 8 and references therein) as shown in 
Table 8.2. 
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Table 8.2 Classifications of the weak charged current. 

The expected branching frac
tion for the second-class cur
rent decay T~ —<• VTT~T) is 
1.5 x 10- 5 

vector current axial current 

first class G = +l G = - l 

second class G = - l G - +1 

An example of a T decay that proceeds through a second-
class current is r~ —* vTir~T[. Since the hadronic final state 
consists of two pseudoscalars, the decay must proceed through 
the vector current, which is characterized by G = + 1 . How
ever, the irrf system has G = — 1. Thus this process involves 
a second-class current, 

Second-class currents are strongly suppressed in the Stan-
g 

dard Model since they involve some symmetry breaking at 
the Wqq vertex (e.^., due to the u-d mass difference or radia
tive corrections), or symmetry breaking in the hadronization 
process, or another non-standard decay mechanism (e.g., due 
to a scalar particle like the charged Higgs boson). 

Prom isospin-violating effects alone, which are suppressed 
by the square of the u-d mass difference, the predicted branch
ing ratio for r" —• uTir~ri is 1.5 x 1 0 - 5 . Measuring this 
branching ratio provides an interesting test of the Standard 
Model and offers the potential for finding new physics beyond 
it. 

We have studied the possibility of measuring the decay 
channel t~ —* vTic~t), where the ij is observed via its decay 
into two photons (B(i} —» 77) = 0.389) . (The channel r~ —* 

T+ir~irc suffers from a huge background from 
which has a 

vTir 7j, n 
the unsuppressed decay r~ vTn~n+ir K°, 
branching ratio of 4.4 x 10 2 ) . We select events with 

n vTn tj, rt -> 77 

We expect 170 signal events in 
90 lb-1 

T2 VTeVe, VrflVp, VT%, VTK. 

With 9 x 10T produced r pairs and the assumed branching 
ratio, we expect to detect 170 signal events (eTV = 0.34) over 
a large background from the following processes: 

204 



• T, -» vTp~ -> v r x _ T 0 , T° - • 77 (5{TJ) = 2.23 x 
10- 1 ) ? where one of the photons is lost, but an ini
tial state radiation photon is detected instead. (This 
process contributes about 1/3 of the background.) 

« T J - . ^ J T - T V , JT° -» 77 (B(n) = 8.5 x 10"*) , M 

where two photons are lost. (This process contributes 
about 2/3 of the background.) 

Background from n -* ^ X - J W (B(n) = l .OxlO - 2 )" 
n -• fr*-*"0!? (B(TY) = 1.5 x 10~ 3 ) , and qq were found to 
be small. 

Figure 8.2(a) shows the 77 invariant mass spectrum ex
pected with 90 fb _ 1 . The signal at the IJ mass has a iff 
significance. Were the r -* vrr~rf branching fraction to be 
3 x 10~3, we would find a 5<r signal with only 30 f b _ I (see 
Figure 8.2(b)). 

With 90 Or1, a limit 0 / 
< 3 x 10-* OLD be obtained 

275 — 

250 

225 

200 -

175 

0.4 0.5 0.6 0.7 
Gamma-Gamma invariant Mass (GeV) 

Figure 8.2(a) 77 invariant 
mass spectrum for BTV = 1.5 x 
1 0 _ ( in the 9P ft-1 sample 
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Figure 8.2(b) 77 invariant 
mass spectrum for 3,,, = 3 x 
10 _ s in the 30 fir1 sample 
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8.5. RARE DECAYS 

The high mass of the T 
enhances sensitivity to new-
particles 

The targe sample of r pairs produced at » B factory of
fers a unique possibility to look for r decays forbidden in 
the Standard Model. As an example, we have investigated 
the possibility for detecting the neutrinoless decay r —* ftfift, 
which violates lepton flavor and could be mediated by, e.g., a 
charged Higgs boson. 

Ill existing data are consistent with the conservation of 

lepton flavor and lepton number. However, there is no ob
vious theoretical reason for this within :he Standfird Model. 
In fact, many extensions predict such violations at some level 
and experimental searches for them probe these models up 
to mass scales of a few TeV. The most stringent limits to 

3 
date come from studies of ft, ir and K decays. (For example 
B(fi-Kiee) < 1.0 X l 0 ~ n whereas B{T-> ftfifi) < 2 . 9 x l ( T 5 , 
both limits at 90% C.L.) However, very different violation 
patterns can emerge, due to the mass differences between 
the generations. Generally the effects of new particles are 
enhanced for heavier fermions, resulting iu an increased com
petitiveness of T decay experiments. For example, for a neu-
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trinoless leptonic decay, mediated by a charged Higgs boson, 
one estimates 

Thus a r decay limit below 1 0 - 6 has a higher sensitivity than 
the present fi decay limit. 

We have studied the sensitivity that can be reached in a 
search for the decay r —> ft/i/i. For a decay branching ratio 
of 1 0 - 7 and a r pair sample of 9 X 10T, we expect to detect 
four events with 

T\ -* Wft 

n -»J/re^e, Vrfiu^, i/Tir, vTK. 

Since the searched for decay is neutrinoless, the total invari
ant mass of the three muons will be clustered around the r 
mass, giving the events a unique signature. 

Several sources of background have been investigated: 

• T,~ —» VTT~IC+%~ {B{T\) = 6.4 x l O - 2 ) , where all pions 
get misidentified as muons. We find a contribution of 
ten such events; however, at most one would fall into 
the T mass region from 1.75 GeV to 1.82 GeV. 

• Tf -» vTr~p~, p~ -* mm ( B ( T I ) = 6.4 x 10~ 2 x 6.7 x 
1 0 - 5 ) , where one pion gets misidentified as a muon. 
This process contributes six events. Again we expect at 
most one event in the r mass region. 

• e + e _ -* qq. We find that 3.6 x 10* events p?.ss all 
cuts except the one on particle identification. Assum
ing conservatively that only two out of three tracks (as
sumed to be pions) have to be misidentified as muons 
[tmitid — 0-0152) results in an expected six background 
events; at most one of these is close to the r mass. 

Thus we expect to observe four signal events and three 
background events. Using Poisson statistics, this can be con-

Tie decay T ~» p/ift has a 
unique signature 
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verted into an upper limit 

B(T -» nnn) < 3 x 1 0 - 7 at 95% C.L. (10) 

Similar limits are achievable for most of the neutrinoless 
T decays predicted in models (see Reference 13 and references 
therein) involving leptoquarks (r —»ftr0, np°), supersymme-
try (r —»/if), and compositeness (T —»/t^). 

8.6. STRUCTURE OF THE T-W-VT V E R T E X 

The exact form of the T coupling to the weak charged 
current is far from being sufficiently constrained by existing 
data. The most general 4-fermion interaction Hamiltonian 
contains ten complex coupling constants, with one phase lead
ing to 19 real parameters to be determined experimentally. It 
has been shown that the structure of the weak charged cur
rent can be determined completely by measuring the following 
observables: 

(a) Lifetime T 

(6) Decay asymmetry £ and 6 of the daughter lepton (e or 
ti) relative to the spin of the mother lepton 

(c) Polarization £' of the daughter lepton 

(d) Total cross section 5 for the inverse decay vTe —> rvt 

with vr of known helicity. 

All corresponding quantities have been measured in (i de
cay, leading to a lower limit for the V — A interaction and 
upper limits for all other interactions . 

Such a precision test of the structure of the r- W-vT vertex 
has hardly begun. Besides the T lifetime, r> = (3.04±0.09) x 
1 0 - 1 3 sec , the only decay parameter measured to date is the 

!fi 17 
Michel parameter p: p = 0.70 ± 0.05 which is consistent 
with the V — A expectation of 0.75. (Note that measuring 
the V — A value for p does not exclude phenomena like right-
banded vector bosons or charged Higgs bosons, which are 
common to many extensions of the Standard Model.) The 
values of p and of the 'low energy spectrum parameter' -q 

A limit of BVII„ < 3 x 10~7 

at 95% C.L. has a sensitivity 
compara6ie to muon decay 
limits 
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are in principle determined by the above five measurements. 
However, since measurement o f f and 5 is hardly conceivable 
at present, a direct measurement of p and t) from the lepton 
momentum spectrum in T —» vTiv\ adds valuable information. 
The determination of the strength of the interaction from the 
T lifetime actually requires knowledge of 17. since 

Gl = 1 192* 3 

r r m\ 1 + 4ij(m|/m r) - 8 (mj /m r ) 2 ' (H ) 

The determination of the decay asymmetry parameters 
£ and S requires knowledge of the r polarization. This is 
possible (without polarized beams) since the spins of two r's 
produced in e + e~ annihilation are strongly correlated. (The 
helicities of the r's tend to be opposite to each other as their 
/3's increase . ) 

The prospects for measuring p, 17, { and 6 have been exten
sively studied in References 5 and 19. The authors conclude 
that a B factory can measure the above parameters with 
statistical errors between a few tenths of a percent (for p and 
6) and a few percent (for £ and 6). (So far no estimates for 
systematic errors for these measurements exist.) 

A determination of these parameters will probe in a model 
independent way the weak charged current contributions 
from right-handed vector bosons and from scalar and ten
sor bosons. This is an important step to fully establish the 
V — A type interaction of the r. 

8.7. MEASUREMENT OF B e / B M 

The leptonic T decays r —» vTei>t and r —* vTp,vll provide 
an ideal testing ground for our understanding of the r lepton 
and its weak interaction, for two reasons: (1) The decays can 
be calculated rigorously, and (2) their experimental signature 
allows precise measurements. The decay width for r —* uTlvi 
is given by 

It it pomible to measure p,i}to 
0(0.1%) and & 6 to 0(1%) 

These measurements are im
portant to firmly establish the 
V — A coupling of the r 

Leptonic r decays provide an 
ideal testing ground for oar 
understanding of the r 

r' = 10(1 ~*y~ ̂  ~yi- ^ y)' ( 1 2 ) 

assuming y = mf/m r , mVr = mn = 0 and raw = 00. The 
correction for the finite W mass is 0.03% and the first or-
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der electroweak radiative corrections amount to 0.43% . The 
phase space correction due to the finite / mass is 2.7%. Note 
that according to lepton universality the same strength of 
the interaction, Gp, was assumed for e and ft. (Different 
strengths would be caused by new particles with mass or gen
eration dependent couplings, e.g., the charged Higgs boson.) 
Measuring Te/T,, — BcjB^ to a precision of a few tenths of a 
percent provides a sensitive test of lepton universality and of 
the electroweak radiative corrections. The precision of today's 
measurements f Be = (17.8±0.4)% and B„ = (17.5±0.4)%, 
does not allow stringent enough tests. 

We have studied the possibility of measuring B c / B p using 
events of the type 

TI -+ uTevt or Vrpvn 

Then Be/B^ is given by 

Be Ntp/u,, 2BtBpNTT 

Bfi N/ip/Cfip 2BfiBfiNTT 

where Bp and NTT cancel. We expect to detect 2.41 x 106 x 
{t*fi = 0.316) = 7.60 x 10 s e-p events and 2.41 x 10 6 x (e M P = 
0.310) = 7.47 x 10 5 fi-p events, yielding a statistical error on 
BcfBp. of 0.2%. Note that the efficiencies for both channels 
are nearly identical, the difference of 1,7% all being due to 
the particle identification requirements. Table 8.3 shows the 
estimated contaminations from other r decays and from qq 
events. 
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Table 8,3 Background contributions to e-p and fi-p. 

Background contribution (%) 

From To e-p Top-/. 

e-p 0.16 

H-p 0.09 

e-px° 1.47 0.01 

e-p*0 0.01 1.39 

x-p 0.17 0.45 

« 0.5 0.5 
This measurement allows a 
stringent test ofiepton univer-

Assuming that the Monte Carlo is accurate to within 10% ^j/jy ,„ T decay 

in correcting for this background and for the difference in the 
detection efficiencies, we estimate a total systematic error of 
0.4%. Combining statistical and systematic error in quadra
ture results in a total error on BcjBH of 0.5%. Such a pre
cision provides a stringent test of lepton universality and is 
high enough to see any significant deviation from the expected 
electroweak radiative corrections in r decay. 

8.8. MEASUREMENT OF THE TAU LIFETIME 

For the topology where one tau decays to evv and the 
other to Sir*!/, there will be 4.1 x 105 events passing our 59% 
acceptance cuts. This large number of taus, combined with a 
silicon pixel type vertex detector and a small beam pipe, will 
yield an extremely precise measurement of the tau lifetime. 
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For a tau lifetime of zero and using the Mark II secondary 
vertex finder subroutine, Figure 8.3(a) shows the decay length 
distribution (/ = jU-ycr) for a pure Monte Carlo sample of r -* 
3T*I/ after passing through the detector simulation and vertex 
finding. For a tau lifetime of 2.86 x 10~ 1 3 sec, Figure 8.3(b) 
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shows the same decay length distribution. The distribution 
is clearly asymmetric. 

Using Monte Carlo events, a plot can be made of the 
reconstructed average decay length, </>, vs the generated tau 
lifetime. Assuming th'it this curve (very nearly a straight line) 
is simulated to arbitrary statistical accuracy, it can be used 
to read off the tau lifetime given an </> ± A </> measured 
for the actual data. The fractional error in the tau lifetime is 
then just equal to the fractional error in </>. For 2207 Monte 
Carlo events T —<• 3**^, the fractional error is ^f f i = 2.6%. 
Scaling this by the square root of the number of expected 
events (now including ft—3** events) yields a statistical error 
on the tau lifetime of ^ ^ = 0.14% for 30 ftr1 of data. 

For this large data sample the dominant error will be sys
tematic. If the cuts allow too much background into the decay 
length distribution, the systematic error on </> will be based 
on how well the MC models this pollution. The selection we 
developed has an acceptance of 59% for e — Sir* while letting 
through < 1/30000 of the qq everts. This translates into 1% 
of the events in Figure 8.3(b) being due to qq. Since par
ticle identification of the 3x* eliminates charged kaons and 
hence suppresses charm and bottom decays, we assume all 
the pollution events have <f>= 0. Then the </> of the plot 
will shift by 0.5%. The Monte Carlo will correct for this, but 
we estimate the Monte Carlo will have a ±10% systematic 
uncertainty. Thus, we estimate a 0.05% overall systematic 
error on the r lifetime from qq backgrounds. Because we are 
measuring < / > , many potential sources of systematic error 
disappear to first order. For example, if the collision point 
of the beams moves, some decay lengths get longer and some 
get shorter, but </> remains unchanged. One source of error 
which does not cancel out is an error in the average radius 
of the vertex detector. This is the main determinant of the 
scale of measured lengths, of what a meter of decay length 
means. The impact parameter of a track of a given angle is 
proportional to the radius of the vertex detector. Thus we 
e s t i m a t e ^ = * * = Ĵ L = 0.25%. 

A T lifetime measurement with 
0.14% statistical and 0.3% 
systematic error is possible 
with t ie 30 fir1 sample 
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8.9. TAU BRANCHING RATIOS 

Our excellent tau lifetime must be multiplied by mea
sured branching ratios in order to get partial decay widths 
to compare with theoretical calculations, for example to test 
lepton universality at the l-W-vi vertex. To make full use of 
our small error on the lifetime, we want a measurement er
ror of ^~ ~ 0.1%. This precludes the use of the (typically 
2% accurate) luminosity monitor to determine the number of 
parent taus. Instead, one tau of the pair can be tagged, with 
a minimum of restrictions placed on the opposite tau so as 
not to enhance one branching fraction over another. 

The tagged T will be identified by its decay to Z^v. Since 
> 3 prong decays have branching ratios < 0.2%, we require 
that the event have 4 or 6 charged prongs. Next, we boost 
all charged and neutral tracks to the beam-beam center of 
mass and divide the tracks into two hemispheres based on 
the thrust axis. We keep the event if in at least one hemi
sphere there are exactly 3 charged tracks summing to ±1 
total charge, the tracks are identified as pions by the particle 
ID, and the hemisphere has no photons with Ey > lOOMeV. 
Next we require that rri3T < mr> and that |co.s0,.| < 0.8. 
The angle 6T is between the approximate tau direction (given 
by the sum of the 3 pion momenta) in the lab frame and the 
beam axis. Finally, we require the separation of the 3w vertex 
from the origin to satisfy 250ft < I < 1500fi. The remaining 
events are the tagged rr sample. The numbers of various tau 
decays in the opposite hemisphere can now be counted. Ta
ble 8.4 lists the various cuts and thsir effects on both TT and 
qq Monte Carlo events. 

For 30fb~' of data there will be approximately 6.7 x 105 

tagged TT events. For example, we will be able to measure Bc 

with a statistical error of *Br(T£<""') = 0.3%. The dominant 
error will be systematic, one source being from qq pollution of 
the tagged rf sample. There will be 4 times more qq than rt 
because of R and the T(4S) resonance, 1/0.124 more because 
of Br(r - • 3JT ± I / ) = 0.064 for either tau, and ^ ^ - times 
less because of the Monte Carlo-calculated acceptance of the 
cuts. Thus 2% of the tagged TT events are really qq. If the 
Monte Carlo is believed to ±10%, then there will be a 0.2% 
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systematic erroi on the number of r decays seen in any partic
ular channel due to the pollution from qq events. The Monte 
Carlo study is being continued to determine the additional 
acceptance penalties to be paid for identifying particular de
cay channels of the untagged tau. New sources of systematic 
error will come from one tau decay channel polluting another 
one, and uncertainties on detector acceptances, but not from 
qq events that we have already estimated. 

Table 8-4 Sequential acceptance of r Tagging Cuts 

Cut Description TT —> 3JT — e 19 

4 or 6 charged tracks in event 

Sum of charges in event=0 

Hemis. has exactly 3w and O7 

TO3x < mT 

cos0T_tai < .8 

250/< < / < 1500/i 

0.70 

0.98 

0.88 

1.00 

0.81 

0.36 

0.31 

0.89 

0.022 

0.79 

0.66 

0.04 

Total Acceptance 0.18 0.00012 
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9. CHARM PHYSICS 

9.1. INTRODUCTION 

There are a number of im
portant questions in charm 
physics that cannot be 
addressed with present data 
samples. The asymmetric B 
factory is an ideal machine to 
explore most of these questions 

The decays and spectroscopy of charmed particles have been 
studied intensively and with great success in recent years. 

The charmed quark is sufficiently massive that some aspects 
of perturbative QCD are applicable, although the corrections 
are larger than in bottom physics. A remarkably detailed pic
ture of the charm decay mechanism exists, based on a large 
number of measured branching ratios, and lifetimes with pre
cision of a few percent. 1 Accurate measurements of the dom
inant semileptonic decays have been made, and much theo
retical work is being done on their description. The lowest 
lying mesons and baryons have been observed, and higher 
resonances are beginning to show up. 

It is relatively easy to identify a number of topics in charm 
physics which remain very interesting, but which are beyond 
the reach of present experiment: 

1) D°-D° Mixing, and Doubly Cabibbo-Suppressed 
Decays; 

2) CP violation; 

3) Semileptonic decays; 

4) D, and A c decays; 

5) the pseudoscalar decay constant, / c ; 

6) rare and forbidden leptonic decays; 

7) meson spectroscopy; and 

8) baryon spectroscopy and decays. 

Of these eight topics of current interest, all but Jo can be 
studied with great sensitivity at an asymmetric B factory. 
This omission is amply compensated for by the B factory V 
ability to study the related and perhaps more interesting 
quantity, fa-

Our present experimental knowledge comes from three 
different types of experiments, each with its own strengths. 
Electron-positron colliders at charm threshold have been a 
major source of charm physics since the initial discovery of 
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charmed particles in 1976. Most recently, Mark III has been 
the only experiment operating in this region, producing a 
great amount of information on the weak decays. Mark III has 
made some of the best measurements of hadronic and semilep-
tonic decays D decays and hadronic D, decays, and has pro
duced the best limit on ffl. The Beijing Electron Positron 
Collider should collect a charm sample about 10 times the 
size of Mark Ill's in 1991. 

Fixed target experiments contributed initially only to life
time measurements, but are now competitive in most areas 
of decays and spectroscopy. The Fermilab photoproduction 
experiment E691 has made some of the most sensitive mea
surements of mixing, semileptonic decays, D, and A c decays, 
rare leptonic decays, and excited charmed mesons. Experi
ments such as Fermilab E687 and E791 will be able to study 
charm samples an order of magnitude larger than those from 
the 1990 running cycle, and should therefore make major con
tributions to charm physics. The proposed upgrades to the 
Tevatron would increase hadronically-produced charm sam
ples by another order of magnitude. 

The third type of experiment to contribute to charm stud
ies is at e+e~ colliders above threshold. In the last year there 
has been a number of impressive results from CLEO and AR
GUS operating in the upsilon region.2 They have contributed 
a great deal in the areas of D, and A c decays, and completely 
dominate meson and baryon spectroscopy. The number of 
events in most modes are comparable to those seen in E691. 
With the increased luminosity of CESR and an improved de
tector, the CLEO II experiment will be one of the dominant 
sources of charm physics in the next few years. 

Rather surprisingly, no one of these three types of ex
periments dominates the experimental study of charm. New 
experiments of each kind will improve the situation over the 
next few years. To go well beyond these experiments will 
require new accelerators with much higher intensity. 

An asymmetric B factory of high luminosity has many 
advantages as a laboratory for high statistics studies of charm. 
With one year of running at a luminosity of 3 X 1 0 3 3 c m _ 2 s _ 1 , 
the samples of reconstructed charm are about 200 times that 

Experiments at threshold, in 
the T region and at fixed target 
machines are all roughly com
parable in their contributions 
to our present state of knowl
edge in the charm sector 
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of E691 and CLEO, and even more relative to Mark III. In 
addition, the combination of data is relatively rich in charm 
and the use of precise vertex detection should make it possible 
to reduce backgrounds and be sensitive to modes with very 
small branching ratios. The vertex detectors also add the 
capability of precise lifetime measurements and very sensitive 
searches for mixing and Doubly Cabibbo-Suppressed Decays 
(DCSD). 

In the following we will give a few examples; of the charm 
physics possible with the proposed machine. In many cases 
we are simply scaling up the rates from existing signals ob-
sei >ed in CLEO and ARGUS, and using the fact that lifetime 
information is available. The general result is that the level 
of charm physics accessible with the B factory is at least an 
order of magnitude beyond the leading experiments of the 
period 1990-92, and competitive with any machine or exper
iment proposed for 1994. 

9.2. D0-Tfi MIXING 

Although D° mixing is small in the Standard Model, it 
is quite sensitive to new physics, such as extended Higgs 
models. 3 For the case of small mixing, with no CP violation, 
the rate for /ST+JT - decays of a beam initially prepared as D°'$ 
is 

I ( D 0 - K + O = e - r t { ^ [ A M l + ( f - ) 2 ] V + ^ } , (1) 

where p is the ratio of the amplitude for Doubly Cabibbo-
Suppressed Decays (DCSD) to that for allowed decays, AM = 
M0dd — Mevem and A r = r o d d — r e v e n (odd and even refer 
to the CP eigenstates). Note that the mixed events have the 
characteristic time dependence i 2 e - r ' , which makes it pos
sible to separate mixing from DCSD. Typically p2 = tan 4 ffc 

is the level of DCSD expected, although this may vary by 
factors of 2 or more in particular modes. 

The mixing parameter r/ j , which is the ratio of mixed to 
unmixed, is equal to j ( T - ) + ( ' f r) m the limit of small 
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mixing. The standard perturbative calculation, based on the 
diagrams shown in Figure 9.1, gives a prediction of tj} = 10~ . 
In contrast to the case of B mixing, however, there are long
distance contributions w ith intermediate meson states such 
as KK and irir which should dominate.4 These contributions 
cannot be calculated accurately, but probably give to in the 
range lfH 4 or so. It is important to push the limit on D°-Z) 0 

mixing into this range, since it is a sensitive probe of new 
physics. At or below this level, it would be useful to measure 
the mixing, although it would probably be a determination of 
the size of the long-distance contributions. 

a-
u 

W + 

d,s 
l r \ z \ y \>H 

d,s 

D"-^mixing above the level 
of ID = 10~4 coald be an 
indi.v.ioD of new physics. It is 
important that measurements 
be pushed to this level of 
sensitivity 

u 

~w+^ 
d.s 

W 
d,s 

u 

There are two techniques for tagging the charm of the D° 
meson at production. One is to use doubly tagged events, in 
the way Mark III has done in the D° system, and CLEO and 
ARGUS have done in the B° system. The other way is to use 
the decay process D*+ -* T + i>°, which E691 used to set the 
best existing limits on D° mixing.5 Not only does it give a tag 
of the charm of the D at production without reconstructing 
the other D meson, but it reduces the background by a large 
factor. In addition, the measurement of the D° decay time 
separates mixing from DCSD. 

The expected rate for observing the decay D*+ -> K+D° 
is straightforward u estimate. A sample of 30 f b _ 1 yields 
3 X 10 7 BB events and 3.5 X 107 cc events, corresponding to 

Figure 9.1 Box diagram 
short distance contributions to 
D°-W mixing. 
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a total of 1.8 x 10 7 D*+ - • TT+Z>° decays (including charge 
conjugate). 

Figure 9.2 (a.) The scatter 
plot of Q vs. M(Kr) tot 
(K~T+)I+ events of Reference 
5, with the requirement 
t > 0.88 ps. (b) The plot for 
{K~r+)t~ events with 
t > 0.88 ps. 
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Including a total branching ratio for the Z>° into K~ir+ 

or J f - 5r + 7r - 5r + of 13%, and an efficiency of 45% for KJT and 
18% for Knrir, the total number of observed D,+ events is 
about 6 X 10 . These efficiencies are an average over the cc 
events, in which the charm is produced at high momentum, 
and BB events, in which the efficiencies are lower. This is the 
denominator for the mixing parameter rrj, which is the ratio 
of wrong sign to right sign decays. For comparison, the num
ber of D*+ decays observed in the E691 mixing experiment 
was about 3000. 

The enormous advantage in studying D° mixing with 
measurement of the decay time is that one can cut at very long 
decay time and still have good efficiency for the mixed Z)'s, 
because of the t 2 term in the time dependence. In fact, one 
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gets the best sensitivity with a cut on minimum decay time of 
2.7 T, although one can do better than this by fitting the full 
spectrum. For the present study, we will use a cut of 2.5 T, or 
1 picosecond. This cut also makes it easier to separate the De 

decay products from the other tracks in the event, especially 
in the D —* Kxxx decay. Figure 9.2 shows the E691 scatter 
plot of M(K*) vs. Q[Q = M(Kirir) - M(K*) - M(*) = 5.9 
MeV for D*+ —» sr +.D 0] for events with proper decay time 
greater than 2 lifetimes . The largest background is from real 
D° decays with a random pion, as shown by the band at the 
D° mass in both plots. 

The efficiencies and backgrounds for the process decay se
quence D*+ —» «-+Z>° —• A ' - *- 4 have been estimated with the 
parameterized M onte Carlo simulation and by scaling from 
existing experiments. Figure 9.3(c) shows the signal from 
ARGUS, for events in the region x > 0.5. This, and similar 
plots from CLEO, can be used to estimate background levels. 
Since the D° sample is mostly due to the signal, the back
ground is from random pions combined with real D0,s. The 
figure of merit for background is the ratio of random w^D0 

combinations within the resolution to the real D'+ combina
tions. This ratio is § = j£ ^ f AQ, where AQ is the ac
cepted range, N 8 is the number of real D*+ decays, and ^Sf 
is the number of accidental combinations per unit of Q. The 
plot from ARGUS suggests ^ ^ ~ 0.008 background event 
per MeV per real D*. In a study of mixing they reduce their 
background further with tighter cuts, to a level of 0.002.6 The 
mass plot for identified K~ir+ combinations from the Monte 
Carlo is shown in Figure 9.4, There are events from cc pro
duction with x > 0.3, and the D does dominate the signal 
region. The background from light quark events is compara
ble to that shown, but is reduced further by cuts on the vertex 
topology of the event to a smaller level. When these K~it+ 

combinations are attached to all other ir+ tracks, the Q-value 
distribution shown in Figure 9.5 is obtained. The background 
level is -fc *$f = 0.004, consistent with CLEO and ARGUS. 
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The resolution, however, is somewhat better; <r(Q) = 0.3 
MeV rather than 0.8. This is due to a precise measurement 
of the angle of the very soft pion from the D* decay in the sil
icon detectors. By using the D° to measure the source of the 
pion with good accuracy, the angle of the pion can be mea
sured before the large multiple scattering in the beam pipe 
and silicon, which would further improve this resolution. The 
acceptance for the soft pion is limited at low PT by the ability 
to reconstruct the track after it loses a significant fraction of 
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its energy in the material. This is not too bad for the high 
momentum Z?*'s, but becomes important at low x. 
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Based on these numbers one can estimate the expected 
sensitivity. Of the 6 x 10 5 D*+ decays seen, the D° survives 
a cut at 2.5 lifetimes in only 5 x 104 cases. The resolution in 
decay time is about 0.3 r , which is better than needed for this 
analysis. Thus the expected wrong sign background within 
a region of 0.8 MeV in Q should be about 160 events. The 
fluctuations in this smooth spectrum set the expected mixing 
limit at 90% confidence level to be about 20 events. Since 
this cut keeps 54% of the mixed decays, the mixing limit is 

Figure 0.4 
Carlo K-x+ 
for 50,000 cc events, 
x > 0.4. 

The Monte 
mass spectrum 

with 

The resulting limit, based on 
Monte Carlo results which 
agree with ARGUS experience, 
wouldbeiD < 6xl0 -*, which 
is within the range expected 
from the Standard Model 

rD < 37/(6 x 10 s) = 6 x IO CS) 

This is a full factor of 80 beyond the present E691 limit and 
is well within the range expected from conventional sources. 
The only difficult parts of this estimate are the detection effi
ciency, and the number of pions within 1.5x the resolution in 
Q value. The limit only depends on the square root of these 
two numbers, so the estimate should be reasonably robust. 
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The other background in observing mixing is itself an in
teresting physics process, the previously unseen Doubly 
Cabibbo-Suppressed Decays. Assuming p = 2.5 x 1 0 - 3 , there 
would be about 1,500 such decays seen, over a wrong sign 
background of about 4,000 events, which would be a spec
tacular signal. Despite this relatively large sourr.e of wrong 
sign decays, there would not be a large reduction in sensitiv
ity to mixing. Only 120 of these DCSD events have decay 
times beyond 2.5 r , which is less than the 160 events from 
random pion contamination. The number of DCSD events 
is well measured for each mode at short decay times, so the 
extrapolation to t > 2 .5T can be done with small additional 
error. If large mixing exists due to new physics, it would be 
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due to large AM, with A r « 2AM, because the intermedi
ate states are not energetically allowed decay modes. 3 In that 
case the interference term in Equation (1) is negligible, and. 
the mixing parameter rjp is extracted as shown. 

At the level of 1 0 _ < expected in the Standard Model from 
intermediate meson states, one expects the interference term 
to contribute, and it will be included in the fit of the decay 
time spectrum. The limit will be given by a contour in A r , 
AM space, and will typically be more sensitive if A r ^ 0. If 
mixing is seen, such information about the interference will 
be useful in sorting out the source. Experimental information 
on the branching ratios of D° into CP eigenstates which will 
be available by the time of the B factory will allow reasonably 
good calculations of A r . 3 Mixing can also be studied in modes 
free of any DCSD decays, D° -» K't^vi, (t = e, ft), each of 
which has a branching ratio equal to that of ifi —t K~ir+. 
The efficiencies should be close to that of D° —• A'~7r+, and 
the background is probably low enough at long decay times 
that real £>°'s combined with random pions dominate the 
wrong-sign D*+ background, as they do for U° —» K~ir+. 

The separation of DCSD from the "background11 of Cabibbo-
favored and SCSD decays is more difficult than for mixing, 
because the time dependence is not useful. At rest, a Z)° 
decaying into K~TS+ has the same mass when identified as 
K+ir~. On the other hand, for moving £>'s at a £ fac
tory, there is a mass shift for this misidentification of AM = 
65 MeV • [4/3cos 0/(1 - 0* cos 2 9)], which for a typical 0 ~ 0.8 
gives a broad band about 300 MeV wide. It is possible to 
cut out all events consistent in mass with D" —* K~*+ while 
only slightly reducing the efficiency for the properly identified 
DCSD decays, or distorting the smooth background beneath 
them. This cut, together with particle identification cuts, pro
vides the necessary suppression of the Cabibbo-favored mode, 
and the nearby satellite peak from the K~T+T° final state, 
to the level that they simply make a small contribution to the 
smooth background underneath the K+ir~ peak. 
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9.3. CP VIOLATION 

There is also some interest in looking for anomalously 
large CP violation in D° decays. Golden and Grinstein/ and 
Bigi, 3 have separately pointed out that for a variety of new 
physics one can obtain CP asymmetries of as large as 10% 
for decays of D° —» K+K~ or x+v~. The experimental ob
servation that B(D° -* K+K-)/B(D(> -> *•+*•-) ~ 3 leads 
to the hope that penguin diagrams are interfering with the 
usual spectator diagrams. Such an interference would permit 
the CP violation to manifest itself, even if mixing is small. 

Again the decay D*+ —* ir+D° provides a self-tagging 
method of identifying DQ,s. ARGUS has obtained clean sig
nals of 57 ± 9 Z>° - * JT+JT- and 131 ± 20 D° -» K+K~ in 
their 200 p b - 1 sample of data from the T region (see Figure 
9.3). With the initial sample of 30 f b - 1 , it would be pos
sible to obtain about 10,000 D° -t j r + x ~ decays and 20.00G 
D° —* K+K~ decays, tagged as coming from a D*+ or D*~. 
With this sample, it is possible to measure the CP violation 
asymmetry B(D° -» /<T+A'-)/B(£>° -* K+K~) to 1%. 

While the capabilities of the charmed meson data sample 
obtained by a B factory for observing CP violation in the 
charm sector are quite comparable to those for a data sample 
taken near threshold, it must be emphasized that the physics 
interest of this search does not compare with the search for 
CP violation in B meson decay. First, the Standard Model 
prediction for the size of CP-violating effects in the charm 
sector is almost certainly unobservably small. While finding 
a positive effect would thus be of uncommon interest, it is 
most unlikely. Second, the great virtue of the program to 
search for CP violation in B decay to CP eigenstMes, namely 
that the results are not clouded by hadronic corrections, and 
may therefore be used with confr'^nce to test the consistency 
of Kobayashi-Maskawa paramett.a, does not obtain in the 
charm sector, where hadronic corrections are dominant. 

We can search for an anoma-
husly large effect in D° —> K+K~ 
or ir+jr~ at the 1% level 
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9.4. SEMILEPTONIC DECAYS O F CHARM 

As in the case of the bottom quark, semileptonic decays of 
the charmed quark are particularly interesting, because they 
are relatively easy to interpret theoretically. Measurements of 
exclusive semileptonic decays provide the best determination 
of Vcg and Vcd che Kobayashi-Maskawa matrix elements. In 
addition, the form factors measured in these decays give im
portant information on the wave function of mesons including 
one heavy quark. There has been a great amount of theoret
ical work in the last year, using both analytical and lattice 
gauge techniques, on models of the form factors in semilep
tonic decays of B and D mesons. 

The decay diagrams for semileptonic charm decays are 
shown in Figure 9.6 (a) for Cabibbo-favored, (b) for Cabibbo-
suppressed decays. The form factors describe the amplitude 
for the sq state to become a K, K*, or K" in the final state. 
One of the crucial issues is to determine the dependence of 
the form factors on the momentum transfer q 2 = M|,,. The 
present models usually assume that the form factors are de
scribed by a single pole of the form f(q 2) = ,_avJvrt w n e r e 

Mo is the mass of the lowest tying meson with the appropriate 
spin-parity. Although this assumption is not very important 
for decays such as B —» Dev, it becomes the dominant un
certainty in the case of B —> irev, where the q 2 dependence 
changes the rate by a factor of 20 from q~ = 0 to q j , , , , if 
the single B* pole dominates. It is, therefore, impossible to 
measure V ub without understanding the form factor depen
dence on q 2 . 8 The charm decays D —• •xev an 4> D —* Keu 
are considered to be similar to Z? —> irev, because of the light 
mass of the final state quark. 

The rates for such standard decays as D —> K*ev are 
quit e striking. The best measurement that exists for this 
mode is from E691, in the decay mode D+ —» K,Qe+v, with 
a sample of 200 ev ents. At the asymmetric B factory, with 
an integrated luminosity of 30 f b - 1 , there are about 9 x 10 s 

decays D+ -> K*°e+t/, barK*a -» K~*+. The efficiency for 
this mode should be good even with tight vertex cuts, because 
of the long lifetime of the D+. Scaling from other charm 
modes leads to a total of about 105 decays, with complete 
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coverage of the kinematic range, which would make it possible 
to determine the three form factors with great accuracy. The 
backgrounds for this mode are only about 5% in the case of 
E691, and should be comparably small at the B factory. 

K,K*,KTT 

Figure 9.6 Semileptoaic 
decay diagrams for the 
non-strange D's: 
(A) Cabibbo-favoted spectator, 
(b) Cabibbo-suppressed spec
tator. 

Definitive measurements of 
Cabibbo-alhwed and 
-suppressed semileptonic 
decays are possible 

D 

TT,p, 

e+ve, A more challenging experiment is the decay D° —̂  T 
which is used to measure VC4- It also presents a chance 
to study the q 2 dependence very near the dominant pole, 
since q£,„ m 3.0 GeV 2 and the lowest vector meson pole has 
M 2(D*) = 4.0 GeV 2 . The technique will be to use Dt+ -» 
T+D°, D° -» T~e + t / e decays, of which there are 7 x 10 4 in 
the standard run. The only background of importance is the 
decay D° —» K~e+ve, wh ich has a rate ten times larger. 
Thus the requirement on K -+ r misidentifkation is not very 
demanding; especially since one can restrict the TT to have 
momentum less than 1.2 GeV/c without too much loss of ac
ceptance. Because of the wide momentum range for the D° 
in the laboratory frame at a B factory, the entire q 2 range 
is covered even with such cuts on the laboratory momentum. 
The lessons learned about the form factors in this case should 
improve our understanding of the B° —» irev case needed to 
measure Vu|>. 

230 



9.5. M E S O N SPECTROSCOPY 

Two new areas of interest in charm physics are the spec
troscopy of the L= 1 D** meson resonance and charmed 
baryons. The interest is due to the fact that experimental 
data is becoming available, in particular from CLEO and 
ARGUS. These are areas that cannot be explored at e + e ~ 
machines operating near threshold, and are difficult in fixed 
target experiments. 

The expected D" spectroscopy is composed of 12 states. 
There are 4 states each from cu, cd and cS: one J p = 0 + , 
two J = 1 + , and one J = 2 + states. Parity and angular 
momentum conservation require that the 0 + states decay only 
to Dw (DK) and 1+ states only to £>'«• (D*K), while 2+ 
states can decay into either mode. For the strange case Dfir 
decays are forbidden by conservation of isospin. 

As pointed out by Rosner 9 and o the r s 1 0 , 1 1 the cq system 
is of great interest; with the single light quark, it is analogous 
to the hydrogen atom. The system, especially in the P states, 
is sensitive to the long range confinement (scalar) part of the 
effective potential. Since the wave function at r = 0 is neg
ligible, the splitting between states is due to spin-orbit and 
tensor forces, rather than spin-spin forces. The total quark 
spin is not expected to be a good quantum number; the two 
1 + states are expected to mix with the physical states identi
fied as lj/2 and 13/2 where the subscript is the total angular 
momentum of the light quark. It is important to measure the 
mass, width and spin of all of the states, to extract the level 
ordering and splittings. The two 1 + states can be identified 
by the ratio of decays to Df. and D*ir (only the lower tail of 
the p is energetically possible). 

The vertex topology of D" production at an asymmetric 
B factory is illustrated in Figure 9,7. In Figure 7a is shown 
an event in cc continuum production. Here a D*+ is formed 
from a T+ and D° —> K~ir+ir+ir~, and a D"° is formed by 
combining this D ' + with negative pions in the event. CLEO 
has shown that a clean D'+ sample can be observed without 
using precision vertex information. The background to the 

The spectroscopy of excited D 
mesons yields information on 
th spin structure of the qq 
potential at large distances 
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Figure 9.7 Event topologies 
for D" 's produced via (aj cc 
events and in (b) B nadronic 
and (c) semileptonic decays. 

D*m spectrum is due to the combinations with the negative 
pions which emerge from the IP. As opposed to the case of 
CLEO and ARGUS, this could in principle be improved by 
not using negative pions from the other D decay, as defined 
by the vertex detector. For the D*+ case the vertex detector 
could be used to reduce the kinematic cuts on the D° signal 
and to include modes such as D° -* K~ir+r°. For the D+ —» 
A ' - i r + f l , + case the vertex detector will allow a big reduction 
in the large background under the D+ as observed by CLEO 
and ARGUS. 

Figure 9.7(b) shows the vertex topoJogy of .£>**'« from B 
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decays. If The two B vertices are well-separated and if the 
px of the D** decay pion is high enough for adequate resolu
tion in impact parameter, only the pions from the proper B 
vertex are used to form D** candidates. This will reduce the 
combinatorial background by a factor af 2-3. 

The cleanest sample of D** 's comes from semileptonic de
cays of B's as shown in Figure 9.7(c). For well s^ . rated B 
\cttices the only negative pion to be combined with the D+ 

is the one from the vertex containing the lepton and ilie pro
jection of the D+. As for the case of /f*'s in D+ —• K*°e+u, 
we expect the D** spectrum in semileptonic B decays to be 
extremely clean. These events should be very useful in spin 
parity analyses since the helicity of the D** can be controlled 
by the lepton kinematics. 

Recently ARGUS, E691, and CLEO have observed D*r 
states at a mass of about 2420 MeV/c 2 , with the best ob
servation in the neutral state X>**°(2420) - • D*+ir~. The 
data of Figure 9.8 are from CLEO. 1 2 A second state at a 
mass of 2459 has been observed u es t in the neutral state 
J9**°(2459) —> D+v~ . Here the signal to background is sig
nificantly worse due to the large background under the D + 

peak. The CLEO ^eak in D*+K, is shown in Figure 9.9. The 
peak in D*+T~ is thought to be predominantly a 1 + state, 
but with some contribution from the 2 + . There are indica
tions that the decay distribution in the D+* spectra are not 
isotropic, indicating that the Z>**°(2459) is 2 + . From the ob
served signals it is clear that approximately 10% of the D*+,s 
or D+ 's observed in charm events originate as decay products 
of single £>** states. The most important goals are to observe 
the 0 + and the other 1 + state, which have not yet been seen, 
and to determine their spin and parity. 
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Figure 9.8 The D""(2420) 
signal of CLEO. Tie angular 
cats indicate that the peak Is 
probably a superposition of the 
D"°(24S9) 2+ state and a 1+ 
state of lower mass. 

The CLEO and ARGUS 
results show the best signals 
for D" and D" mesons • 
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In Table 9.1 we make conservative projections of the num
ber of Z?"'s observable from the cc continuum, with an in
tegrated luminosity of 30 f b - 1 . These projections are made 
by scaling from CLEO results obtained with an integrated 
luminosity of 430 p b - 1 . We note that all CLEO results are 
obtained with cuts on x for the D/D* and D** of 0.6, so 
that the entire signal comes from the cc continuum with no 
contribution from B decays. The cc projections for the cases 
with Z>*+1s assume no use of high precision vertexing, and 
are therefore very conservative. Vertexing will allow other 
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D° modes (other than K n+ and K X + J T + X ) to be used 
and reduced kinematic cuts, leading to a larger sample. 

The combinatorial background will be reduced somewhat 
by eliminating combinations with pions from the other charmed 
particle. For the case of Z > + T _ vertexingis important and also 
efficient since the D+ has a long lifetime. We assume that the 
D + signal is cleaned up with a signal-to-background ratio of 2 
with an efficiency reduction of 0.5. Again the assumptions are 
conservative in that we assume only D+ —» / < " - T + J T + is used 
and that the combinations are not reduced by eliminating pi
ous from the other charmed particles. Even with conservative 
assumptions it is clear that there will be an enormous signal 
of D**'s in cc events. For the case of D**'s in B decays the 
spectra will be significantly cleaner, and the number of events 
smaller, depending upon the vertex resolution and cuts used. 

21QOM»-OQ» 

1 
CM 

1 

500 .525 .550 .575 
M(0#4"K,VM<D*+)<GeV/c2) 

.600 

We try to estimate the difficulty of seeing the so-far un
observed states, and take the neutral 0 + as an example. We 
assume that the reason it has not yet been observed is that 
it is broad and is less copiously produced. Predictions for 
the width vary over a wide range; we take 150 MeV as an 
example. Because of spin multiplicity, we estimate that it is 
produced at 1/3 the rate of the £>**{2420) which is thought to 

Figure 9.9 The CLEO 
D',m(2535) peak seen in D"+ K'. 

L 
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be 1 + . The signal-to-background ratio in the D+x spectrum 
would then be reduced by 1 5 0 v 2 o = 0.04 as compared with the 
estimates for the Z)"(2459). This would give a S/B ~ 0.02 
in the cc events and S/-\/B = 10. For the unseen 1 + state 
we assume a width of 150 MeV and a production rate the 
same as the 2?**°(2420). This would correspond to a S/\ /B 
for CLEO of about 4. This is 1/2 of the S/\/B for the CLEO 
signal for the D"(2459) and would explain why this state has 
not yet been seen. 

Table 9.1 

CLEO* 

430 pb" 1 

B Factory 

30 lb" 1 

J p Decay Mode S S/B S S/B 

2+ D"°(2459) -> D+T- 440 .15 15,000 .6 

2+ K" +(2471) -» Da*+ § 7,000 . 3 

1+ D"°(2420) — D*+T~ 300 .4 21,000 .4 

1+ D"+(2420) -* Z>*°7r+t 

1+ neutral —» D* +sr - 21,000 .06 

0+ neutral —> D+n-~ 5,000 .02 

2+ D°K+, D+Ks 22,000 5 

1+ Z)3"+(2535) _ D*+K, 30 5 2,100 5 

1+ D*+K, 22,000 .5 

0+ D°K+ 670 .17 

* Blanks indicate that the state has not been seen by CLEO 
S Seen by ARGUS 
t Seen in D°r+ by reflection £>' 0 + — *+D*°, D° -> D°(*°,i) 
With the B factorv the 1 + and 0 + states should both be 

Tie entire spectroscopy of , , , . _ , , . „ , , .i , 
1 = 1 D mesons can be studied observable in cc events, hadronic B decays, and semileptonic 
at the B factory B decays, if the width is less than 150 MeV. If the 0 + is much 

wider than 150 MeV it will be more difficult but still possible 
to find, and it would be invisible for all other experiments. 
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9.6. BARYON SPECTROSCOPY AND DECAYS 

Charmed baryons, like D**'a, are becoming an important 
area of charm physics as good data becomes available. In 
addition to the spectroscopy of the baryons, the decays of 
baryons add a new dimension to the study of weak decays. 
The helicity suppression of W + exchanges and annihilation is 
not present for the spin 1/2 baryons and so these mechanisms 
are expected to contribute with strength comparable to the 
spectator decay. The fact that the A+ lifetimes is about half 
that of the shortest lived D'a is a strong indication that this 
picture is right, although detailed study of decay modes is 
just starting. CLEO and ARGUS have demonstrated that 10 
GeV/c e + e ~ machines are ideal for charmed baryon physics; 

many decays of the A£ have now been observed. The ex
pected singly charmed l / 2 + baryons are shown in Figure 9.10. 
Nine states are expected, of which four decay weakly with 
lifetimes that need to be measured. The CLEO signal 1 3 for 
E° —* ETw+ shown in Figure 9.11 represents the clearest in
dication that this environment is without equal for the study 
of charmed baryons. 

Studies of charmed baryons are 
already dominated by CLEO 
and ARGVS. More states will 
be seen at the asymmetric B 
factory. Lifetimes for all thcie 
states which decay weakly can 
be measured 

Figure 9.10 The 1/2+ baryon 
20 plot. There should be 9 
states which have a single c 
valence quari. Four of these 
states decay weakly. 

In Table 9.2 we show the characteristics of the CLEO sig
nals and the conservative estimated numbers for a B factory 
with 30 f b _ 1 integrated luminosity. Precision vertexing is 
used only to clean up the Af -+ pKir signal. The A*, S j , Hjj" 
and fij decays are weak; the other states decay hadronically 
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or electromagnetically depending upon the Q values available. 
The £|? and H+' may not be massive enough for strong decays. 

z 
o 

Figure 9.11 The CLEO 
signal for Ej —• 3 " » + • 

2.2 2.4 2.6 
Moss(0~r*)GeV 

NA32 has demonstrated, with their E+ -» S~ir +ir + sig
nal, the advantage of observing the charged hyperons in the 
silicon detector before its decay. A similar situation would 
exist at the B factory for H~ and ft-, but with very high 
statistics. There should thus be no problem observing and 
studying the Slj!. 
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Table 9.2 
l / 2 + Charmed Baryons 

CLEO 

430 pb-> 

B Factory 

30 ft-1 

Decay Mode S S/B S S/B 

A + - p j r - x + 

K+-*pK, 

A + - A * 

A + - . 2 - t f + * + 

680 0.1 

122 0.5 

90 0.7 

33 3 

15.000 1 

9,000 .5 

6,000 .7 

2,000 3 

E° - A+»" 

Z? - A+«r« 

54 0.6 

48 0.4 

1,500 ~ 2 

1,200 ~ 2 

—S ^ —£ T 1 ^C~ 

—c ^ - « " > —c 7 

18 4 

24 1.2 

1,300 4 

1,700 1.2 

260 

260 

9.7. SVMMARY O F CHARM PHYSICS CAPABILITIES 

There are a number of interesting topics in Charm Physics 
which require larger samples of detected charm. Although 
the chances for a major discovery that would fundamentally 
change our picture of the Standard Model are not as high as 
in bottom physics, there are still many compelling questions 
to answer. There will be larger charm samples in the next 
few years, at fixed target machines, CLEO II and BEPC. At 
the asymmetric B factory, it will be possible to study charm 
physics with a sensitivity of one order of magnitude beyond 
these experiments, or two orders of magnitude beyond present 
experiments. 

The recent success of CLEO and ARGUS in charm physics 
demonstrates the advantages of the T(4s) as a source of charm. 
The ability of E691 to study such topics as D°~D° mixing and 
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semileptonic decays with unprecedented sensitivity is due to 
the power of precise vertex information. The combination of 
these advantaj^s at a B factory, along with charm samples 
of 6 x 10 7 events with a run at £ = 3 X IO 3 3 c m " 2 s e c - 1 , 
will make it possible to study charm physics as well as at any 
facility available in the mid-1990's. 

Bigi has given a theorist's view of the requirements for 
studying the most interesting questions in charm physics3 

"Prom these goals one derives benchmark figures for New Ini
tiatives in charm decay: one has to be able to 

• probe U°-Z) 0 mixing down to a level of ~ 1CT* in rp, 
and 

• search for CP asymmetries down to the 1% level." 

We have shown that one can reach both of these goals with 
a machine of luminosity 3 x 10 3 3 c m ~ 2 s e c - 1 . These pro
jections are based on Monte Carlo studies, but also agree 
with straightforward extrapolation of the existing results from 
CLEO, ARGUS, and E691. 

The advantage of the B factory for other charm decay 
studies is equally dramatic. Typically the observed rates are 
a factor of 200 or so greater than the best current samples, 
and the backgrounds are smaller. In addition the full spec
troscopy of charmed mesons and baryons will be explored at 
this machine to a degree that cannot be matched at any other 
machine. 
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10. SUMMARY AND CONCLUSIONS 

While making the first mean 
surement ofCP violation in the 
B meson system is the primary 
objective, the program we en
vision is far broader, encom
passing b, c and T physics as 
well 

T his report illustrates the richness of the physics program 
of a high-luminosity, asymmetric energy storage ring fa

cility running at the T(4S) and the other T resonances. The 
combination of this novel machine, having a peak luminosity 
in excess of 10 3 3 c m - 2 s e c - 1 , and a new high quality detector 
will provide a wealth of data in the area of bottom, charm 
and r physics. Much of this physics will not be accessible at 
any other facility currently available or planned for the fu
ture. We propose constructing the facility at SLAC, allowing 
us to capitalize on the existing PEP complex, thereby reduc
ing the construction time and the cost. We envision a physics 
program commencing in late 1995, providing a large, interna
tional community of particle physicists with at least ten years 
of exciting and important physics opportunities. 

The primary objective of the physics program is the first 
measurement of CP violation in B meson decay and, over 
time, the detailed study of the mechanism of CP violation. 
This in and of itself would justify the program; however the 
production yields of 66, cc and T+T~ are so large, and the 
kinematic conditions so favorable, that a first-quality physics 
program in the areas will also develop. These experiments, 
taken as a whole, provide a set of probes of the Standard 
Model, some of them of a "make-or-break" nature, which is 
unparalled in its depth and breadth. 

This report has demonstrated that the high-luminosity 
asymmetric B factory will yield: 

1. Searches and studies of rare 6 and c decays at a level of 
sensitivity which far exceeds that available at present 
facilities 

2. significant measurements of both BB and DD mixing 
3. A wide range of measurements pertaining to the Cabibbo-

Kobayashi- Maskawa matrix elements, in particular sev
eral measurements of VHb 

4. Very large samples of reconstructed B and charm de
cays, permitting detailed studies of hadron dynamics, 
meson and baryon spectroscopy and, most importantly, 
a measurement of / JJ . 
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5. A new level of understanding of T spectroscopy includ
ing access to states hitherto unseen, much improved 
data for understanding the QCD potential and precise 
measurements of or, 

6. A rich menu of r physics including a measurement of 
M„T at the 2 MeV level, the Cabibbo angle to < 0.5%, 
studies of the structure of the r — W — vT vertex and r 
lifetime and branching fractions. 

Several of these physics topics are unique to an asym
metric T(4S) collider, while others derive a very large sta
tistical advantage from the asymmetric configuration. For 
example, CP violation studies involving CP eigenstate de
cays of the B system are not possible at a symmetric T(4S) 
collider because the CP asymmetries integrate to zero. Im

proved suppression of backgrounds in measurements of decays 
such a s B 0 - * JfipK$, B° -» * + * " or B" -» p°p° allow a 
very substantial reduction in the required luminosity for the 
asymmetric versus the symmetric configuration. We believe 
that the asymmetric configuration is an essential ingredient 
for the design of a high luminosity, T(4S) B factory; the mo
tivation has been exhaustively spelled out in this Report. A 
companion document, A Feasibility Study for a Asymmetric 
B Factory Based on PEP, provides the basis for a credible 
design of such a machine. What remains is to move forward 
with this exciting project. 

Tie Ability to make directly 
iaterpretable measurements of 
CP-violating asymmetries, i.e., 
those involving decays to CP 
eigenst&tes, is unique to an 
asymmetric configuration 

243 



A P P E N D I X 

Riture Developments: The Consequences of Better > 
Spatial Resolution in Vertex Reconstruction 

R. Erbacher and W. Vernon 

While conventional vertex detectors are certainly adequate 
for the measurement of CP-violating processts, further 

progress in B physics will entail searches for even rarer de
cay processes, more exotic effects and further exploration of 
other consequences of CP violation. This increased sensitiv
ity will require many more events than the first generation 
of CP violation studies. Some of this increase could come as 
a consequence of improving our ability to completely recon
struct events. We have therefore undertaken a brief study to 
establish the scale of sensitivity of event reconstruction suc
cess rate to possible future improvements which may occur in 
vertex detector resolution. 

One of the more frustrating parts of B physics is the diffi
culty in reconstructing events so that the decay chain can be , 
accurately determined. A major part of that problem comes 
from having to link tracks to decaying particles, often D or 
D* mesons: the combinatorics can lead to large numbers of 
potential solutions. Neutral particles such as 7's and n^'s can 
cause confusion in interpreting the origin of charged tracks. 
However, if enough "reliable vertices" are found, then the 
search for correct links to the neutrals has a much higher 
chance of success. When the vertices are located with suf
ficient precision and the original production vertex (beam 
crossing spot size) is of comparable size, there is an additional 
constraint in the three-momenta match-ups which should help 
to confirm the particle/vertex assignments. The key here is 
finding "reliable vertices." 

A large portion of the difficulty in finding the tracks which 
came from a particular vertex stems from a track from another 
vertex mistakenly appearing to come from the one being con
structed. This can happen when a track appears to be closer 
to the second vertex than to its own (due to measurement 
and multiple scattering errors) or when the original vertex 

244 



only has one detected track coming from it (due to either 
track detection inefficiency or a charged decay into a single 
charge plus neutrals). We have taken a look at the magnitude 
of this problem by finding how close charged tracks come to 
the other vertices in an event, before any measuring errors 
have been imposed. The vertices which are considered here 
are constrained to come from the decay of a particle which 
has traveled between 100 and 1000 microns from its parent 
vertex. About half of the vertices remain after this cut, and 
these are the ones with some likehhood of being sufficiently 
isolated so that they can be linked with their proper tracks. 
Asymmetric collisions of 8 on 3.5 GeV were used to produce 
these events. 
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A crude distance parameter 
will help to set the scale of the 
problem 

Figure 1. Distribution of 
distance* between all charged 
trades and selected vertices tor 
the continuum (no T(4S)). 

The distribution of distances of closest approach between 
all of the long-lived charged tracks in an event and the selected 
vertices is plotted in Figure 1 for the continuum (no T(45) 
), where most of the closer vertices are D and D* decays. 
The probability that a track will be within 50 microns of an 
incorrect vertex is about 10% per vertex. This is a reasonably 
clean situation, which indicates that it is possible to do a good 
job of finding and reconstructing many of the non-Beauty 
continuum events. Here the smaller number of vertices is 
the main reason for the low overlap rates, although the large 
production angle of the D and D* also helps. Yet when the 
distances for the BB events at the T(4£) are plotted for the 
same vertex selection criterion, the results in Figure 2 show 

245 



Tie probability density for 
tiny distances does not seem to 
go to zero in the BB ease 

Figure 2. Distribution of 
distances between all charged 
tracks and selected vertices for 
SB decays (T(4S) only). 

that the overlap rate is now much higher. A vertex resolution 
of 20 microns would mean a 50% chance for an incorrect 
track to link up to a vertex. Or preferably, if one could get 
down to 10 microns, then the corresponding 25% probability 
of incorrect overlap would mean that one might even be able 
to find one clean vertex per event 90% of the time, as there are 
an average of about two of these selected vertices per event. 
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Suppose that we could achieve this mythical 10 micron 
spatial resolution: what other consequences might follow? 
Since the B is usually moving along the beam line, typically 
with an angle of 100 mrad, the requirement that the vertex be 
over 100 microns away and with 10 micron resolution might 
allow ua to measure the B direction with an angular accuracy 
similar to its production angle. If the original production ver
tex position were known with comparable precision, at least 
in the directions transverse to the beam, then the individual 
B-meson directions could be determined with enough accu
racy to separate B from D vertices. This will be possible 
because the D is usually produced with a fairly large angle 
with respect to the beam line. Also, constrained fitting of the 
event would improve with this additional spatial information. 
In Table I we list the spot sizes (radial rms values) which are 
characteristic of the collision points for the three kinds of ma
chine being proposed for a i?i?-Factory. The linac-linac case 
has a collision size which is similar to that of the SLC, and 
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the circular-linac collider operates with a much smaller beam 
than the circular-circular case, except that the circular-linear 
machine has never yet been built. 

TABLE I 

SPOT SIZES FOR VARIOUS COLLIDER TYPES 

Machine Type ^r(^) at (mm) 

Linear-Linear 2 1 

Linear-Circular 5 10 

Circular-Circular 50 10 

Perhaps it is more relevant to keep track of the other prop
erties of these collider types, especially trios'3 features which 
will have a major impact on the size and composition of the 
first layer of detector/beam-pipe, so as to insure that the best 
possible secondary vertex location resolution is achieved. The 
effectiveness of masking out synchrotron radiation and high 
energy beam loss particles is related to the dimensions of the 
beams on their approach to the interaction region; such con
siderations have s. major influence on how near the detector 
can be to the interaction point. Beam currents, both peak 
and average, help determine how much electric field shielding 
and heat removal material will be required in the first layer 
of the detector and beam pipe wall. We note that in both 
the linear-linear and circular-linear cases the beam dimen
sions and the average beam currents are much smaller than 
in the circular-circular case. 

In an optimum environment it ought to be possible to 
build the first layer of detector out of 0.5 p gold, 1 ft silver, 
1.5 ft copper, 5 ft of aluminum, 0.5 mm of low density ceramic 
and 20 ft of silicon pixel detector. The use of a gold, silver and 
copper multilayer was suggested by Mike Sullivan as part of 
an x-ray protection scheme which tries to cover a wide range 
of wavelengths. We would make the ceramic substrate into 
a low density structure by incorporating gas cooling passages 
into the layer; the Joule expansion of high pressure helium 
escaping through small holes cools the layer. Such fabrication 

See P. Grosse-Wiesmanu, .Vud. 
Instr, MdMetJi. A274(1989)2l 
for the c/rciWar-Jinear story 

Smaller beams on the approach 
to the collision may allow for 
better suppression of x-rays 
and other junk 
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Better vertex resolution leads 
to better event reconstruction 
rates which means higher effec
tive luminosity 

techniques would result in the first layer having an equivalent 
thickness of 10~ 3 radiation lengths and ought to allow vertices 
to be reconstructed with 10 ft accuracy if the layer is within 
1.5 cm of the origin and the spatial resolution of the pixel is 
of order 5 ft. 

What is the physics to be gained from this effort? In 
each of the major topics discussed in the body of the report 
there are significant rate limitations associated with inabil
ity to reconstruct the event. If the reconstruction efficiency 
can increase from 1% to 10% then it is the same as having 
increased the luminosity by a factor of ten. Perhaps more 
significantly, some processes are background dominated and 
benefit even more from the use of complete reconstruction to 
suppress background. In a situation where the background 
could be reduced by a factor of ten, there is an improvement 
in statistical significance which is the equivalent of having in
creased luminosity by two orders of magnitude. There are 
also some processes which benefit directly from the improved 
vertex resolution; lifetime measurements and mixing studies 
in the case of B,B„ for example, are critically dependent on 
the vertex resolution. 

Although the correct study of effects of vertex resolution 
on reconstruction efficiency will require another year of dili
gent effort, we feel that the crude estimates used in this sec
tion already show that there is considerable rensitivity to the 
final level of measurement resolution achieved, at least in the 
case of going from 30 to 10 microns. It is also fairly ob
vious that the properties of the collider play a major role 
in this effort to get down to small distances. Finally, it 
seems very likely that a B-Factory which can achieve high 
luminosity with modest vertex resolution capability will then 
be upgraded to an even more productive environment; new 
beam-pipe/detector technology combined with machine im
provements may lead to an order of magnitude improvement 
in rates for some interesting processes. 
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