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Enthroned Goddess 
(Cover) 

Found at Taranto. Parian marble. Height 5' (151 m.). State Museum, Berlin, Department of 
Classical Antiques A 17 (Inv. 1761). Acquired in 1915. 

The goddess sits in a solemn pose, with upright body and looking straight ahead, on a 
large, richly decorated throne with seat and back cushions. The sandalled feet rest on a high 
stool that stands on lion's claws. The fore-arms are bent forward. The right hand holds an 
offering bowl, the left perhaps a flower or fruit. The body is draped in three garments: a long 
sleeved-chiton reaching down to the feet, a diagonal cloak that is held together over the right 
arm with six clasps and whose ends fall over the knees in zigzag folds, and a fine shawl that 
covers the back and parts of the arms and whose long ends fall over the seat of the throne on 
either side, also zigzag folds. The tightly waved hair is parted over the centre of the forehead. It 
is bound. up inside a cloth at the back and ends on either side in three long wavy plaits over the 
breast. Round the hair on the brow lies a circlet and above this a diadem with holes for the 
insertion of metal garments. The ears were adorned with pendants that were likewise of bright 
metal and whose glitter enhanced the luminosity of the painted colors. 

The type of enthroned goddess, and the severity of the essentially frontal composition, 
suggest that the statue is one of the few Greek religious images surviving from the Late Archaic 
period. As to the goddess's identity, she is probably Persephone or Hera or possibly Aphrodite. 
The loose, material treatment of the clothing and hair, and the gently rounded face, recur in a 
similar form in the sculpture of Magna Graecia, early in the 5th century B.C. The statue must 
have been made at Taranto in about 480 B.C. There it came to light again in 1911 in a 13foot 
pit where it had been placed - probably during the wars of the Romans against Taranto in the 
3rd century B.C. - as a precautionary measure. 
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Introduction 

This volume contains the Proceedings from the Workshop on High 
Sensitivity Beauty Physics at Fermilab, held November 11-14, 1987. The 
goals of the workshop were to discuss which beauty physics topics could 
be competitively addressed in the Fermilab collider and/or fixed target 
environments and to analyze the problems of detector design. The 
workshop consisted of a number of invited talks: the 215 participants 
then divided up into six working groups. Section I contains the invited 
papers, while Section II contains the working group summary papers and 
the individual contributions. 

The invited talks provided relevant background material and defined 
the issues. Fred Gilman 's keynote talk described much has been learned 
about the b quark since its discovery 10 years ago via the upsilion 
resonance. The study retains its fascination, both in the context of QCD 
and the Kobayashi-Maskawa matrix and because the beauty system offers 
a promising new place in which to study CP violation. Many beauty 
physics toP,ics, including CP violation and rare decays, require sensitivities 
at the 10-7 to 10-lO per produced beauty particle. This sensitivity is 
beyond the reach of existing electron machines, which have provided most 
of the information on beauty to date. As a consequence, there have 
been a number of proposals to build new beauty factories, dedicated e + e-
machines with luminosities as high as 1034. The present and potential 
contributions of the e + e- machines, including the new proposals, is 
summarized in detail in the paper by David MacFarlane. Malcolm 
Derrick outlined the situation with respect to beauty physics at HERA 

Anne Kernan's paper reviewed the success of UAl in extracting a 
beauty signal and the plans for continuing that work by the existing 
hadron collider detectors, U Al, UA2, CDF, and DO. The limitation of 
these detectors is that they were designed for high Pt physics and the 
bulk of the beauty production is at Pt - mb. Also the designs 
emphasize calorimetry, not tracking and vertex resolution, although there 
are plans to add vertex detectors. 

Peter Garbincius discussed the present program in the fixed target 
program at CERN and Fermilab. To date there has been one emulsion 
event and a beam dump cross section measurement, but the situation will 
change radically in the next few years because of a number of major new 
experiments. 
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James Bjork en and Nigel Lockyer laid out the issues for new 
initiatives in fixed target and collider experiments respectively. Bjorken 
charged the group with two issues. First, he stated that a necessary 
condition for a major new investment in hadron beauty physics be that 
the number of produced beauty events be large compared to the e + e-
competition. Then he asked whether a big new fixed target spectrometer 
would be competitive with the collider option and how it would compare 
with the continuing evolution of the existing program and the new 
proposals for super high rate experiments aimed at specific decay modes. 
He also pointed out the Fermilab experiments could be useful stepping 
stones toward the SSC. 

Nigel Lockyer went though the production rates and kinematics of 
beauty production at the Tevatron collider and the subsequent 
implications for detector design and the accelerator environment. 

The six working groups were the Physics Working Group, Collider 
Architecture Group, the Fixed Target Architecture Working Group, the 
Tracking and Vertex Reconstruction Group, the Trigger and Data 
Acquisition Group, and the Particle Identification Working Group. The 
Physics Group continued the work on production and signatures from the 
SSC Snowmass and Berkeley workshops. Questions of overall detector 
design were addressed in the architecture groups while the other groups 
discussed specific techniques for both collider and fixed target 
experiments. 

One of the main conclusions of the workshop with respect to fixed 
target opportunities was that information on the cross section and 
detection efficiency from the current round of experiments should be 
evaluated before proposing a large new spectrometer. There was some 
sentiment that the appropriate model for high sensitivity beauty 
experiments at fixed target energies might be very specific designs, tuned 
to particular classes of decay channels. Interesting examples of this 
approach are the very high rate, i.e. multiple interactions per r.f. bucket, 
designs in Proposal 789 from Kaplan etal and the remote imaging 
spectrometer su¥ested b/ Bjorken. Despite the inherent difficulties of a 
very small, 10- to 10- , signal to noise for beauty production at fixed 
target energies, the participants felt that the utility of the fixed target 
approach continues to appear promising and competitive for high 
sensitivity beauty physics. 
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A consensus was reached on a first pass design for a collider 
experiment, including the all important vertex detector. The detector 
emphasizes large acceptance (polar angles from 2° to 90°), tracking and 
low Pt electron identification. The design uses a dipole magnetic field 
transverse to the beam. The precision vertex detectors are outside of the 
beam pipe greatly simplifying the design and have three dimensional 
vertex reconstruction capability. No fundamental problems in triggering 
or data acquisition were found. A Beauty Collider Working Group 
consisting of approximately 40 physicists from 11 universities was formed 
to continue the detailed design and has continued its work since the 
workshop. 

The success of the workshop was due in large part to the hard 
work and enthusiasm of the participants, particularly the organizing 
committee and the leaders of the working groups. The editors would like 
to thank them and Phyllis Hale and Joy Perington of the Fermilab Users 
Office for their help. 
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B PHYSICS* 

Frederick J. Gilman 
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305 

Abstract 

We review B physics and the motivation for studying B decays, including 
CP-violating effects in the B meson system. 

Some History 

The story of B physics, or more properly the story of the b quark, began at Fermilab 
ten years ago with the discovery of the upsilon resonance. 1 By detecting the muon pairs 
produced in proton-nucleus collisions, the dimuon mass spectrum shown in Figure 1 was 
observed. As indicated in the figure and in the original paper, the peak near an invariant 
mass of 9.4 GeV is too broad to be due to a single resonance, given the resolution inherent 
in the spectrometer: The existence of at least two narrow states, and more probably three; 
was pointed out. Later experiments 2 with proton beams in fact were able to resolve th~ 
original peak into the T, T' and T", as shown in Figure 2. ~ 

In the meantime, electron-positron experiments were able to study the three narrow 
upsilon states in some detail. 3 An example of the tremendous statistical power combined 
with good energy resolution which is available is shown in Figure 3, where the Crystal 
Ball scan over the first T peak 4 is displayed. Furthermore, not only do the first three 
T states themselves form a narrow and clean system to study, but they decay into other 
narrow states. Figure 4 shows Crystal Ball data on the radiative decay 5 of the T' into 
three Xb states, which must have the opposite behavior under charge conjugation. The 
last year has seen the discovery of a second set of xt states lying in mass between the T' 
and T", as indicated in Figure 5, taken from data of the CUSB collaboration. 6 

Thus there is a whole set of related resonances around 10 GeV in mass. We can 
understand their quantum numbers, masses and many other properties if they are 
composed of a spin 1/2 quark, the b (or bottom or beauty) quark bound together with 
its corresponding antiquark, the b. Each would have a mass of about 5 Ge V. The set of 
such bottomonium states that would be expected is shown in Figure 6, with a checkmark 
indicating those that are already found experimentally. 

All the states of bottomonium we have discussed so far can decay via the strong 
or electromagnetic interaction either into a member of the bottomonium family or (by 
having the band b quarks annihilate) into "b-less" matter. When we reach the T 111 state, 
however, another process becomes kinematically available: dissociation (by the usual 
strong interactions) into two hadrons, one containing the b quark and the other the b. 

*Work supported by the Department of Energy, contract DE-AC03-76SF00515. 
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Indeed, the dominant decay mode of the 
T(4S) is 

T(4S) --t BB 
where the B mesons which are produced each 
have a mass of ,....., 5.28 Ge V and can be a 
Ed = bd or Bu = bu bound state of a b · 
quark with a light d or u quark. The ex-
tra constraint of knowing the energy of the 
B or B when one tunes an electron-positron 
colliding beam machine to operate on the 
T(4S) has proven to be an invaluable tool 
up to now in reconstructing B mesons in 
exclusive modes. The present world supply 
of reconstructed B's is shown 7 in Figures 7 
and 8; due to the CLEO and ARGUS detec-
tors, respectively. At something like 100 to 
120 Me V higher in mass we expect to find 
the state B 8 = bs. 
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Fig. 8. B mesons reconstructed in exclu-
sive modes at ARGUS (from Ref. 7). 
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Weak Decays of B Mesons 

The lightest particles containing one b or b quark will be stable with respect to the 
strong and electromagnetic interactions. They can decay weakly, since emission of aw-
takes one from the lower to the upper components of the weak isospin doublets: 

(;,) L (;,) L 

where the upper components are chosen to be the mass eigenstates u., c and t, and the 
essential complication that the weak and mass eigenstates are not the same is entirely 
represented in terms of a matrix transformation 8 operating on the lower components. It 
takes us from the mass eigenstates (d, s and b) to the weak eigenstates (d', s' and b'), 
and is represented by the unitary (K-M) matrix: 

(d') (Vud s: = Vcd 
b Vid 

(:) (1) 

As V is a 3 x 3 unitary matrix, it is specified by nine parameters. When we take intp 
account that each of the six quark fields can be changed by a phase with no change in 
the physics, but that a common phase change of all quark fields would not change the 
matrix V, we are left with 9 - ( 6 - 1) = 4 parameters. These can be considered as three 
mixing angles and one phase, with a non-zero value of this phase inducing CP violation. 
More on this later. 

At the present time, the three angles and one phase of the three-generation K-M 
matrix are limited by direct measurements of the "magnitudes" of the K-M matrix 
elements Vud' Vua, Vcd, Vea, Vcb, and bounds on the magnitude of Vub· This determines two 
of the angles (or combinations of the angles) fairly well, and bounds a third one. The 
key experimental restrictions can be stated as 9 

!Vusl = 0.221±0.002 (2) 

from strange particle decays, and 10 

IVcbl = 0.046 ± 0.010 (3) 

from the b lifetime (see below), and 

(4) 

where the upper bound comes from the absence of a signal for b -+ u. + lfit in semileptonic 
B decay and the lower bound from the ARGUS observation 11 of exclusive baryonic B 
decays which involve b -+ u. + du at the quark level. 
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The small magnitude of IVub/Vcbl reflects the dominance of decays of the b quark of 
the form b -+ c +du. Typically, each of the exclusive hadronic decay channels which 
correspond to this process at the quark level has a branching ratio of a few times 10-3 , 

rather than the few times 10-2 for charm (see Table 1). There exists some fair theoretical 
understanding of their rough magnitude. 12 For processes which involve b -+ u at the quark 
level, the corresponding typical hadronic branching ratios or limits upon them are at the 
few times 10-4 level (see Table 2). 

Table 1. B-to-Charm Exclusive Decays (from Ref. 7) 

Mode Events % Branching Ratio Experiment 

sig bkg 

B--+ .,µK- 2.9 0.1 0.09 ± 0.06 ± 0.02 CLEO 
0.07 ± 0.04 ARGUS 

't/J'K- 0.22 ± 0.17 ARGUS -

.,µK-1r+1r- 0.11±0.07 ARGUS -

Do1r- 14.0 2.2 0 47+0.16+0.11 CLEO -
. -0.13-0.08 

n+7r-7r- 1.2 0.7 0 25+0.41+0.24 . -0.23-0.08 CLEO 

D*+1r-1r- 2.7 1.0 0 22+0.15+0.08 
. -0.14-0.05 CLEO 

7.0 3.0 0.5 ± 0.3 ± 0.4 ARGUS 

D*+ 7r-7r- 7ro 24.0 13.0 5.0 ± 1.5 ± 3.0 ARGUS 

[Jo-+ 't/JK*o 4.5 0.5 0.41 ± 0.19 ± 0.03 CLEO 

4.0 0.33 ± 0.18 ARGUS 

n+'lr- 4.3 0.2 0 59+0.33+0.15 . -0.29-0.14 CLEO 

D*+1r- 5.3 0.3 0 33+0.19+0.ll . -0.14-0.07 CLEO 

- 5.0 1.0 0.31±0.16 ± 0.12 A,RGUS 

n•+n-
3 < 2.8 ARGUS 

n•+ D*-
3 4.0 ± 2.6 ARGUS 

Do1r+1r- 4.8 1.2 < 3.9 CLEO 

D*+1r-1ro 8.0 4.0 1.8 ± 0.9 ± 0.9 ARGUS 

n•+7r+7r-7r- 6.6 4.4 < 5.0 CLEO 

27.0 12.0 3.8 ± 1.1 ± 1.8 ARGUS 
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Table 2. Exclusive B ~ noncharm, nonleptonic two-body decays. Ninety percent 
confidence level upper limits on numbers of events and percent branching ratios 
(from Ref. 7). 

Noncharm, Nonstrange Modes (b-+ u) Strange, NoncharmModes (B-+ s,penguin 

Mode Mode Mode Mode 
B--+ Events % 130-+ Events % B--+ Events % 130-+ Events % 

CLEO 
1l"o1l"- 188 0.23 11"+11"- 8 0.03 Ko1l"- 5 0.068 K-71'+ 15 0.032 
po1t"- 2 0.02 p±1t"=F- 376 0.61 f(+o1l"- 7 0.026 K•-11"+ 2 0.070 

p0a1 (1270)- 52 0.32 po po 9 0.05 K-po 10 0.026 f(opo 3 0.080 
p0az (1320)- 21 0.23 1t"±a1 (1270)=F- 7 0.12 K-</> 4 0.021 Ko</> 4 0.13 

1t"±az (1320)=F- 4 0.16 K•-1 3 0.18 f(•opo 19 0.12 
pp 6 0.02 K"o</> 4 0.047 

K"OI 22 0.20 
ARGUS 

po1t"- 8 0.07 11"+71'- 4 0.04 K"-1 0.10 K" 01 0.04 
-

All these decays fall within an overall picture of b decays where the b quark decay~ 
through the usual four-fermion weak interaction with QCD corrections. In additioIJ 
to changing the strength of the usual four-fermion effective weak interaction, there are 
additional operators introduced by QCD, the "penguins." In bottom decay it is possible 
to have processes which are Kobayashi-Maskawa (K-M) suppressed where "penguin" 
diagrams give rise to contributions comparable to, or maybe even larger than, those of 
ordinary tree level graphs. 13 Figure 9 shows a possible example. The "penguin" diagram 
contributes an effective Hamiltonian density: 

(5) 

whereas the usual spectator diagram (aside from short-distance QCD correction factors, 
c±, which are close to unity) corresponds to 

d------ d-----
5899A 13 

Fig. 9. "Penguin" diagram and spectator 
diagram contributing to K-M suppressed 
decays of the Bd meson. 
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(6) 

The "penguin" loses to the spectator 
graph because of the (a 8 /37r) ln(mr /m~) 
that arises from having one loop and the 
presence of the gluon, but it wins by at 
least a factor of 20 because of the K-M 
factor VibVi~, which involves zero and one 
generation jumps, as compared to Vub Vu8 , 

which involves two and one generation 
jumps, respectively. Depending in part 



on the matrix elements in particular processes, it could well be that the spectator graph 
gives the lesser of the two contributions. Then, for example, in the decays Bd -+ K+7f'-
or B 8 -+ </>P the "penguin" contribution may be dominant. 14 

A large part of the chance of doing interesting B physics is due to two "surprises." 
First is the b lifetime. The dominant semileptonic decay of the b quark involves the c 
quark, as noted above. The decay rate r(b-+ celie) can be easily related to that for muon 
decay, G}m!/1927f'3: 

(7) 

where 

(8) 

The phase space factor, F(~), which is unity for a massless final quark, i.e., F(O) = 1, 
drops off rather quickly, so that F(0.30) = 0.52, a value relevant approximately to the 
b -+ c transition. Given an inclusive semileptonic branching ratio of ,..., 12%, the whole 
question of the b lifetime boils down to the value of IVcbl· Before the first measurement, -
there was a large range of possibilities, but the theoretical guestimates hovered in the · 
neighborhood of several times 10-14 seconds for Tb· An "upper limit" was about 10-12 ~ 
seconds. Sure enough, the b lifetime has turned out to be around 10-12 seconds. For the 
theorists this fact turned out to be not so difficult to accommodate after all; the value of 
IVcbl was adjusted accordingly [see Eq. (3)]. For experimentalists it has meant that the 
gaps or tracks between production and decay of hadrons containing a b quark are long 
enough to be susceptible to present vertex detector technology. 

w 

w 
12-87 5899A14 

Fig. 10. Box diagram contribut-
ing an off-diagonal element to 
the B - B mass matrix. The 
important (short-distance) con-
tribution comes from a t quark 
in the loop. 

The second "surprise" concerns mixing. The 
B 0 

- B0 mass matrix is 2 x 2, with the on-diagonal 
elements equal and the off-diagonal elements sup-
plied (in the standard model) by the box diagram 
shown in Figure 10. Assuming CP conservation 
for the moment, the eigenstates are 

B12 = (B 0 ± B0 )/V2 
' 

with masses m1,2 = m ± lm12J. Therefore, the 
time dependence of a state which starts at t = 0 
as a B 0 is 

(9) 

where we have assumed r 1 ~ r2 =rand set ~m = m1 -m2. The initial B 0 oscillates to 
a [3° and then back again to a B 0 in a time 27f' / ~m (or 27f' r / ~m in lifetime units). The 
question then is: What is ~m/r? Before the fact, a theoretical guestimate on the high 
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end for (.6.m/f)B.i = Xa was ,..., 0.2. This past year the ARGUS collaboration found 15 

Xa = 0.73 ± 0.18; the mixing time is not so different from the lifetime. For theorists 
this has meant an upward adjustment in the combination of a hadronic matrix element, 
a K-M matrix element, and, most importantly, the value of mt. For experimentalists, 
this together with the b lifetime means that in some situations not only will B mesons 
live long enough to leave a measurable gap, but that in this time there is a nonnegligible 
chance that they will oscillate into the corresponding antiparticle state. 

Rare B Decays 

The benchmark process in rare B decays is B --+ Kµjl. In the standard model this 
decay proceeds through an "electromagnetic penguin" diagram and should occur with a 
branching ratio of a few times 10-5 • There does not seem to be any reason to expect 
important competition from long-range effects and this process should be a clean test 
of one-loop effects in the standard model. 16 The presence of a fourth generation 17 could 
increase the branching ratio appreciably to perhaps a few times 10-5• 

The same basic one-loop diagram can lead to a real photon and result in the decay 
b --+ s + 1 at the quark level, or B --+ K* + "'(, B --+ K** + 1, etc. at the hadron level. 
Here QCD corrections are absolutely critical: They change the GIM suppression in the -
amplitude from being in the form of a power law, (mi - m;)/Ma,, to the softer form of· 
a logarithm, ln(mi/m~). This corresponds to an enhancement by one to two orders of~ 
magnitude 18

-
20 over the rate expected from the simplest one-loop electroweak graph. 21 

The inclusive process at the quark level, b--+ s1, should occur with a branching ratio of 
roughly 16 10-3 ; exclusive modes like B --+ K*1 and B--+ K**1 are estimated at 5 to 10% 
of this. 18 Again, a fourth generation could enhance this rate by an order of magnitude 
or so. 22 The extension to a supersymmetric world is more interesting. The obvious new 
diagrams come from putting the supersymmetric partners of the quarks and the W in 
the loop of the "electromagnetic penguin" diagram. Much more important, 23 however, 
is the transition from a "penguin" to a "penguino," the "penguin" diagram involving a 
gluino and a squark. Because it involves strong interaction couplings rather than weak 
ones, it competes (and interferes) with the QCD enhanced "electromagnetic penguin" 
and produces a branching ratio of order a few times 10-3• 

Turning away from one-loop processes, the decay [3- --+ r- vr is predicted to occur at 
the level of a few times 10-5 • It would permit the direct measurement of the parameter 
f B, which is an ingredient of the theoretical expression for .6.MB (which results in B- f3 
mixing). 

Other potential rare decays that are commonly considered are those that are forbidden 
in the standard model. 24 Whereas most limits on flavor changing neutral currents involve 
first and second generation quarks and/or leptons, B --+ µr and B --+ Kµr involve 
flavor changing neutral currents which connect the second and third generations. Some 
attempts to understand the origin of generations of quarks and leptons and/ or the size 
of the elements of the K-M matrix predict the existence of these processes. For example, 
with horizontal gauge bosons it is possible to build a model where some of these processes 
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occur at the level of,..., 10-5 in branching ratio without contradicting existing experimental 
data. 16 However, something below 10-9 seems a more typical level at which to expect 
them, if they occur at all. 

CP Violation 

The standard model allows for CP violation in the form of a phase originating in the 
quark mixing matrix, the K-M matrix. 8 When there are three generations of quarks, 
and leptons, there is one CP-violating phase and any difference of rates between a given 
process and its CP conjugate process has the form 

(10) 

where we employ for definiteness the original parametrization of the matrix8 in terms of 
three angles ()i with i = 1, 2, 3, plus a phase 6 and ss = sin 6, Si = sin ()i and ci = cos ()i· 
Our present experimental knowledge allows us to make the approximation: c1c2c3 ~ 1, 
which is good to an accuracy of a few percent. 

The combination of sines and cosines of K-M angles that occurs in Eq. (10) is manda-
tory for a CP-violating effect with three generations. It is precisely this combination of 
factors that occurs in the determinant of the commutator of mass matrices introduced 
by Jarlskog, 25 to formulate a general condition for CP violation, if her basis-independen:t 
condition is restated in the K-M parametrization. We see explicitly from Eq. (10) that 
the presence of non-zero mixing for all three generations is required in order to have 
a CP-violating effect. This is not surprising; we know that with only two generations 
there is no CP violation from the quark mixing matrix (all the potential phases can be 
absorbed into the quark fields) and this is exactly the situation we would be in if we set 
one of the mixing angles to 0 or 7r /2 and decoupled one of the generations from the other 
two. 

When we form a CP-violating asymmetry we divide a difference in rates by their sum: 

r-r Asymmetry = ---r + r (11) 

If we do this for K decay, the decay rates for the dominant hadronic and leptonic modes 
all involve a factor of si, i.e., essentially the Cabibbo angle squared. A CP-violating 
asymmetry will lhen have the general dependence on K-M factors: 

(12) 

The right-hand side is of order 10-3 (see the discussion below). This is both a theoretical 
plus and an experimental minus. The theoretical good news is that CP-violating a.sym-
metries in the neutral K system are naturally at the 10-3 level, in agreement with the 
measured value of 1€1. The experimental bad news is that, no matter what the K decay 
process, it is always going to be at this level, and therefore difficult to get at experimen-
tally with the precision necessary to sort out the standard model explanation of its origin 
from other explanations. 
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Note also that because CP violation must involve all three generations while the K 
has only first and second generation quarks in it (and its decay products only involve 
first generation quarks), CP-violating effects must come about through heavy quarks in 
loops. There is no CP violation arising from tree graphs alone. 

This is not the case in B decay (or B mixing and decay). First, the decay rate for 
the leading decays is very roughly proportional to s~, which happens to be much smaller 
than the corresponding quantity ( si) in K decay. But more importantly, we can look at 
decays which have rates that are K-M suppressed by factors of (s1s2s3) 2 or (s1s3) 2, just 
to choose two examples. By choosing particular decay modes, it is then possible to have 
asymmetries which behave like 

Asymmetry B Decay ex s5 (13) 

With luck, this could be of order unity! Note, though, that we have to pay the price of 
CP violation somewhere. That price, the product sis2s3s5, is given in the CP-violating 
difference of rates in Eq. (10). The K-M factors either are found in the basic decay 
rate, resulting in a very small branching ratio, or they enter the asymmetry, which is 
then correspondingly small. This is a typical pattern: the rarer the decay, the bigger -
the potential asymmetry. The only escape from this pattern comes from outside of K-M · 
factors: to find a decay mode where the coefficient of the right-hand side of Eq. (10) is~ 
large. A good example of this is provided by xd, which is big because of the combination 
of the value of a hadronic matrix element, a K-M matrix element, and the value of mt. 

The fact that asymmetries in K and B decay can be different by orders of magnitude 
is part and parcel of the origin of CP violation in the standard model. It "knows" 
about the quark mass matrices and can tell the difference between a b quark and an s 
quark. This is entirely different from what we expect in general from explanations of 
CP violation that come from very high mass scales, as in the superweak model or in 
left-right symmetric gauge theories. Then, all quark masses are negligible compared to 
the new, very high mass scale. Barring special provisions, there is no reason why such 
theories would distinguish one quark from another; we expect all CP-violating effects to 
be roughly of the same order, namely that already observed in the neutral K system. 

As the present year has proceeded the standard model "explanation" of CP violation 
has looked better ..a.nd better. In particular, there have been two important new experi-
mental results for i / €. First came the preliminary result from a test run of the Fermilab 

. t 26 experimen: 

l I€ = 3.5 ± 3.o ± 2.0 x 10-3 

and then this past summer, the preliminary result from the CERN experiment27 

€' /€ = 3.5 ± 0.7 ± 0.4 ± 1.2 x 10-3 

Both experiments have the capability of eventually decreasing both their statistical and 
systematic error bars below the 10-3 level. If €1 / € ,..,,, 3.5 x 10-3, then CP-violating effects 
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from heavy quark loops is a likely interpretation and, especially if mt is large, the result 
is not wildly different than expectations. It would seem that the wind is blowing in the 
direction of the standard model and the explanation of CP violation in terms of the K-M 
phase. 

CP Violation in B Decay 

The possibilities for observation of CP violation in B decays are much richer than· 
for the neutral K system. The situation is even reversed, in that for the B system the 
variety and size of CP-violating a.symmetries in decay amplitudes far overshadows that 
. th t . 28 m e mass ma nx. 

To start with the familiar, however, it is useful to consider the phenomenon of CP 
violation in the mass matrix of the neutral B system. Here, in analogy with the neutral 
K system, one defines a parameter €B· It is related top and q, the coefficients of the B 0 

and B0
, respectively, in the combination which is a mass matrix eigenstate by 

q 1- €B -=---
p 1 + €B 

The charge a.symmetry in B 0 B0 --+ f..±f..± +Xis given by 29 

a(B0 B0 --+ t,+t,+ + X) - a(B0 B0 --+ t,-f_- + X) 
a(B0 [Jo --+ £+£+ + X) + a(B0 B 0 --+ f_-t,- + X) 

Jm(f12/ M12) 
= 1 + llf12/M12l2 

-
1~1 2 

- 1;1 2 

1~1 2 +1;1 2 
(14) 

(15) 

where we define< B 0 IHIB0 >= M12 - tr12. The quantity IM12I is measured in B - fJ 
mixing and we may estimate f12 by noting that it gets contributions from B 0 decay 
channels which are common to both B 0 and B0

, i.e., K-M suppressed decay modes. 
This causes the charge a.symmetry for dileptons most likely to be in the ballpark of a 
few times 10-3 , and at best 10-2• For the foreseeable future, we might a.s well forget it 
experimentally. 

Turning now.to CP violation in decay amplitudes, in principle this can occur whenever 
there is more than one path to a common final state. For example, let us consider decay 
to a CP eigenstate, f, like 'f/JK~. Since there is substantial B 0 

- B0 mixing, one can 
consider two decay chains of an initial B 0 meson: 

Bo--+ Bo 

Bo --+[Jo 
~! 
/ 

where f is a CP eigenstate. The second path differs in its phase because of the mixing 
of B 0 --+ [J 0 , and because the decay of a [J involves the complex conjugate of the K-
M factors involved in B decay. The strong interactions, being CP invariant, give the 
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same phases for the two paths. The amplitudes for these decay chains can interfere and 
generate non-zero asymmetries between f (B 0 (t) - f) and f(..8° (t) - !). Specifically, 

f (jj0 (t) ~ !) - e-rt ( 1- sin[Ll.m t)Im(~P)) (16a) 

and 

f {B0 (t) ~ !) - .-rt ( 1 + sin[Ll.m t)Im(~P)) (16b) 

Here we have neglected any lifetime difference between the mass matrix eigenstates 
(thought to be very small) and set ~m = m1 - m2, the difference of the eigenstate 
masses, and p = A(B - f)/A(B - !), the ratio of the amplitudes, and we have used 
the fact that IPI = 1 when f is a CP eigenstate in writing Eq. (11). From this we can 
form the asymmetry: 

f(B) - f (B) . (P ) 
Acp Violation= f (B) + f(B) = sm[~m t]Im qp (17) 

In the particular case of decay to a CP eigenstate, the quantity Im ( i p) is given 
entirely by the K-M matrix and is independent of hadronic amplitudes. However, to 
measure the asymmetry experimentally, one must know if one starts with an initial B 0 

B- 0 • t "t " or , i.e., one mus ag. 
We can also form asymmetries where the final state f is not a CP eigenstate. Ex-

amples are Bd - D7r compared to Bd - fYir; Bd - D7r compared to Bd - Dft; or 
Ba - n-: K- compared to Ba - D-; K+. This is a decided disadvantage here in 
theoretical interpretation, in that the quantity Im(iP) is now dependent on hadron 
dynamics. 

It is instructive to look not just at the time-integrated asymmetry between rates for a 
given decay process and its CP conjugate, but to follow the time dependence, 30 as given 
in Eqs. (16a) and (16b). As a first example, Figures 11, 12 and 13 show31 the time de-
pendence for the process b - cud (solid curve) in comparison to that for b - cud (dashed 
curve). At the ha:_dron level this could be, for example, Bd - jj-7r+ in comparison to 
Bd - D+7r-. The_ direct process is very much K-M favored over that which is introduced 
through mixing, and hence the magnitude of the ratio of amplitudes, IPI, is very much 
greater than unity. Figures 11, 12 and 13 show the situation for ~m/f = 0.2 (at the high 
end of theoretical prejudice before the ARGUS result 15 for Bd mixing), ~m/f = 7r / 4 
(near the central value from ARGUS), and ~m/f = 5 (roughly the minimum value 
expected for the Ba in the three generation standard model, given the central value of 
ARGUS for Bd)· In none of these cases are the dashed and solid curves distinguishable 
within "experimental errors" in drawing the graphs. This is simply because IPI is so large 
that even with "big" mixing the second path to the same final state has a very small 
amplitude, and hence not much of an interference effect. 
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11 ·87 T (lifetime units) 5B99A 1 

Fig. 11. The time dependence for the quark level process b -+ cud (solid 
curve) in comparison to that for b -+ cud (dashed curve). At the hadron 
level this could be, for example, Bd -+ jj-7r+ in comparison to [Jd -+ D+7r-. 
ll.m/r = 0.2. 

1.0 1.0 

I"- ' 

0 '----1~--'--====-"-~-'--~~~~ 0 '--~~-"'-'I'.~~~==-~-'-~~ 
0 2 4 6 

T (lifetime units) 5B99A2 

Fig. 12. Same as Figure 11, but with 
ll.m/r = 7r/4. 

0 2 4 6 
11-87 T (lifetime unils) 5899A3 

Fig. 13. Same as Figure 11, but with 
ll.m/r = 5. 

A much more interesting case is shown in Figures 14, 15 and 16 for the time depen-
dence at the quark level for the process b-+ ccs (solid curve) in comparison to that for 
b-+ ccs (dashed curve). At the hadron level this could be, for example, Ba in comparison 
to Ba decaying to the same, {CP self-conjugate) final state, t/.iK~. As discussed before, 
IPI = 1 in this case. The advantages of having ll.m/f for the Bd system as suggested 
by ARGUS {Figure 15) rather than previous theoretical estimates {Figure 14) are very 
apparent. When we go to mixing parameters expected for the B~ system (Figure 16), 
the effects are truly spectacular. 
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Fig. 14. The time dependence for the quark level process b --+ ccs (solid 
curve) in comparison to that for b --+ ccs (dashed curve). At the hadron 
level this could be, for example, Ba --+ t/JK~ (dashed curve) in comparison 
to Ba --+ t/JK~ (solid curve). (The curves are interchanged for the t/JK~ final 
state because it is odd under CP.) 6.m/f = 0.2. 
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Fig. 15. Same as Figure 14, but with 
6.m/r = 7r /4. 

Fig. 16. Same as Figure 14, but with 
6.m/r = 5. 

Figures 17, 18 and 19 illustrate the opposite situation to that in Figures 11 to 13; 
mixing into a big amplitude from a small one. We are explicitly comparing the quark 
level process b--+ fled (solid curve) to b--+ ucd (dashed curve). At the hadron level this 
could be, for example, Ba --+ D+7r- in comparison to Ba --+ D-7r+. The direct process 
is very much K-M suppressed compared to that which occurs through mixing and hence 
the magnitude of the ratio of amplitudes, IPI, is very much less than unity. Here we 
have an example where too much mixing can be bad for you! As the mixing is increased 
(going from Figure 17 to 19), the admixed amplitude comes to completely dominate over 
the original amplitude, and their interference (leading to an asymmetry) becomes less 
important in comparison to the dominant term. 
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Fig. 17. The time dependence for the quark level process b -i- ucd (solid 
curve) in comparison to that for b -i- ucd (dashed curve). At the hadron 
level this could be, for example, Bd -i- D+'lr~ in comparison to [Jd -i- jj-'lr+. 
D.m/r = 0.2. 
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Fig. 18. Same as Figure 17, but with 
D.m/r = 7r/4. 
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Fig. 19. Same as Figure 17, but with 
D.m/r = 5. 

A more likely example of the situation for Ba mixing is shown 32 in Figure 20(c). The 
oscillations are SG rapid that even with a very favorable difference in the time dependence 
for an initial Ba versus an initial fJ,, the time integrated asymmetry is quite small. 
Measurement of the time dependence becomes a necessity for CP violation studies. 

A second path to the same final state could arise in several other ways besides through 
mixing. For example, one could have two cascade decays that end up with the same final 
state, such as: 

and 
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Fig. 20. The time dependence for the quark level process b ---+- uuil (dashed 
curve) in comparison to that for b ---+- uud (solid curve). At the hadron 
level this could be, for example, B 8 ---+- pK~ (solid curve) in comparison to 
B8 ---+- pK~ (dashed curve) (the curves are interchanged for the pK~ final state 
because it is odd under CP) for values of (a) t::..m/r = 1, (b) t::..m/r = 5, 
and (c) t::..m/r = 15. 

Another possibility is to have spectator and annihilation graphs contribute to the same 
process. 33 Still another is to have spectator and "penguin" diagrams interfere. This 
latter possibility is the analogue of the origin of the parameter €1 in neutral K decay, but 
as discussed previously, there is no reason to generally expect a small asymmetry here. 
Indeed, with a careful choice of the decay process, large CP-violating asymmetries are 
expected. 

Note that not only do these routes to obtaining a CP-violating asymmetry in decay 
rates not involve mixing, but they do not require one to know whether one started with a 
B or fJ, i.e., they do not require "tagging." These decay modes are in fact "self-tagging" 
in that the properties of the decay products (through their electric charges or flavors) 
themselves fix the nature of the parent B or fJ. 

Even with potentially large asymmetries, the experimental task of detecting these 
effects is a monumental one. When the numbers for branching ratios, efficiencies, etc. 
are put in, it appears that 107 to 108 produced B mesons are required to end up with a 
significant asymmetry (say, 30'), depending on the decay mode chosen. 28 This is beyond 
the samples available today (of order a few times 105) or in the near future ( ....... 106). 
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The Outlook 

I look at the next several years as being analogous to reconnaissance before a battle: 
We are looking for the right place and manner to attack CP violation in the B meson 
system. We need: 

• Information on branching ratios of "interesting" modes down to the ,..., 10-5 level 
in branching ratio. For example, we would like to know the branching ratios for· 
Ba.---+ 7r7r,pp,K7r,t/JK,DD +three body modes+ ... and for B 8 ---+ t/J</>,KK,D7r, 
pK, ... 

• Accurate BB mixing data, first for Ba., but especially verification of the predicted 
large mixing of B 8 • 

• A look at the "benchmark" process of rare decays, B---+ Kµp,. 
• Experience with triggering, secondary vertices, tertiary vertices, "tagging" b versus 

B, distinguishing Bu from Bd, distinguishing Ba. from B 8 , ••• 

• Various "engineering numbers" on cross sections, XF dependence, B versus fJ pro-
duction in hadronic collisions, ... 

Many of these things are worthy, lesser goals in their own right, and may reveal thei! 
own "surprises." But the major goal is to observe CP violation. With all the possibilities, 
plus our pa.st history of getting some "lucky breaks," over the next few years we ought 
to be able to find some favorable modes and a workable trigger and detection strategy. 
While the actual observation of CP violation may well be five or more years away, this is 
a subject whose time has come. 
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PROSPECTS FOR FUTURE 

FIXED-TARGET B-PHYSICS AT FERMILAB 

James D. Bjorken 
Fermi National Accelerator Laboratory 

Batavia, Illinois 60510 

I. INTRODUCTORY REMARKS 

Much of the contents of this introductory talk will have been 
supplemented by contributions elsewhere in these proceedings. Therefore this 
written version will be abbreviated aa much as possible. 

The purpose of this talk is not to review 'that existing fixed-target 
initiatives are doing or might do in upgraded mode. This restriction is not 
meant to imply that there is little value for b-physics in existing resources, 
now and in their future incarnations. However, it may be that to fully 
exploit the potential for b-physics in fixed-target mode, one needs to go well 
beyond that level. Therefore, a "bottoms-up" look at the question is 
appropriate, no matter how difficult the realization of some new facility may 
be in practice. And this workshop provides a timely opportunity to do so. 

For me, the basic issues include the following: 

A necessar condition for a major new investment in a b-physics 
fad ity uti izing hadron collisions, be it_ in fixed-target or collider 
mode, is that the number of produced bb quarks per experiment be 
large compared to the e 4 e competition. 

This seems to me to provide in-principle physics opportunities unavailable 
to the in-principle and .;>robably in-practice highly efficient future exploitation 
of b-quark physics in e e- data samples. 

A second issue very important to this workshop is whether a bi~ 
fixed-tar~et investment is competitive with a collider investment o 
compara le cost. 

There are arguments on both sides. Personally, I am open-minded on this 
point. But I think it is very important that the necessary homework be done. 
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II. RATES AND IMPLICATIONS 
FOR TRIGGERING AND EVENT SELECTION 

_ A (very good) e + e- + bb program may be pro~ected2 to yield 3 106-lQ~ 
bQ./experiment. For a Tevatron fixed-target experiment, ie assume 3x10 
bb produced per interacting primary hadron and 3x10 live seconds per 
experiment. With a 10 MHz instantaneous rate as a~ up.Per bound for a 
"typical" open-geometry spectrometer, this yields 10 b b produced per 
experiment. If one ~ites 100 events per second to tape, this implies a 
rejection power of 10 . T~is _!hould be contrasted witi the situation in 
collider mode. 1 Taking 3x10- bb produced Pf' ia,teraction and a "typical" 
J Ldt of 3 pb- per experiment gives 6x10 bb produced, and a 50 kHz 
instantaneous rate. 

These numbers taken by themselves i!Dply an obvious in-principle 
advantage in event rate, signal/noise and b b yield for the collider option. 
However, this advantage is mitigated to considerable extent by the many 
constraints on spectrometer architecture not present in fixed-target mode. One 
must not jump to conclusions. In both cases, there is competitivity, as 
defmed above, with e + e·, although the fixed-target initiative appears marginal 
unless very high rate and acceptance can really be attained. 

There is a third, distinct option. Perhaps there exist specialized fixed-
target b-physics experiments which can run at rates :ruch greater than 10 
MHz. Indeed experiment E605 has already observed 10 b quarks running at 
10 GHz interaction rate. What was seen was T + p+p-; detectors looked not 
directly at the target but only through a shield of several feet of lead. Can 
one do something similar (without the lead) for specialized decays of b-
hadrons, such as 

+- +- - :tiF Bd + I' I' , K K , pp, K ,. ,s 

And is there enough physics output to justify the considerable input of effort? 
The answen a.re._not clear, but it is important to uk the questions. And it 
is gra~ing that the questions are being uked. In these proceedings will be 
found a description of an iii'cipient proposal (P-789) to use the E-605 
apparatus (plus a silicon microstrip front end) to search for 2-body nonleptonic 
decay modes. An even more speculative approach using remote-imaging of the 
vertex region (via alternating gradient spectrometer elements fscussing 
secondaries onto downstream silicon detectors) hu also been studied. And 
other ideu on high rates have also been entertained at a series of Fermilab 
meetings on super high-rate b-physics poesibilities and problems. 7 Most of this 
work is incorporated in one way or another in these proceedings. 
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However speculative all this is, one shQ_uld not forget that in every (good) 
spill from the Tevatron, several million bb pairs are produced. Regrettably 
these are buried in beam dumps. But the challenge is there. 

m. A BIG NEW SPECTROMETER? 

For a long time there has been occasional idle talk about a big new fixed-
target spectrometer for heavy flavor physics. But finally something has been 
done. It is ironic that it has been don§ not for the Tevatron but for the 
SSC, in its series of summer workshops. In the Berkeley SSC -gvorkshop 
last summer, a spectrometer design for SSC b-physics was produced which, 
without any modification whatsoever, serves as an excellent "reference-design" 
for a Tevatron fixed-target spectrometer. The angular acceptance ~~ 5.72 mr!if 
< 8 < 350 mrad. It is designed to operate at a luminosity of 10 cm- sec- , 
i.e. a rate of ,.. 10 MHz, with RF structure similar to what exists at Fermila.b. 
The device is 80m in length, has two magnetic stages (each magnet aperture 
is 2m in diameter), 3 RICH counters, 3 TRD's, 2 large calorimfj_tfrs, and a 
large amount of sificon and conventional tracking. Event selection is via a 
high-pT electron with non-vanishing impact parameter (as seen in the silicon 
system), together with a D* associated with the semileptonic decay, 
reconstructed on-line. 

Whether or not this detector is optimal for the SSC and/or the Tevatron, 
it is evidence that acceptance and rate problems for the Tevatron fixed-target 
and SSC experiments are quite similar. The signal/noise ratio, alas, is vastly 
different. If it is possible to accomplish anything of significance at the 
Tevatron with such a device, it should be easy to really clean up at the SSC. 

This serendipitous similitude of Tevatron and SSC b-physics detectors 
suggests a political strategy as well. Perhaps this spectrometer could be 
developed as an SSC initiative using SSC detector R&D funds, commissioned 
in a Tevatron external beam during SSC construction, and then moved into 
the SSC at the appropriate time. This would have the advantage of physics 
productivity during the SSC construction/detector R&D phase. This advantage 
could be extremely important were there any significant delay in SSC 
commissioning; even in lean funding years support of such a detector out of 
the SSC budget might not be too difficult. 

IV. CONCLUDING REMARKS 

Some of the questions I believe this workshop and other studies to follow 
must address include the following: 

1) 

2) 

To what extent can existing fixed-target experiments/facilities (and or 
smooth upgrades thereto) address B-physics competitively with e + e • 
facilities (including future extensions in that program)? 

H existing experiments/facilities are competitive, which ones offer 
what physics? What are the strengths and weaknesses? 
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3) 

4) 

Should/must one consider a brand new fixed-target spectrometer from 
scra.tch? If so, what about the technical specifications, cost and 
support demands, time scale, and sociology - are there enough 
physicists interested in it? 

Is the super high-rate option viable? Is the physics scope broad 
enough? And is it technically fea.sible? 

5) In any fixed-target option, what are the crux technical issues? 

And last but not least 

6) How should one rank Tevatron fixed-target opportunities relative to 
Tevatron collider opportunities (superior, inferior, complementary?) in 
terms of physics yield, technical ease/ difficulty, practicalities (e.g. real 
estate, time scale, sociology . . . ) , and usefulness as a stepping-stone 
to the SSC? 

The promise of Tevatron b-physics in all three modes - collider, 
conventional fixed-target, and high-rate fixed-target - seems to me to be very 
high. However the difficulties are great. Not everything can be tried. It will 
be important to make the choices wisely. 
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Issues for a Bottom Collider Detector at Fermilab* 

N. S. Lockyer 
University of Pennsylvania, Philadelphia, PA 19104 

April 20, 1988 

Abstract 

The possibility of performing a very high statistics dedicated bottom physics exper-
iment in the Tevatron collider at Fermilab is discussed. The issues and opportunities 
are reviewed and brief comparisons are made to e+ e- machines and the high rate 
fixed target approach. 

Introduction 

In the last couple of years there has been increasing interest by the international physics 
conuuunity to study bottom physics with samples approaching 109 BB pairs or more. 
Samples of this size appear to be realistic possibilities for either a new generation of high 
lum.inosity electron positron machines or new high energy hadron collider experiments. 
Sample sizes much beyond this will probably have to wait for an SSC type machine where 
samples of greater than 1011 pairs are discussed. 

The physics these experiments address is very broad in scope( ref. [l ]). The topics of 
interest are mixing in both the Bd and B. systems. The Argus experiment has observed 
mixing in the Bd system at the 203 level (ref. [2]). This large mixing can substantially 
increase the size of C P violation in the B system, and therefore a more precise measure-
ment of the mixing is important. The observation of a B. mass peak and the subsequent 
study of the decay modes and mixing are very important. It has been pointed out that 
the relative size-of the mixing in B. and Bd is a test of new quark generations (ref. [3]). 
Other important information will derive from the study of production mechanisms, rare 
decays, forbidden decays, and bottom baryons (ref. [4]) (ref. [5]). A thorough study of 
the charmless decays will be important for understanding the standard model(ref. [6]). 
Finally, the ultimate goal of these experiments is to reach a window of sensitivity where 
CP nonconserving effects can be tested in the bottom system. Study groups in the future 

·Invited Talk Presented at The High Sensitivity Beauty Workshop held at Fermilab, Nov (1987) 
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will try to determine whether this window can be reached for a particular machine and 
detector design. 

This paper addresses the issues that have arisen over the last year regarding a new 
bottom collider experiment. These questions were raised after two Letters of Intent to 
build dedicated experiments for intersection region C were submitted to the laboratory 
in March 1987 (ref. [7]) (ref. [8]). The ambitious scope of these experiments suggested 
that the overall bottom physics program at Fermilab and its goals needed to be discussed 
with regard to what was wanted and possible for the next generation of high sensitivity 
bottom experiments. Interest was expressed in pursuing very high rate new fixed target 
experiments as well (ref. [9]). This workshop brought the interested people together to 
begin discussions on a very large topic. The main issues relevant to a bottom collider 
experiment discussed here are: 

1) Preamble 
2) Bottom Physics Goals 
3) Comparisons with e+e-
4) Kinematics 
5) The detector 
6) Conclusions 

1. Preamble 

An important issue is whether building a hadron collider experiment to study 
bottom physics is unique with respect to other approaches. This comment encom-
passes several issues. The collider experiment must handle significantly lower rates 
than a fixed target experiment to collect the same number of bottom events. This is 
a consequence of the large bottom cross section at the collider, "" 3000 times larger 
than at fixed target energies. Furthermore. the ratio of bottom to total cross section 
is about 1000 times larger at the collider making triggering and the extraction of a 
bottom signal easier. These two effects make the collider approach more favorable 
in selecting out many decay modes, rather than focusing on a particular mode since 
the trigger need not be so restrictive. High rate fixed target experiments probably 
must run with restrictive triggers. As has been pointed out previously events con-
taining ij1S may provide a clean trigger and sufficient background rejection to signal 
bottom production (ref. [10]). Alternative approaches to triggering in fixed target 
experiments are being considered to improve efficiency by including single lepton 
and multiplicity jump triggers (ref. [11]). However, considerably more experience is 
needed in this area. It is believed that a collider experiment can fully reconstruct 
events with high efficiency that contain low multiplicity charged decay modes of 
bottom. This however has yet to be demonstrated even in simulation. There is a 
lot of interesting physics in the low multiplicity events (ref. [12]). 
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The uncertainty in predicting which decay modes give large C P asymmetries 
suggests that more than one mode should be studied. In particular, an analysis 
Bjorken suggests and explored further at this workshop by the Physics Group (ref. 
[13]) would imply that B---+ 1/;K! and B---+ 11"+11"- gives complimentary information. 
Being sensitive to as many modes as possible would be prudent since this is new 
ground and the potential for surprise is there. 

2. Bottom Physics Goals 

The major physics goal is to observe and study C P nonconservation in the neutral 
and charged bottom system. A GP window of sensitivity, which is roughly the 
number of produced BB pairs needed to study C P , is roughly estimated from a 
combination of cross section assumptions, detector efficiencies and C P asymmetry 
estimates from calculations in the context of the standard model. Some assumptions 
are required of course. In order to label the B as particle or antiparticle , the other 
B in the event must be identified or tagged. The GP asymmetry discussed is the 
difference in rates for particle and antiparticle into the same final C P eigenstate. 
The decay mode we use as an example is a C P eigenstate that experimently is all 
charged and has low multiplicity, B ---+ 7r+ 7r-. Briefly the factors considered are the: 

- branching ratio, about 10-4 • 

- tagging the other B, 4% - 103. 

- trigger efficiency about 50%. 

- vertex separation efficiency, about 50%. 

- tracking t'fliriencv. about 9S 1.';. 

- cracks and Z length of beam, about 50o/c. 

- reconstruction efficiency, about 253. 

- geometri1 acceptance , about 65% of 411". 

- relative production of mesons to baryons is 403. 

- total bottom cross section of about 15 µ barns. 

Calculated range 10 - 30 µ barns(ref. [15]). 

We would like about 1000 events of this mode so that C P asymmetries of 103 or 
greater can be studied. The predicted range is 5- 303 (ref. [17]). The tagging mode 
assumed is B ---+ D*ev or B ---+ Dev for a total of about 43 tagging assuming 203 
of all charm can be reconstructed (ref. [16]). In the ideal GP analysis, it is assumed 
all the decay products of both bottom particles in the event are fully reconstructed. 
If the tagging criteria can be relaxed to indicate that there are two vertices (a B 
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and D vertex) and that the lepton comes from the B vertex, as distinct from a 
charm or the beam collision point, the tagging efficiency may be increased over 
full reconstruction. Any remaining improvement in the tagging efficiency will come 
from trying to extract information from the nonleptonic decay modes of bottom. 
Triggering on these events has not been studied. Eventually the mistagged events 
will have to he studied very carefully. Detailed simulation work that studies the 
optimization of tagging is very important since this is an area where many events 
can be gained or lost. The 503 trigger efficiency is a challenge and ambitious hut 
has not been simulated at the level where it can he thought of as a realistic estimate 
yet. The reconstruction efficiency should he high once the event has been accepted 
by the trigger and the vertex cut is applied. The design peak luminosity of the 
Tevatron is 1030cm- 2 sec- 1 , leading to an average of about 1/2 of that, giving 7.5 
BB 's produced per second or about 108 per running year. The upgrade luminosity is 
estimated to improve the luminosity by a factor of 50, or giving about 1010 produced 
BB 's per running year. A sample of 1000 B -r 7r+7r- can he studied in one year of 
running assuming a 103 tag of the other bottom particle in the event. This does not 
include effects due to backgrounds and assumes that a 3 a measuremnt on a 103 
C P asymmetry is a reasonable analysis goal. Therefore the C P window of sensitivity 
is 109 to 1011 produced BB 's. Running over several years will help insure against 
undue optimism in these estimates. The main comments at this point are: 

-The need for an upgraded Tevatron is absolutely clear. A factor of 10 im-
provement is minimal and the full factor of 50 over the present design luminosity is 
pref errable . 

. <'an 1 he experiment be built that produce;, the above performance characteristics? 

:i. Comparison with e+ e-

Anyone thinking about a new B physics experiment at a hadron machine must 
look carefully at the e+ e- options. The vast majority of the information about the 
bottom system has come from e+ e- colliders and there is much activity in this area. 
The physics and future machines are discussed by a contribution to this workshop 
by D. Macfarlane. The e+ e- environment is very clean, the ratio of B meson to 
continuum production is about l / 4, compared to about 5 x 10-4 at the collider. 
Furthermore, on the 1' ( 4s) resonance, all charged tracks come from the bottom 
meson since there is not enough energy to produce extra pions. At the Tevatron, 
an average of 80 charged tracks are produced per collision in the bottom events. 
The cross section at the 1'(4s) is about 1 nb or "' 20, 000 times less than at the 
Tevatron collider. This is partially offset by the fact that the luminosity of present 
day machines like C ES R are running close to 1032cm- 2 sec- 1 • The luminosity 
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achieved in the Tevatron at this point is about 1029cm- 2scc- 1 and the design is 
1030cm- 2sec- 1 • A proposed upgrade to the Tevatron might reach 5x1031 cm- 2sec-1 

, which would be competitive with the luminosity achieved in e+ e- machines. 
However, there are two physics reasons why the 'I(4s) is not the ideal place to 

do CP studies. As pointed out by Sanda and Bigi(ref. [17]), a clean test of the 
standard model comes from studying the C P eigenstates of the neutral B system. 
Since the 'I ( 4s) is a well defined C P state, to discover C P nonconservation on 
the T( 4s) requires essentially a few golden events. This is quite different from 
the Tevatron or in the continuum where asymmetries are measured and a few 
events observed does not constitute violation of C P . As stated in this reference 
the C P rate on the 'I ( 4s) is proportional to a mixing factor, times the square of 
an imaginary term which contains amplitude information, times the products of the 
individual transition rates of the two bottom particles in the event. Off the 'I ( 4s) , 
the imaginary term is raised to the power one. This means a 103 C P asymmetry off 
the 'I ( 4s) enters effectively as 13 on the 'I ( 4s) . This is a large penalty for running 
on the 'I{4s). Secondly, it can be shown (ref. [17]) the event does not conserve 
C P unless the two B 's have the same C P parity. The requirement that both B's 
must come from a CP eigenstate means that the small rates of these states enters 
as a product in the overall CP violating rate. A list of factors that contribute to 
the overall CP rate on the 'I{4s) are: 

10-4 branching ratio for one B decay 
- 10 ~ 4 for the other B decay 

- ahout O.S for the same CP parity requirement 
- .01 - .35 for the C P asynuntr:v term 
- 0.6 for the mixing term 

- 0.1 for the experimental detection efficiency 
The probability of one C P violating event is about 10-10 to3x10- 12 • A luminosity 

of 1032 cm- 2 sec- 1 produces 106 BB pairs per 107 second running period. Present 
day e+ e- machines cannot reach CP violation in neutral decays. The most ambitious 
of the new machines is the low energy linear collider approach, proposed by U. 
Amaldi and G.Coignet (ref. [18]) and by D. Cline (ref. [19]). Here luminosities 
of 1034cm- 2 sec-1 may be achievable. Other ambitious approaches have been put 
forward from SIN, KEK, and SLAC (ref. [20]),(ref. [21)), (ref. [22]). Even so, this 
is still short of providing a clean test of the standard model which is afforded by the 
neutral bottom system. The area of CP violation accessible to these new machines 
is charged bottom decay, where final state interactions cause the CP nonconserving 
decays. Of course surprises can be expected. 
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The higher energy e+ e- colliders like LEP and SLC have the benefit of a boosted 
bottom meson allowing the possibility of vertex detection, a reasonably low multi-
plicity event, and very powerful detectors. However, they will not produce enough 
events to address CP violation in the neutral B system. Even at 107 z0 's produced 
per year this is less BB 's than CESR produces now. These experiments will be 
able to study mixing in both the Bd and B$ systems simultaneously since they are 
above threshold, unlike experiments running on the 'I ( 4s) . 

In the near future e+ e- machines will continue to dominate the bottom physics 
scene. The niche available for high luminosity hadron machines is clearly CP viola-
tion studies. 

4. Kinematics 

The kinematics of bottom production in a hadron collider are in many ways 
startling at first observation. At the Tevatron, with each beam at 1 Tev in en-
ergy, the bottom meson Pt spectrum is very soft, averaging about 4.4 Gev/c. This 
can be compared to the value at the SSC( 20 on 20 Tev), where it is about 6 Gev/c, 
quite similar. The reason is that the large cross section, about 15 µbarns, comes 
from gluon fusion, which has a pole around a Pt equal to the mass of the heavy quark 
being produced.( ref '.23] ). The other constraining factor is the rapidity distribution 
of the tracks from the bottom particles. About 85% of the tracks are contained 
within .q units of rapidity at the Tevatron, about 253 within ±z units, yet only a 
few percent are contained bet.ween 2 to 4 units of rapidity. This is because the low 
P1 of tlw bottom me~on relative to its mass causes the bottom tracks to spread over 
1 \ picalh d l"Cll!JllP or llllJI' .. r rapidit \". HPllCt' it i~ critical t 0 rowr lrirgc solid angle 
to pick up all the tracks from the bottom meson since the goal is to fully recon-
struct the deca~·s. At the SSC', most tracks are contained within ±6 units and this 
is because the increased particle production is pushed to higher values of rapidity 
as the energy of the collision is increased. The TJ spectrum of bottom tracks and 
the bottom meson Pt spectrum are shown, see fig. 1 and fig. 2. An important 
difference between high energy hadron colliders and either lower energy fixed tar-
get experiments or e+ e- colliders is the large multiplicity per event in the hadron 
collider.~e charged track multiplicity per event averages about 80 tracks and has 
large fluctuations. The distribution is shown in fig. 3. 

The average Pt of the lepton from the bottom meson is about 1.6 Gev / c and the 
momentum averages 8.3 Gev / c. The spectra are shown in fig. 4 and fig. 5. This is a 
major problem for any hadron collider detector trying to capture the largest part of 
the cross section. The experimental techniques for identifying very low Pt electrons 
at hadron colliders such as the Tevatron or CERN do not exist. 
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A feature of the Tevatron is its very long luminous region along the beam direction. 
Typically this is a Gaussian distribution of sigma about 35cm. This makes the 
experimental design of the vertex detector difficult if full acceptance is desired. 

Another important feature of the kinematics involves the path length l distribution 
of the B mesons from the collision point. As is well known, the separation significance 
of the bottom meson vertex from the beam collision point is nearly constant once 
the decaying particle velocity approaches /3 "' 1. The forward bottom particles, 
though more boosted, are not separated with any greater significance than softer 
more centrally produced mesons. Assuming a simple detector geometry, Figures 6 
and 7 show the significance of separation in two 7] slices where the vertex error 
includes the beam size ( 40µ ), multiple scattering contributions to the track error 
and effects of opening angles. The average value is about 5 for all B events and 
if one B meson is required to have two significant impact parameters 5 / <J' > 3, 
then the average l / .6.l is about 10. The object is to make .6.l as small as possible, 
and the situation should improve by reducing the beam size using tracks in the 
event to determine the collision point more precisely. Figure 8 shows the average 
bottom path length, which is about i70µ for 7J < 1 and figure 9 shows the bottom 
charm separation for 7J < 1. The latter averages around 650p and is important in 
<leterm.ining how often the charm particle can be cleanly separated from the bottom 
vertex. As stated earlier some tagging techniques rely on seeing the separted vertex 
of the charm from the bottom and primary vertices. 

Shown for completeness is the K momentum spectrum versus rapidity in figure 10. 
Techniques for finding It' 's in the central region may well be different from finding 
kaon;. in the forward region. 

5. Detector 

This section describes briefly some issues regarding the components of the detector 
and the required performance. This detector has a roughly 1 meter radius magnet 
for tracking, calorimetry for electron identification, particle identification for kaons 
and no hadron calorimetry since missing Et is unimportant. It should cover 90° to 
2° in theta. 

The vertex detector is the heart of this experiment. Without excellent vertex 
detection B mesons will never be reconstructed in a hadron collider because of the 
huge combinatoric background. There ex.ists no design for the vertex detector with 
full coverage. Work is in progress to evaluate different designs (ref. [24]). The vertex 
confusion arising from the many tracks in the event suggests that 3D information 
is necessary. In order to reduce multiple scattering, double sided silicon detectors 
are needed. As a design criteria to aim for, 20 µis assumed the maximum tolerable 
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uncertainty for a track impact parameter in the x - y plane. This is based on the 
experience of E-691 at Ferrnilab. Another interesting point is the fact that multiple 
coulomb scattering in the collider geometry depends linearly on the Pt of the track 
and the radial distance of the first measurement layer from the beamline. This 
implies that getting as close to the beam is critically important in order to minimize 
scattering of the softer tracks. Collider experiments require that the first vertex 
detector plane be located about 1 cm from the beamline. 

The magnetic geometry is of course very important since tracking over 471" is de-
sired. After this workshop a large dipole was pref ered , but the toroid or quadrupole 
still may reappear. The magnetic tracking must provide good pattern recognition 
and extrapolate with high precision into the silicon vertex detector. The mass reso-
lution needed for separating out Bd and B8 and rejecting combinatoric background 
is about 25 M ev / c. Gas tracking is needed to minimize the contribution of multiple 
scattering to the mass resolution. A further challenge is the need for good Z res-
olution for mass reconstruction and pattern recognition. One interesting point not 
appreciated by many 'colliding beam experimentalists' is that tracking densities in 
the collider are much less than those already handled in the fixed target programs 
at CERN and Fennilab. 

Triggering presents a major challenge because the leptons are extremely soft in P1 • 

There will be a great deal of work in this area because in a hadron collider the trigger 
defines the overall number of B fJ 's that can be analysed. 

6. Conclusions 

The hut torn physic" that mil lw "tudied at a hadron rolli<ler j,.. broad ill "rop<' 
and potentially vny exciting. The ultimate goal is to study (' P nonconservation in 
the neutral and charged bottom system, which may be the niche for an experiment 
at a high energy hadron collider. 

Present day e+ e- machines, operating with record luminosities, cannot in general 
produce enough bottom events to address C P in the B system. Machines presently 
being discussed need to improve the luminosity by orders of magnitude. The techni-
cal devektpments will require considerable time. The fixed target experiments using 
hadron beams must learn to trigger and record data at rates above 107 interactions 
per second. The experience of several experiments presently running will determine 
which approach will be best for high rate bottom physics. 

At Ferrnilab, people have begun to study the design issues of a bottom collider 
detector. The final design will most likely be ambitious and novel. A great deal 
of work is necessary before one can demonstrate that it is possible to build such 
a device and accumulate a sample of 109 bottom events. Though challenging, the 
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technical goals do not seem out of reach. It is felt that a bottom physics experiment 
seeking 109 B fJ 's or more is possible using the Tevatron collider and this would fall 
inside the C'P window of sensitivity. 

Finally, the experience gained from running a dedicated bottom physics collider 
experiment combined with the high rate techniques being developed for the fixed 
target program should help solve many of the problems associated with an SSC B 
spectrometer design. The options available for pursuing bottom physics in the next 
decade are very diverse and exciting indeed. 
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B-PHYSICS WITH EXISfING COLLIDER DETECTORS 

Anne Kernan 
University of California, Riverside 

ABSTRACT 

B-hadrons are copiously produced at the CERN and Fennilab proton-antiproton colliders. 
B-physics results from the UAl experiment at CERN are summarised here, and prospects for 
future studies with the UAl, UA2, CDF andD0 colliderdetectors are examined Particular 
attention is given to muon triggering capability. 

1. INTRQDUCTIQN 

The measured cross section for bo production at the CERN proton-antiproton collider is 
around 1 µb, in agreement with QCD predictions [1]. At the Tevatron collider this cross section ii. 
expected to lie in the range 14- 30 µb [2]; the corresponding production rate for luminosity 1Q30 
cm-2s-1 exceeds 1()6 per day. To what extent can the "existing" collider detectors at CERN (UAl 
and UA2) and Fennilab (CDF and D0) exploit these large beauty production rates to investigate 
the rich phenomenology of the BB sector? 

2. B-PHYSICS AT UlE CERN COLLIDER 

At the CERN collider b-quark studies in the UAl experiment have relied on the observation 
of muons from the serni-leptonic decay of B-had.rons. At -Vs of 630 GeV QCD expectations, as 
calculated in ISAJET [3], are that c/b-quark production is the dominant source of prompt muons 
with Pr below 20 GeV/c [1,4]. Beauty is expected to dominate over charm because of the harder 
fragmentation function of the b-quark. 

Muons rathei:. than electrons are used to tag heavy quark production in UAl for two 
reasons: 

1. Muons can be triggered down to Pr of 3 Ge V /c in the U A 1 detector whereas electrons are 
swamped by hadronic background at PT$ 15 GeV/c, 

2. Leptons from C/B decay are part of a hadronic jet. Muons, but not electrons, are identifiable 
inside a jet. 

The UA2 detector lacks a muon detection system. Consequently the UA2 collaboration has 
no plan for B-physics studies at the SppS [5]. 
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2. 1 Results from Experiment UA 1 

Current results come primarily from the 1984 and 1985 collider runs in which four million 
single muon and dimuon triggers were recorded for an integrated luminosity of 570 nb-1 at {S of 
630 GeV. Figure 1 shows the measured inclusive muon cross section for PT(µ)> 6 GeV/c where 
the transverse momentum is measured with respect to the incident beam direction [4], Also shown. 
is the estimated background from n!K decay in flight Decay-in-flight background effectively 
overwhelms the prompt muon signal below PT of 6 GeV/c. 

Figure 2 shows the inclusive single muon spectrum after background subtraction [ 4]. The 
broken line is the distribution predicted by the ISAJET Monte Carlo program in combination with 
an exact simulation of the UAl detector response and reconstruction programs. ISAJET indicates 
that prompt muons of PT< 20 GeV/c come mainly from semi-leptonic decay of C- and B-hadrons. 
Table 1 from reference 4 gives a breakdown of the predicted contributions to the prompt inclusive 
muon cross section for the range 10 <PT(µ)< 15 GeV/c. Beauty dominates over charm because 
of the harder fragmentation function of the b-quark. Given the uncertainty in integrated luminosity 
(±15%) and in the magnitude of the background subtraction, the agreement between the data and 
Monte Carlo is quite impressive. 

Table 1. ISAJET cross-sections for processes contributing to the UAl inclusive prompt muon 
spectrum in the range 10 < ~ < 15 GeV/c, 111µ1<1.5 [4]. The errors quoted for the 
Monte Carlo contributions are purely statistical. 

PROCESS CROSS-SECTION (nb) 

Beauty, b ~ µ 2.45±0.03 

Charm, c ~ µ 0.83±0.02 

DreJl-Yan, JI 'I' ,l' 0.19±0.009 

w:z. ~ µ 0.07±0.005 

Total Monte Carlo 3.54±0.04 

Data 4.33±0.20~0°.·~~ 
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More direct evidence for the domination of beauty over chann is given in fig. 3 which 
shows the projection of the muon momentum transverse to the jet (charged particle) axis [4]. This 
distribution is fit with the ratio c/(c + b) = 24 ± 8 ± 9 %. 

As described in reference 4, the ISAJET Monte Carlo program provides an exact 
calculation of QQ (Q = c/b) production cross sections in lowest order (flavor creation), and 
approximates the <X.s3 processes by "flavor excitation" and "gluon splitting" reactions in which an 
initial and final state gluon respectively evolve to QQ. Certain experimental distributions are 
sensitive to the relative amounts of the different production processes. Thus the angular separation 
of muon pairs in the transverse plane (fig. 4) is strongly peaked at 180° for creation while it is 
peaked near zero for gluon splitting [ 4]. Table 2 lists the relative amounts of the three processes 
predicted by ISAJET and inf erred from a fit to the data in fig. 4. The data is consistent with the 
ISAJET prediction that each process accounts for approximately one third of the events. With 
increased statistics on dimuon events it should be possible to make detailed studies of QQ 
production mechanisms in the future (Section 3.1.1) 

Figure 5a compares the predicted parton-parton invariant mass distribution for strongly 
produced QQ pairs with that for W ~cs and Z ~cc, bO. [6]. The W/Z ~ c/b decay channels, 
which exclude the copious background of QCD produced light quark and gluon jet pairs, have 
been searched for in the UAl experiment. The W/Z signal in fig. 5a is seen to be comparable in 
magnitude to cx.s2 production of QQ, at the same M(QQ), but is however overwhelmed by the asl 
processes. Fig. 5b shows the experimental invariant mass distribution M(jet-jet-µ-vT) in UAl for 
jet pairs in which the presence of a muon with PT> 8 GeV/c signals a c/b quark, and the missing 
transverse energy is ascribed to a neutrino. The predicted W/Z ~ c/b contribution to M(jet-jet-µ-
vT), also shown in fig 5b, is obviously undetectable. At the Tevatron the probability of observing 
W IZ decay to jets is even lower since the W IZ production cross section is expected to increase by a 
factor of three compared to a factor of nine increase in the strong QQ cross section in the same 
M(QQ) mass range [ 6]. 

Table 2. ISAJET predictions and fitted values for the relative contributions of different QCD 
production processes to the dimuon events plotted in fig. 4. 

QCD PROCESSES ISAJET PREDICTION(%) MEASURED{%) 
-

+16 
Flavor Creation 33 45_ 13 

Flavor Excitation 39 33 +16 
-1 3 

+20 
Gluon Splitting 28 22.1 7 
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A clear Jl'P signal (fig. 6) is observed in dimuon events having PT(µ)> 3 GeV/c and 
py(2µ) > 4 GeV/c: the sample consists of 434 dimuon events and 60 like sign muon pairs [7]. At 
{S of 630 Ge V the dominant production modes for high PT Jl'P are expected to be: 

g + g ~ x + g, x ~ J l'P + y ' (1) 

B ~ Jl'P + X. (2) 

Figure 7 compares the measured PT distribution for Jl'P with that expected for x and for B decay; 
the data suggests that production via x decay dominates. The best estimate of component (2) is 
based upon the idea that a Jl'P from B decay is accompanied by the fragments of the b-quark 
hadronization. Thus from fig. 8, which shows the distribution in ~2, (~<!>2+ ~112), of charged 
tracks with Pr> 1 GeV/c relative to the Jl'P direction, it is inferred that the fraction of Jl'P from B 
decay is 0.24 ± 0.08 ± 0.12. The corresponding cross section for Jl'P production via beauty 
decay, cr·B = 1.8 ± 0.6 ± 0.9 nb, is consistent with the beauty cross section previously inferred 
from the dimuon signal in experiment UAl [1]. 

A clear signal for upsilon decaying to muons was reported earlier in reference 1 (fig. 9). 

2.2 Future B-Physics with the UAl Detector. 

The upgrade of the CERN proton-antiproton collider (ACOL project) is expected to provide 
a luminosity of 1030 cm-2s-1for1988 running and double that in subsequent years. The 
integrated luminosity for a four month run at maximum instantaneous luminosity of 2 x 1 o30 
cm-2s-1 would then be about 5 pb-1 . 

In the post-ACOL era additional shielding will be needed to preserve the UAl triggering 
capability for inclusive muons [8]. Figure 10 shows the acceptance in pseudorapidity of the UAl 
muon detector and the triggering limit for single muons in the 1985 run with Lmax = 4 x 1029 and 
<Lfili> = 1.3 x 1()29; the dimuon trigger used the full detector. It will be necessary to insert 4.5 
absorption lengths of iron in front of the forward elements of the muon detector to reduce decay-in-
flight background in future runs. As shown in Table 3 this iron, as well as the increased thickness 
of the new UffMP calorimeter, will reduce the single muon trigger rate to an acceptable level. The 
upgraded UAl trigger and readout system will be able to accept a rate up to 25 Hz from tI!_e first 
level muon trigger. -

The muon PT thresholds for physics analysis are expected to remain unchanged at 6 Ge V /c 
for single muons and 3 GeV/c for dimuons. 

UAl has reported evidence for BO- i§o mixing from a study of 512 dimuon events with 
Mµµ > 6 GeV/c2 and PT> 3 GeV/c for each muon [1]. In the next few years an integrated 
luminosity of 15 nb-1 could yield a sample of 1 ()4 dimuon events. Figure 11 shows the current 
UAl mixing result with the one-standard-deviation bands scaled down to simulate a factor of 
twenty increase in statistics [8]. The increased precision in the measurement of the mixing 
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Table 3. Muon trigger rates at a luminosity of L=5xl 030 cm-2s-1 for different configurations of 
the UAl detector [8]. 

Trigger Area 

90° (1111 < 0.9) 
0.9 < 1111 < 1.7 
1.7<1111<2.1 

Trigger 

1µ 
1µ 
1µ 

Trigger Rate (L=5x1Q30 cm-2s-1) [Hz] 

present 
configuration 

18 
75 

395 
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34 
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parameters will constitute a strong test the Standard Model and is a major goal of the UAl 
experiment 

A large dimuon sample could also be used to investigate heavy quark production 
mechanisms as illustrated in fig. 4 and discussed in Section 3.1.1. CP violation effects are 
probably out of reach, requiring a sample of =1<>8 dimuons. 

So far the possibility of an electron trigger for BB events in UAl has not been addressed. 
Electrons in the original UAl detector, even when isolated, were increasingly contaminated by 
hadronic background ("pileup") below PT of 15 GeV/c [9]. The fine-grained (ll9 x llcj> = 5° x 6°) 
uranium/tetramethyl pentane (TMP) calorimeter, currently under construction for the U Al detector 
[ 10], will enhance the possibility of identifying electrons in the neighbourhocx:i of jets. For 
example a recent study indicates that with the new calorimeter the second level trigger could find 
electrons (PT> 12 GeV/c) inside b/c jets with 56% efficiency [11]. 

3. COMPARATIVE B-PHYSICS CAPABILITY OF CURRENT CQLLIDER DETECTORS 

The UAl, UA2, CDF andD0 detectors have the same basic structure [12]. The UAl 
experience can therefore help us infer the potential for B-physics of the CDF and D0 experiments. 
From UAl we learned that a high PT muon trigger is effective in selecting BB production events. 
An integrated luminosity of 0.6 pb-1 gave a final physics sample of 20K single muon events with 
PT(µ)> 6 GeV/c and 500 dimuon events with PT(µ)> 3 GeV/c; the decay-in-flight background in 
these samples is 50% and 25% respectively. The lOK prompt muon events, together with the 
measured BB cross section of =2 µb [1], (corrected for K factors [2]), imply an efficiency in UAl 
of =0.01 for triggering on and reconstructing an identifiable BB event. 

Because the lepton from semi-leptonic B decay is not in general isolated, an electron trigger 
is not effective; the best evidence for this statement is the inability of UA2 to detect BB production 
[5]. 

Silicon vertex detectors could greatly enhance the efficiency of B-particle identification in 
current collider detectors. For definitive B-decay studies particle identification an<_! precise 
momentum measurement are also essential. CDF and UAl have limited hadron identification 
capability based on ionisation loss in the central tracking chamber. 

3.1 Muon Capability 

We focus here on the relative muon capabilities of the UAl, CDF and D0 detectors. Table 
4 lists some of the parameters relevant to muon triggering and reconstruction. U A 1 and D0 have 
essentially complete muon coverage to within 15° and5° <1111=2 and 3) respectively of the beams; 
CDF has coverage from 90° to 45° and from 16° to 3°. In addition to this large gap, CDF is also 

-55-



Table 4. Parameters of the muon detection system for the UAl, 00, and CDF detectors. 

UAl 00 CDF 
(upgraded) 

Muon e > 15° e > 10° (5°) e > 45° 
Acceptance 3° < e < 16° 

IT'ii < 2 IT'ii < 3 IT'ii < 1 
2 < IT'ii < 4 

Absorber (A.) 
central 10 7 + 6 (T) 5 
forward 16 9+9(T) 8 + 10 (T) 

PTmin (GeV/c) 
central 3 4 2 
forward 2 2 7 

Decay Path (m) 
central 1.3 0.9 1.7 
forward 3.2 1.8 7.0 

Cal. Segmentation 
(central) 
Lill x Licj> 0.1 x 6° 0.1 x 6° 0.1 x 15° 

handicapped by a thin absorber and consequent punch-through in the central region [13], and by 
the long decay path in front of the forward muon detector. 

UAl and D0 have comparable muon capability and both are superior to CDF; D0 has 
larger geometric acceptance and is more compact that U A 1. The fine-grained calorimetry of D0 
and the upgraded U~l detector may also allow detection of a subset of electronic decays of B 
(Section 2.2). 

3.1.1 Predicted Muon Rates in D0 [141 Figure 12 shows the expected D0 muon trigger 
rate at L = 1030 due to muons from C- and B- hadron decays. This plot was obtained using 
ISAJET convoluted with the D0 muon trigger efficiency. The same calculation gives the ratio 
b/(b + c), (fig. 13), and the fraction of decay-in-flight muons (fig. 14) as a function of muon PT· 
For an integrated luminosity of 1 pb-1 the Monte Carlo predicts a total of 1()5 identified dimuon 
events from c/b- quark production; the requirement of PT> 2 GeV/c for each muon would reduce 
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this number to 45K. It should be stressed that these numbers have not been corrected for muon 
reconstruction efficiency(:== 33% in UAl) 

The fraction of triggering muons which come from gluon splitting (g ~ bo) is predicted 
to increase steadily with muon PT· Figure 15 shows the dimuon separation in cj> and R, (Tl-4> 
space), expected for bo events with 20 < PT(b) < 40 GeV/c in the D0 detector. The gluon splitting 
component (dashed tine) stands out 

3.2 Silicon Vertex Detectors 

There is considerable interest in using silicon vertex detectors in collider detectors to tag 
secondary vertices from charm and beauty decays. The CDF group are close to testing a four-layer 
prototype detector [15]. UAl has made detailed simulation studies [16] and a modest R & D effort 

-is underway. 
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Figure 16 shows a schematic of the proposed CDF silicon vertex detector (SVX) and Table 
5 lists some of the parameters. It consists of four layers of silicon surrounding the beampipe and 
centered at rapidity zero. The electrodes are parallel to the circulating beams. It will be read out by 
a low power CMOS Microplex chip currently under development at LBL. Figure 17 shows the 
expected resolution in impact parameter when the SVX is added to the CDF detector. 

The horizontal dipole magnetic field of the UAl detector dictates a "planar" geometry for a 
silicon vertex detector. One possible arrangement of four planes above and below the beampipe is 
shown in fig. 18; the electrodes are parallel to the magnetic field direction to optimize matching 
between track segments in the silicon detector and the central tracking chamber. 

A detailed simulation using BB events generated by ISAJET with 8 < PT < 16 Ge V /c has 
given the following results for the geometry shown in fig. 18 [15]: 

i) the efficiency for tagging B-hadrons by impact parameter is about 10%, 
ii) the efficiency for B-vertex reconstruction. (with 3 or more tracks) is about 2%. 

These relatively low efficiencies are due to the absence of coverage within ±45° in azimuth of the 
horizontal plane. 

A simulation study of a silicon vertex detector in the D0 experiment is reported elsewhere~ 
in these proceedings [ 17]. The utility of this detector is limited by the absence of a central magnetic 
field in 00. 

Table 5. Parameters of the CDF silicon vertex detector. 

Inner Radius 

Outer Radius 

Silicon Thickness 

Pitch 

No. Channels 

Readout 

-60-

29mm 

80.5 mm 

280µ 

60µ (1,2,3), 110µ (4)-

34,000 

LBL CMOS µ-Plex Chip 



(a) 

(b) 

Fig, 16. Schematic of the CDp •ilicon Yertex detector. 
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4. CONCLUSIONS 

The techniques available to the current collider detectors for BB detection are muon 
triggering and precision vertex detectors. The single muon trigger can provide an unbiassed 
sample of b-quarks for hadronization and decay studies. However experience indicates that this 
trigger is effectively limited to PT(µ) ~ 5 Ge V /c both by the need to control trigger rates and to 
avoid background from 7t/K decays in flight. 

The Tevatron and CERN pp colliders producing about 106 (HP) b--quarks per day at 
luminosities of 1030cm-2s-1 are indeed B-factories. However for the current collider detectors the 
effective luminosity is reduced at least two orders of magnitude by the inefficiency of the muon 
trigger. 

The excellent muon capability of the UAl and D0 detectors will permit significant studies 
of BO-Bo mixing and heavy quark production mechanisms based on large samples (104-105) of 
dimuon events. 

U A 1 and CDF have good momentum resolution for charged particles. The addition of 
silicon vertex detectors to those experiments could allow the study of B lifetimes and decays. Both 
CDF and UAl, however, lack comprehensive particle identification; CDF is also limited by an 
inefficient muon system. 

In summary the existing collider detectors are likely to play a major role in exploring the 
BB sector in the next few years. But many of the goals proposed in this workshop and others [18] 
are clearly out of reach. The achievement of these goals and the full exploitation of the b-quark 
flux at the Tevatron collider will require a detector specifically designed for this purpose. 

1. C. Albajar et al., (UAl Collaboration), Phys. Lett. 186B (1987) 237 and 247. 
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4. C. Albajar et al., (UAl Collaboration), "Study of Heavy Flavour Production in Events with a 
Muon accompanied by Jet (s) at the CERN Proton-Antiproton Collider, CERN-EP/87-189, 
Oct. 1987, submitted to Zeitschrift fur Physik. 

5. L. Dilella, private communication. 

-63-



Abstract 

FIXED TARGET BEAUTY PHYSICS EXPERIMENTAL PROGRAMS 

Peter H. Garbincius 

Fermi National Accelerator Laboratory 
Batavia, Illinois 60510 

The current and near term future £ixed target physics e££orts in 
observing particles with open beauty are reviewed. This includes a 
compilation 0£ the non-observation upper limits and the observation of both 
upsilon and b-states. A short discussion 0£ the theoretical predictions £or 
the hadro-produced beauty pairs is included. The major part 0£ this review 
is devoted to the techniques and tricks employed, a survey 0£ the current 
and proposed experiments. A personal summary 0£ the experimental prospects 
concludes this report. A similar review has been done by J.D. Bjorken (1). 

Discovery and Obseration 0£ the Upsilon 

Any discussion at Fermilab 0£ beauty physics would be incomplete 
without an acknowledgement (2) 0£ the discovery 0£ the upsilon by E-288 and 
the beautiful, hi-resolution results 0£ E-605. The experimental layout 0£ 
E-605 £or closed geometry di-muon running and the observed three upsiloit 
peaks and the high mass continuum are shown in Figures 1 and 2. Also 
included are the limits on new resonance-like objects decaying into di-muons 
at the level 0£ a £ew percent (q*B) 0£ the Drell-Yan continuum. Finally, 
resulting limits and exclusion regions £or axion production followed by 
decay to e+ e- taken in parallel with the open geometry phase 0£ E-605 are 
included. 

Non-Observation 0£ Bottom in Fixed Target Experiments 

During the late-1970's through the middle-1980's there have been 
several experiments at CERN and Fermilab searching for open bottom 
production in hadron (3,4) and muon (5) beams. The techniques employed both 
pion and proton beams, and open and closed geometries to search for 3 or 4 
muons, or same sign di-muons which would signal production of b b-bar pairs 
followed by semi-leptonic decays into charm pairs, with subsequent charm 
decays into muons. The technique of WA-17 Goliath (4) was slightly 
different in that this open geometry experiment attempted to reconstruct 
exclusive.decays of the b-particles into;-;,;-~, or ;-K-(n-~'s). The 
cumulative results of these searches were 90% confidence limits on the 
production of beauty pairs at about the 2 nb/nucleon level. If the 
production of b b-bar was assumed to be diffractive-like, these limits would 
increase to about 10 nb/nucleon. These limits were quoted for 400 GeV 
proton beams and 190-350 GeV negative pion beams. 

* Talk presented at the Workshop on High Sensitivity Beauty Physics at 
Fermilab, Batavia, Illinois, November 11-14, 1987. 
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Observation of Bottom Particles 

Two experiments at CERN have observed bottom particles using pion 
beams. The WA-75 collaboration (6) used an 350 GeV ~- beam, an emulsion 
target, and a closed geometry muon spectrometer. The total number of 
interactions observed was 3 x 10**8, 1.5 x 10**6 with a single muon trigger, 
and 10,000 with a single muon with Pt > 1 GeV cut. They observed one event 
in the emulsion with four decay verticies (Figure 3) in which two negative 
muons were analyzed in the muon spectrometer. The most likely scenario is 
the production of a B+ BO-bar pair followed by decays to DO and D-
subsequently followed by the decays of the charmed particles. This 
observation is a very striking graphic of both the beauty of the physics and 
the difficulties and opportunities for event reconstruction awaiting 
electronic detectors. 

The WA-78 collaboration (7) interacted a 320 GeV negative pion beam in 
a Uranium target calorimeter. The hardware trigger required two muons. 
Software cuts were applied to require both high Pt for the muons and missing 
energy signaling neutrino production. In this manner, 13 tri-muon events 
were obsered consistant with the production of B-pairs and semi-leptonic 
decays at at least three of the four bottom and charm decay verticies. The 
quoted cross section for 320 GeV K- U interactions is: 

u(~- U -> b b-bar) = 4.5 +- 1.4 +- 1.4 nb/nucleon (assume A**l) 

or 

U(K- U -> b b-bar) = 17.6 +- 5.5 +- 5.5 nb/nucleon (assume A**0.75). 

E. Berger (8) has reported that the WA-78 group has revised these cross 
sections downward after review of their acceptance calculations. The 
revised cross section reported at San Miniato, May, 1987 were: 

u(~- U -> b b-bar) = 2.4 +- 0.7 +- 0.8 nb/nucleon (assume A**l). 

Theoretical Predictions for Hadroproduction of Beauty Pairs 

A compilation of theoretical estimates of the beauty hadroproduction 
cross sections are shown in Figue 4 taken from the E-771 proposal (9,10). 
Also included are the production limits and observations of WA-75 (6) and 
WA-78 (7). The theoretical estimates of hadroproduction beauty cross 
sections are •ery sensitive to the assumed functional form of the QCD 
evolution scale, the assumed mass of the bottom quark, and any K-factor 
enhancement. Butler and Berger (11) have come up with benchmark cross 
sections that are useful for comparison of anticipated event yields for 
upcoming experiments. Berger suggests the following cross sections (K=l) 
which are near the center of most of the theoretical spread of predictions: 

400 GeV 
600 GeV 
800 GeV 

u (p p -> b b-bar X) 

0.3 nb 
1.5 nb 
4.5 nb 

(0.2 to 0.6 range) 
(0.9 to 3.0 range) 
(2.0 to 9.0 range) 
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400 GeV 
600 GeV 

a (K- N -> b b-bar X) 

3.0 nb 
7.0 nb 

(1 to 6 range) 
(3 to 14 range) 

These benchmark cross sections are also shown in Figure 4. 

B-Physics Techniques and Tricks 

All current attempts to study bottom production in Fixed Target 
experiments employ sophisticated vertex detectors to try to observe and 
isolate events with downstream secondary verticies signaling the decay of 
either the beauty particle or its charm particle daughter. It is also worth 
noting that each of these beauty experiments, notwithstanding the 
difficulties of observing beauty, is, in its own right, a powerful charm 
experiment. A brief preview of the varied techniques employed is given. 

The vertex detectors chosen include silicon micro-strip detectors (SYD 
or SSD) by most experiments, emulsions (WA-75 and E-653), optical 
scintillating fiber targets (WA-84 and E-687), and a high resolution 
streamer chamber (T-755). In addition, the emulsion, scintillating fiber, 
and streamer chamber experiments also use silicon microstrips as part of 
their.vertex detectors. Some experiments use very loose total hadronic or 
transverse energy triggers (E-687 and E-769). WA-82 uses a reconstructed 
vertex algorithm for triggering. Single lepton triggers are quite in style~ 
(WA-75, WA-82, E-653, E-706). The channel B =>; X => µ+ µ- X is popular 
(E-771 and E-672-706). The son of E-605 proposes to search for exclusive 
two-body decays of bottom at high luminosity (P-789). E-690 will use a data 
driven track processor for full event reconstruction at the trigger level. 
Finally, the unique advantages of photon (E-687), muon (P-786), and hyperon 
(P-781, I/166, and P/233) beams will be used to enhance observation of 
bottom particles. 

Note on Sensitivites and Projected Event Yields 

For the following discussion and comparisons of individual experiments, 
I have tried to normalize all the expected sensitivities and event yields 
for a typical data run. The previously discussed benchmark cross sections 
were used. In addition, an A••l dependence for the beauty cross sections 
was assumed unless otherwise noted. I have assumed the following models for 
a typical data run. At Fermilab, the 1987 fixed target run is 7 months long 
with an assu.med.2°" devoted to experiment startup. Typical maintainence and 
study periods and accelerator operational efficiency (651) were assumed. 
This produces 3.4 x 10••6 data spill seconds per run. Similarly, the CERN 
1987 run of 79 days with 3.0 second spill/10.8 second cycle and the 
projected LEP era schedule of 125 days with 3.0 second spill/15.6 second 
cycle both give 1.9 x 10••6 spill seconds per year run. Including a similar 
20 I experiment startup and a 65 I accelerator efficiency typical of 
Fermilab operations, this gives a CERN rate of 1.0 x 10••6 data spill 
seconds per year. The experiments are assumed to be running at 30% dead 
time. · 
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E-653. Fermilab E-653 (12) is a U.S., Japan, Korea Collaboration using 
a hybrid emulsion spectrometer to study the hadronic production and 
lifetimes of charm and bottom particles (Figure 5). The incident hadron 
beam is 10**4 particles/second impinging on a 5% interaction length target. 
The single muon trigger fires at approximately 0.03 times the total 
interaction rate. The heavy quark candidate events are identified in the 
conventional spectrometer. Secondary verticies are identified using the 
silicon microstrips. The event vertex is projected using the silicon 
microstrip detector back into the emulsion target. This is the starting 
point for the vertex scan. This experiment has recently completed its data 
taking and is presently is in an analysis-emulsion event finding phase. In 
the 1985 run with 800 GeV proton beam, 6 Million triggers were taken, giving 
a sensitivity of 1.2 events/ob, including trigger, reconstruction, and event 
finding efficiencies. In the 1987 run, a 600 GeV ~- beam was used. This 
gave 9.6 million triggers and a sensitivity of 2 events/ob. These would 
correspond to approximately 5 b b-bar pairs produced for the proton data and 
14 b b-bar pairs produced for the pion data. 

WA-82-IMPACT (13) is a currently running experiment at CERN using the 
Omega spectrometer along with an impact parameter trigger. (Figure 6) The 
basic idea of the impact parameter trigger is shown in Figure 7. The pitch 
(strip resolution spacing) of the trigger SMD stations is chosen to be 
proportional to the distance downstream of the target. Given a well tracked 
beam particle, this provides a simple algorithm using the address of the hit 
strip to tag tracks that do not appear to originate in the primary vertex.~ 
For tracks that originate at the primary vertex, the strip addresses follow 
a particularly simple relation for each coordinate projection. n(a) = n(b) 
= n(c). For those tracks with finite impact parameters indicating a decay 
product, n(a') 1 n(b') ~ n(c'). The resolution of this impact parameter 
trigger is expected to be in the 100 - 1000 micron range. 

This experiment will run with 360 GeV ~- and 280 GeV enriched ~+ beams. 
Its expected interaction rate is 0.9 x 10**4 interactions per second on a 
0.84 % L-int W + 0.27 % L-int Si target. For a typical CERN running period 
of 40 days (including 8 days set-up), this would correspond to an expected 
sensitivity of 150 events/ob. Assuming 3 nb production cross section 
scaling as A**l and a 1 picosecond b-particle lifetime, the expected b b-bar 
sample would be 1500. With a Pt > 1.3 GeV electron cut, this would be 
reduced to 135 b b-bar pairs (with a DD-bar background of 3000 pairs). A 
further missing Pt cut would produce 50 h's with a background of 60 D's. 

WA-82 has recently completed a data run during the summer of 1987 (14). 
This included a 15 day setup period and 30 days of data. During this period 
10 Million triggered and 3 Million unbiased events were recorded. 5 ~ have 
been analyzed and several thousand charm events are expected from this data 
sample. This experiment is anticipating a similar run next year. 

WA-84-SCIFI (15) is another CERN experiment using the Omega 
spectrometer with a specialized target. (Figure 8). The production 
target-detector consists of optical SCintillating Fibers giving the 
experiment nickname. The scintillating Ce2-03 fibers are 20 microns in 
diameter and are orientated longitudially along the beamline (Figure 9). 
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The readout is by a phosphor screen memory for trigger delays followd by a 
gated image intensifier and CCD readout. The beam's eye view of a monte 
carlo interaction is shown in Figure 10 with four decay verticies. 

For comparison, E-687 (16) is also working to develop a scintillating 
fiber active target vertex detector SFT as shown in Figure 11. In this 
case, the fibers were chosen to run perpendicular to the beamline. A three 
stage gated intensifier is used. It is indended to test this device in the 
wide band photon beam during the current running period. Future enhancement 
may include small angle stereo to allow three dimensional tracking. 

WA-84 will use a 360 GeV ~- beam at incident intensity of 5 x 10**6 
pions per second. A simple interaction trigger will gate the image 
intesifier within 50 nanoseconds. A 4-particle high Pt trigger developed 
(Figure 12) by WA-77 will arrive within 1 microsecond to veto to the clear 
for the CCD. Readout deadtime for the CCD is expected to be about 20 
millisecond. The trigger rejection using this 4-particle trigger with Pt > 
0.6 GeV is anticipated to be 1/600 with an efficiency of about 10 %. The 
request is for a 50 day data run producing 670 b b-bar pairs assuming a 3 nb 
production cross section, approximately 1/3 of these events with all four 
decay verticies observed within the SCIFI target. The experiment is 
awaiting a 15 day test run. 

E-771 (17) is a study of beauty production associated with di-muon 
production in proton-nucleon interactions. Figures 13 and 14 show th~ 
augmented E-537/E-705 spectrometer and one possible configuration of a high 
rate target and silicon strip vertex detector. This experiment is preparing 
to run during the next Fermilab fixed target running period. The physics 
goals are to study the cross sections, lifetimes, mixing, and some exclusive 
decay modes of bottom particles. This experiment uses an open geometry 
spectrometer with a muon trigger, and silicon vertex detector. Future 
growth may include a (not yet approved) ring imaging cerenkov counter 
(RICH). The current E-705 spectrometer is capable of operating at 2 x 10**6 
interactions per second with a data acquisition system capacity of 200 
events/second. The trigger acceptance of the B => ; => µ+ µ- is 25 %. The 
reconstruction and other efficiencies are estimated to be 60 %. A typical 
Fermilab data run would produce a production sensitivity of 160 events per 
picobarn/nucleon. 

The main trigger of E-771 will use the large branching fraction of B => 
; (1 %) followed by;=>µ+µ- (7 %). This gives a total BR of 7 x 10**-4 
(times two foi:. each of the band b-bar). Using a benchmark cross section 
for b-production of 4.5 nb/nucleon an a A*•l enhancement for a tungsten 
target, this would yield approximately 540 b b-bar events with a ; => µ+ µ-
tag in a typical data run. 

The second physics goal is to study BO - BO-bar mixing. This is 
manifested by same sign di-leptons from the semi-leptonic decays of the B's. 
Using the integrated luminosity and sensitivity above, 5400 non-mixed +-
muon pairs would be observed. Using the ARGUS ~esults and assuming 20 % 
mixing for the BO-s, there would be 650 ++ and ~- mixed muon pairs. However 
there would be 2900 ++ and -- muon pairs from the b => c => µ decay chain 

-69-



where the semi-leptonic decay of a charm produced from a non-mixed beauty 
would mimic the mixing process. Therefore a 4/1 background to signal ratio 
is anticipated at this level. The signal will be cleaned up by 
reconstructing the decay verticies to insure that the observed trigger muons 
come from the parent b and not the daughter c decays. Cuts could also be 
placed on the effective mass of the ++ or -- muon pairs to possibly enhance 
the mixed content of the data sample. 

A third physics goal of E-771 is to observe some exclusive decay modes 
including; similar to that of WA-17. Each of these decay channels: ; K-, ; 
K- "+, ; ;, ; K+ K-, ; "' are anticipated to have branching ratios on the 
order of 0.1 %. The study of these channels may also require the RICH 
counter which has not yet been approved by the Physics Advisory Committee. 

E-706/E-672. The combined apparatus of E-706 and E-672 (18) has a 
capability of studying many of the topics covered by E-771. See Figures 15, 
16, and 17. E-706 is a study of hadronic production of high Pt single 
photons and features a silicon microstrip target-detector, an open geometry 
magnetic spectrometer, and large aperture electromagnetic and hadronic 
liquid argon calorimeters (LAC). This LAC can provide a high Pt electron 
trigger for beauty physics. E-672 has a di-muon toroid spectrometer and 
trigger that was used in conjunction with the Fermilab Multi-Particle 
Spectrometer to study hadronic states associated with di-muon production. 
These two experiments share the apparatus, triggering, and data sets. After 
a lengthy startup period for the liquid argon calorimeter, these experimenta:.. 
have begun common data taking. The operation of the E-672 di-muon trigger 
processor is shown in Figure 18 showing the on-line trigger ; resolution 
using only the toroid spectrometer. Similarly, the E-706 liquid argon 
calorimeter octant photon trigger and reconstructed " 0 mass resolution is 
shown in Figure 19. The lack of background feeding down from the 
Wspectatorw octant under the •triggerw octant Pt sum is encouraging both for 
photon and electron triggering. 

The beauty physics goals of E-706/E-672 are similar to those of E-771. 
It uses a 530 GeV "- or 800 GeV proton beam with a maximum interaction rate 
of 10**6 interactions per second. Since E-706 is primarily interested in 
direct photon studies, it will continue to use a 5% Carbon target to allow 
separation of the QCD Compton and Annihilation processes for "+ and "-
beams. In a typical Fermilab data run, this would result in a production 
sensitivity of about 116 events/picobarn/nucleon. Including the A•*l 
enhancement would give a production sensitivity of 220 events/picobarn. The 
di-muon accepta.Dce for B => ; => µ+ µ- is 12 % giving an event yield of 200 
b b-bar pairs. Similarly, for continuum muon production above the ; the 
acceptance is 3.5 I for the study of mixing. This would lead to 120 same 
sign di-muon pairs from BO - BO-bar mixing. The experiment is currently 
operational and taking data. It is expected that there will be 
approximately 500 hours of K- C data giving 25 B => ; => µ+ µ- and 15 mixed 
++ or -- muon pairs this run at 10•*6 interactions per second. 

Additional future (not yet approved) enhancements for the study of 
beauty physics would be the use of a heavy W target, the upgrade of the 
hadronic part of the Liquid Argon Calorimetry to provide hadronic triggers, 
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the upgrade of the proportional chambers with higher resolution mini-drift 
electronics, and a possible ring imaging cerenkov counter (RICH). 

E-690 and BNL E-766 (19) uses a high rate spectrometer and a data 
driven, real time, track reconstruction processor to study the production of 
charm and beauty. The track processor has operated at rates of 10**5 fully 
reconstructed events per second at the trigger level. This experiment has 
used the apparatus of Figure 20a. as Brookhaven E-766. This experiment had 
two weeks data using n-p interactions at 15-28 Gev, accumulating 300 Million 
events with a 9 or more track trigger. Similarly, another 300 Million 
events were taken in less that 2 weeks using 28 GeV p-p interactions 
requiring 10 or more (and some prescaled 8) track events. These data were 
typically taken at 10**6 interactions/second with 30 % dead time. The 
spectrometer is probably capable of operating at up to 2 x 10**6 
interactions/second. Beyond that, it would be limited by overlapping event 
confusion. For the BNL data, the event processor was not available for 
triggering. The data was taken on tape and analyzed later, at input physics 
data speeds, using the processor in a playback mode. At Fermilab, the 
processor is expected to provide on-line event reconstruction and trigger 
selection. 

It was anticipated that E-690 would be installed at Fermilab for the 
next fixed target physics run in the experimental hall currently occupied by 
E-605/E-772. The proposal P-789 to use the E-605 spectrometer for studying 
exclusive two-body beauty states may have an impact on which beam may be~ 
made available for E-690. 

E-690 has been split into two phases. The first approved phase (Figure 
20b.) is to move the BNL E-776 spectrometer to Fermilab and add a forward 
spectrometer to study p + p => p(forward) + target fragmentation. The 
existing BNL E-766 spectrometer would study the target fragments. At 2 x 
10**6 interactions/second, this would correspond to the production of 
700,000 b b-bar pairs per run. A goal of Phase 1 is to search for beauty 
production among the target fragements. The recoil b b-bar state would have 
a laboratory momentum of 50-75 GeV/c, approximately three times that of the 
states studied at BNL. This Phase 1 detector uses a liquid hydrogen target, 
and does not have neutral particle or lepton detection. The vertex 
proportional chambers are claimed to have sufficiently high resolution for 
the study of b b-bar decays. 

P-690 Phase 2 (Figure 20c.) would add a second analysis magnet, an 
additional cerenkov counter, EM and hadronic calorimetry, and a muon 
detector .to increase the phase space region studied. This enhancement has 
not yet been approved by the Physics Advisory Committee. 

P-789 (20) is a proposal by the E-605-E-772 collaboration to use the 
existing spectrometer in the open geometry configuration to study the 
two-body exclusive decays of b-particles at high luminosity. The main 
features of the apparatus are shown in Figure 21 and include the refurbished 
ring imaging cerenkov counter, a new collimat~r shield and high resolution 
proportional chamber station both at the downstream end of the mass 
selection magnet, and a pair of silicon microstrip vertex detector arrays to 
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be placed just downstream of the primary target. Assuming a branching 
ration of about 0.01 % for exclusive two-body states such as "+ "-, K+ K-, 
"+ K-, and K+ p-, this would correspond to a a*B of approximately 1 picobarn 
per channel. This is comparable to the a*B of T => µ+ µ- of which E772 will 
obtain about 30 thousand upsilons during the 1987 closed geometry, high 
intensity data run. The general idea is to tune the spectrometer to 5 GeV 
masses corresponding to an acceptance of about 6 %, reduce the incident 
proton rate to 5 x 10**8 interactions per second corresponding to 10 
interactions per RF bucket, improve the spectrometer mass resolution to 
approximately a(m) = 1 MeV, and add the silicon vertex tracking system. 
Finally, add a lifetime vertex trigger processor to provide an on-line cut 
of 0.5 B lifetime with a a(t) = 0.2 picosecond. There are many technical 
questions about the survivability of the silicon vertex trackers and their 
reconstruction confusion at high rates, the actual mass resolutions 
attainable, and the development of the vertex trigger hardware. If it all 
works, then in a single data run, P-789 may obtain: 

BO-d => "+ "- 800 events S/N = 1/11 
BO-d => K+ K- 800 events S/N = 1/2.5 
BO-s => K- "+ 400 events S/N = 1/7.5 

A-b => K+ p- 400 events S/N = 1/1.5 

~he rates and backgrounds are calculated based on the E-605 open 
geometry running experience. 

~ 

P-791. This letter of intent (21) considers the extension of the 
currently running E-769 to study beauty physics. This would use the Tagged 
Photon Lab Spectrometer, Figure 22, which performed the very successful 
charm experiment E-691, with a secondary hadron beam upgraded to 
approximately 500 GeV. The current spectrometer drift chambers can operate 
at up to 4 x 10**4 interaction/second. The current SCC + RBUFF + ACP data 
acquisition can take up to 400 triggers per spill second at 35 % dead time. 
The current E-transverse trigger threshold of 2.2 GeV (0.33 a-inelastic) can 
be increased to an equivalent of 0.05 a-inelastic. In addition, high Pt 
lepton and multiplicity jump triggers will be considered. Such an 
interaction rate will allow a sensitivity of 4.6 events/pb or 23,000 
produced b b-bar pairs in a typical fixed target running period, even 
without an additional A**l target enhancement. 

NA-32 - HELIOS. This currently running experiment (22) is intended to 
study the hadroproduction of electrons, muons, and neutrinos. Although it 
is not specifically designed to study beauty physics, its high resolution 
calorimetry, closed geometry, and silicon microstrip vertex detector, Figure 
23, may be quite adaptable to study this physics. The apparatus is designed 
to use a 450 GeV proton beam incident upon a very thin beryllium target at 
an rate of 5 x 10**4 interactions per second, giving a sensitivity of 2 
events per picobarn or about 800 b b-bar pairs produced for a typical data 
run including the A**l enhancement. 

E-687 (23) is a new spectrometer, Figure 24, featuring two analysis 
magnets, 20 planes of MW.PC with mini-drift, 3 cerenkov counters, 2 muon 
detectors, 3 electromagnetic calorimeters, 2 hadronic calorimeters, and most 
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importantly, a 8400 channel silicon microstrip vertex detector. It uses the 
high flux wide band electron beam at 350 GeV to study photoproduction of 
charm and beauty. This corresponds to approximately 2.5 times the photon 
flux used by E-691 in their successful charm photoproduction experiment. 

Photon-Gluon Fusion Models predict a photoproduction cross section for 
beauty pairs that rises linearly from a threshold of about 100 GeV up to the 
range of 3-7 nb/nucleon at 500 GeV photon energies. The added feature of 
photoproduction is, that at a typical photon energy of 250 GeV, the ratio of , 
b b-bar/hadrons is 1.8 nanobarn/120 microbarn = 1.5 x 10••-5, compared to a 
similar ratio of 1.7 x 10••-7 for 800 GeV p-p interactions, an enhancement 
of almost 100! 

The 350 GeV electron energy was chosen to optimize the rate of detected 
b b-bar events per primary proton. The data acquisition system can handle 
up to 200 hadronic events per second. The expected event rate is 190 
hadronic events produced per second over the range of tagged photons 150 -
400 GeV. This correspond to production of 0.1 b b-bar pair per pulse, 6 b 
b-bar pairs per hour, or 15,000 b b-bar pairs per run. The experiment 
trigger is designed for tight rejection of e+e- pairs with a loose hadronic 
trigger requirement of a minimal hadronic calorimeter energy or a di-muon 
pair. This experiment had attained a data taking mode before sustaining a 
damaging fire in early October, 1987. It is currently in a startup mode 
after rebuilding and expects to be ready to take another month of data this 
run. 

P-786 (24) is a follow-on experiment to E-665 which is in its first 
data run with the new muon beam and spectrometer. This future proposal 
would replace much of the wide angle spectrometer (Figure 25) with an 8 
meter long Uranium-scintillator target calorimeter with an incident muon 
beam up to 750 GeV. The experiment would search for tri-muons which would 
include the beam-like muon and two high-Pt muons from b b-bar decays. The 
expected muo-produced hadronic events is expected to have 10••-4 b b-bar 
content. 10••9 hadronic events could be observed in a typical running 
period giving 10••5 b b-bar pairs produced leading to 10••3 µ+ µ- pairs and 
100 mixed ++ or -- pairs. 

Production of eron Beams Three experiments are proposed 
to use hyperon eams to stu y ot c arm and bottom production. These 
proposals have been encouraged by the apparently large cross sections for 
charmed baryons and exotics such as the A p-bar ~'s state at 3105 MeV which 
have recently been reported by E-400, WA-62, and BIS-2 using neutron and 
hyperon beams. These proposals or letters of intent include I/166 (25) 
which proposes to either bring a hyperon beam to NA-14 or NA-14 to a hyperon 
beam, P/233 (26) proposing to bring a hyperon beam to the Omega 
Spectrometer, and P-781 (27) proposing to build a new large-x baryon 
spectrometer for the Fermilab P-Center hyperon beam. 

T-755 (28) is a test of the diffusion suppressed high resolution 
streamer chamber developed by Yale University. The proponents consider a 
streamer chamber as an ideal device for the study of beauty physics due to 
its unique ability for pattern recognition and reduced combinatoric 
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backgrounds compared to silicon microstrip projection detectors. It will be 
able to reconstruct complex four vertex topologies including the important 
charged or neutral determination. Finally, this detector could operate 
along with some spectrometer such as P-791 at rates up to 8 x 10**3 
interactions per second. 

The streamer chamber has streamer diameter from 50 - 100 microns, 
adjustable density of 2-10 streamers per millimeter, a diffusion a of less 
than 12 microns, an adjustable memory time of 1-10 microseconds for 
triggering, and a dead time of 50-100 milliseconds limited by the Marx 
generator. The chamber size would be 14 x 4.5 x 2 cm**3, giving typically 7 
cm fiducial volume, 1 cm for beam tracking, and 6 cm for clear track 
measurement. An event observed in the Meson-Test beam is depicted in Figure 
26 showing four tracks produced just upstream of the chamber. The vertex 
reconstruction width is less than 12 microns a. Note that only 2 cm was 
photographed for this test. 

Typical chamber operating conditions in an experiment would be 60 
atmospheres with 10% He - 90% Ne mix. The chamber works on the principle of 
capturing the produced ionization by 02 (0.4 atmosphere 02) forming an 02-
ion within 20 nanoseconds. This rapidly (10 nsec) converts to an 04- ion. 
While parked on this heavy ion, the thermal diffusion of the ionization is 
suppressed while the trigger is formed. Upon a decision to trigger, a 
photo-ionization laser fires liberating the electron and the streamer 
chamber is pulsed. The lifetime of the 04- ion is controlled by the~ 
concentration of 002 giving a lifetime of 6 microseconds for 10 mm Hg of 
002. Readout would be by film, or perhaps COD camera. 

Summary 

The current and near future fixed target beauty physics programs give 
the promise of: 

a handful of beauty events with emulsions (E-653, WA-75), 
a few hundred beauty events with specfic decays (E-771, P-780, 

E-672/E-706, NA-32), 
a few thousand relatively unbiased beauty events (WA-82, WA-84, 

E-687, P-791), 
and a few thousand beauty particles detected with special decay channels, 

topologies, or restricted triggers (E-690, P-789). 

These will ~e sufficient numbers of events to investigate the b-cross 
sections with beauty identification by decay topologies. There will be the 
first attempts at full reconstruction and decay mode studies. The lifetimes 
of both the charged and neutral B's will be measured. There may be 
sufficient statistics to begin the observation of BO - BO-bar mixing. 
However there will not be enough events for the interesting studies of CP 
violation. 

Further progress will require both t~chnological and conceptual 
breakthroughs. 
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Figures 

Figure 1. E-605. 

Figure 2. E-605 PRELIMINARY Data. 

Figure 3. WA-75 observation of a four-decay vertex event in a 
~- Emulsion collision. 

Figure 4. Compilation of theoretical cross sections, upper limits, 
and observations of beauty production. 

Figure 5. E-653. 

Figure 6. WA-82 OMEGA-IMPACT. 

Figure 7. WA-82 IMPACT Vertex Detector and Trigger Scheme. 

Figure 8. WA-84 OMEGA-SCIFI. 

Figure 9. WA-84 SCIFI Scintillating Fiber Active Target. 

Figure 10. WA-84 SCIFI Bea.m's Eye View. 

Figure 11. E-687 Scintillating Fiber Active Target. 

Figure 12. WA-84 SCIFI Trigger Geometry. 

Figure 13. E-771. 

Figure 14. E-771 Vertex Spectrometer. 

Figure 15. E-706 and E-672. 

Figure 16. E-706. 

Figure 17. E-672. 

Figure 18. E-672 1 on-line 1 trigger processor di-muon mass. 

Figure 19. E-706 Photon trigger spectra and ~0 mass. 

Figure 20. BNL-E-766, E-690 Phase 1, and E-690 Phase 2. 

Figure 21. P-789. 

Figure 22. E-769/P-791. 

Figure 23. NA-32 HELIOS. 

Figure 24. E-687. 

Figure 25. E-665/P-786. 

Figure 26. T-755 Test beam event in diffusion suppressed streamer chamber. 
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B Physics at e+e- Machines 

David B. MacFarlane 
McGill University, Montreal, Quebec 

Abstract. A review of present successes and future prospects for B physics 
at e+ e- machines is undertaken. Existing measurements are briefly examined 
to lay the groundwork for extrapolating results for the future of threshold 
experiments, before considering the capabilities of zo experiments. Proposals 
for new facilities are also discussed. 

Although the first evidence for the b-quark was found some 10 years ago (1] with the 
discovery of the Y(lS), the lightest bb bound state, progress in determining the properties 
of the b-quark has been painfully slow. Most of what we do know, with the exception of 
lifetimes, has been the work of e+ e- experiments running on the Y( 4S) at the threshold for 
B production. The dominant b ---+ c modes have been explored, including the reconstruction 
of a few exclusive channels. B0 -I3° mixing has been observed, and first evidence for a finite 
b---+ u coupling obtained. However, these measurements are only sufficient to whet one's 
appetite. 

A future program should aim for precision determinations of: 

• Vub and Vcb 

• lifetimes and semi-leptonic branching ratios 

• B0-B0 and B~-Bg mixing rates and properties 

Observation of rare decay modes, in particular of radiative B decays via the penguin 
diagram, would help clarify our picture of weak decays. When seen, the leptonic B decay 
to TVr will provide a much needed measurement of the B form factor. Ultimately, of course, 
the rich realm of CP violation in the b-system beckons. These goals will be considered as 
benchmarks for this review. 

A survey of existing experimental techniques and results will shed some light on the dif-
ficulties and future prospects. The zo as a prolific source of b-quarks will soon be available, 
with possible new and complementary approaches to the experimental problems. Reflect-
ing the active interest of the community and the successes achieved at e+ e- machines, 
proposals for new e+e- facilities are under consideration and will be examined. 
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1 Present Situation 

1.1 B Reconstruction 

Both ARGUS [2) and CLEO [3,4) have succeeded in reconstructing B mesons. Starting 
with data samples containing 1 to 2 x 105 B decays, they each have been able to identify. 
about one hundred B mesons in the cleanest hadronic decay channels. This low recon-
struction efficiency is the major impediment to progress in probing the b-system. Hence, 
it is instructive to examine the techniques used by these groups. Not all of the difficulties 
encountered are applicable to continuum experiments above threshold. However, a com-
mon factor is certainly the typically small exclusive branching ratios for hadronic modes. 
For two-body decays, presumably the most accessible, these are approximately an order 
of magnitude smaller for B mesons than for charm. 

The T( 4S) is in many ways an attractive source of B mesons: the large cross section 
implies both a high rate of B production and a favourable signal-to-background ratio. 
Moreover, the T(4S) is a pure source of B- and B0 ; there are no complications due 
to production of heavier b-:fiavoured hadrons. This also implies that the energy of a B 
candidate is the beam energy, which provides an often invaluable constraint, as we will see 
shortly. 

However, there are also disadvantages. Working at threshold means the B mesons are 
produced nearly at rest, with at least two detrimental consequences. First, the decay 
products of the B and B are completely intermixed, resulting in formidable combinatorial 
backgrounds. Second, detectors must cover a large solid angle, since geometry contributes 
to the acceptance losses with a power corresponding to the number of final state particles 
in the decay. The combinatorial background can, in part, be reduced by particle identi-
fication. Even so, searches are in general confined to channels with intermediate charm 
states, more readily identified in the detector, or low multiplicity. Unfortunately, the use 
of intermediate states implies yet another substantial efficiency reduction, since only a 
small fraction of charm decays will be available. 

As a specific example, consider the reconstruction by ARGUS of the decays: 

D*+7r-7ro 

D*+7r-7r-7r+ 
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and 

where the D*+ is detected via its decay into D0 7r+, and the D0 is seen m any of the, 
following channels: 

Kg7r+7r-

K- 7!"+ 7ro 

K-7r+ 7!"+ 7!"-

In all, five B decay channels were studied, comprising, with the four D0 decay modes, a 
total of 20 decay chains. Up to 9 particles observed in the detector are combined to form 
a B candidate. 

In the search for B candidates, two principal requirements were made: 

• the probability for the sum of x2 from particle identification and kinematic fits must 
exceed 1% 

• the candidate must have an energy within 30' of the beam energy 

Through particle identification and good mass resolution for short-lived intermediate 
states, particularly for the D*+ -D 0 mass difference, a sharp reduction in combinatorial 
background is achieved. Candidates satisfying these cuts were subject to an energy con-
straint fit. Thereby, the mass difference between m(B) and a fixed value for m[Y( 4S)]/2 
is effectively measured, for which the experimental resolution is about 4 MeV /c2 • 

The resulting mass plot for 59 pb-1 on the Y(4S) is shown in Figure la. A signal of 
about 71 events can be seen above a falling background, parameterized by: 

1: ~ mJl -m2 /E~eam 
This is the expected shape if the background is uniformly distributed in phase space, a 
reasonable assumption for the continuum contribution. Backgrounds from Y( 48) events 
with incomplete or incorrect reconstruction problems, e.g. missing soft particles or par-
ticle misidentification, lead to correlated background components and nearby reflections. 
Such difficulties should receive serious consideration in the planning of future experiments. 
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Figure 1. Mass distribution for combined B- and B0 channels [2], (a) for all 20 considered 
decay chains, and (b) with the 6 highest-background decay chains removed. 
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Typically, Monte Carlo studies implicitly ignore such possibilities. If the six channels with 
large combinatorial background are removed, a clean sample of 29 events is obtained (Fig-
ure lb), suitable for tagging experiments. However, an efficiency of 3 x 10-5 is far too 
small to be useful with present luminosities. 

The same kind of approach has been successfully applied to other exclusive modes in-. 
volving the D0, n+ and J /'I/;. A summary of branching ratios for the known B decay modes 
is given in Table 1. The smallness of hadronic branching ratios is not very encouraging. 

Branching Ratio [% J 

Channel CLEO ARGUS 
B0 -+ n+7l'- 0.60 ± 0.30 ± 0.14 
B0 -+ D*+7l'- 0 32+0.11+0.11 . -0.13-0.07 0.35 ± 0.18 ± 0.13 
B0 -+ D*+7l'-7!'+7l'- < 4.8 (90% CL) 4.3 ± 1.2 ± 2.0 
Bo -+ D*+7l'-7l'o 2.0 ± 1.0 ± 1.0 
Bo-+ J/'l/;K*o 0.41 ± 0.19 0.33 ± 0.18 
B- -+ D07l'- 0 48+0.16+0.ll . -0.13-0.07 
B- -+ n+7l'-7l'- 0 25+0.41+0.24 . -0.23-0.07 
B- -+ D*+7l'-7l'- 0 21 +o.1s+o.os . -0.13-0.05 0.60 ± 0.30 ± 0.40 
B- -+ D*+ 7l'-7l'- 7l'o 5.6 ± 1.7 ± 3.4 
B--+ J/'l/;K- 0.09 ± 0.06 0.07 ± 0.04 
B- -+ J /'l/;K-7!'+7!'- 0.11 ± 0.07 
B--+ 'l/;'K- 0.22 ± 0.17 

Table 1. Branching ratios for exclusive B decays [5]. 
More promising are the semi-leptonic modes. ARGUS has used a recoil-mass technique 

[6] to extract a signal for the decay B0 -+ D*-.e+v, expected to be the dominant semi-
leptonic channel. The approach depends on small B0 momentum, as is the case for T( 4S) 
decays. The neutrino is unobserved, but can be inferred if the recoil mass against the 
D*-.e+ system, m;ecoil' is consistent with zero. The recoil mass is defined by: 

The D*- was reconstructed in the D0 7!'- decay mode, where the D0 -+ K+ 7!'- was kinemat-
ically constrained to the known D0 mass. Lepton identification was based on the coherent 
use of information from all detector components, implemented by constructing a combined 
likelihood ratio. The e+ or µ+ hypothesis was accepted if the likelihood ratio exceeded 

80%. 
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If the n•- candidates are required to have Xp < 0.5 and the lepton momentum above 
1.0 GeV /c, the recoil mass spectrum shown in Figure 2 is obtained from the full 103 pb-1 

of available T( 4S) data. Visible is a prominent peak at m;ecoil = 0 with little background. 
A fit to the recoil-mass spectrum yields a signal of 46 ± 7 events at m;ecoil = 0. The data 
are consistent with electron-muon universality, which is assumed in obtaining: 

Br(B0 -+ n•-e+v) = (7.0 ± 1.2 ± 1.9)% 

where the first error is statistical and the second systematic. Employing all four n° decay 
channels previously used for the hadronic B decays, ARGUS obtains a tagged sample of 
over 200 B0 decays, a substantial improvement in efficiency over the hadronic modes. 

1.2 Determination of Ycb 
One of the primary interests in studying B decays is the determination of the Kobayashi-
Maskawa matrix elements [7]. The decay width of the b-quark is calculated from the sum of 
spectator contributions from b-+ c and b -+ u transitions [8]. The theoretical uncertainties 
in non-spectator effects and QCD corrections are minimal for the semi-leptonic width: 

G 2 s 
rsL = 1~2~b (1Vubl 2 + 0.48IVcbl 2

) 

Since rsL = nBrsL/Tb, the experimental inputs are measurements of the B inclusive semi-
leptonic branching ratio and the b-quark lifetime. 

The inclusive semi-leptonic branching ratios for b-flavoured hadrons have been deter-
mined with good precision. On the T( 4S), measurements [9,10] of the branching ratio for 
B-+ xe+v give an average value of (11.8 ± 0.3 ± 0.6)% [11], where B represents a mixture 
of B0 and B+ mesons. A similar result, (12.0±0.6±1.5)% [11], is obtained by continuum 
e+ e- experiments [12,13], operating well above the open beauty threshold where a mixture 
of b-flavoured mesons and baryons is produced. Unless fortuitous, these measurements are 
remarkably alike, implying that stable b-flavoured hadrons have similar lifetimes. This is, 
in fact, the expectation if the spectator model provides a correct description of B decays. 

Measurements of the B lifetime have been made in continuum e+e- production at 
PEP and PETRA. These results are based on non-zero average impact parameters for 
enriched b-samples. Varying degrees of enrichment are obtained, for example, by requiring 
a high-PT lepton. The results rely on Monte Carlo simulation to estimate the b-content 
of the sample, and, of course, represent an average lifetime for b-flavoured hadrons. The 
present world average is (1.18 ± 0.14) ps [14]. 
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Figure 2. Recoil mass squared, M~ecoil, for events containing a D*- and one positive 
lepton with p > 1.0 GeV /c [6]. The hatched curve is the estimated background from all 
sources, and the histogram the Monte Carlo prediction for the decay B0 -+ D*-e+ v. 
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Figure 3. Allowed region (hatched area) for Vcb versus Vub from measurements of the 
b-lifetime and semi-leptonic branching ratio. 
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These results restrict the allowed values of Vub and Vcb to the shaded region in Figure 
3. However, it can easily be demonstrated that the b -+ c coupling dominates the decay 
width, simply by summing the observed number of charmed quarks produced per B decay. 
A charmed quark will be manifested by the observation of one of the stable charmed meson 
or baryon states, D0 , D+, Dt, J /1/J or A6, as a decay product. Direct measurements of 
the inclusive production rates for the first four of these have been made, while the baryon 
yield can be inferred from proton and A inclusive branching ratios. The latest results are 
shown in Table 2 [5]. Including a contribution of about 153 for the production of charm 
in W decays, one expects about 1.15 charm quarks per B decay, if Vub = 0. The observed 
rates are close to this value, although a 303 contribution for IVub/Vcbl could easily be 
accommodated. 

Branching Ratio [3] 
Channel ARGUS CLEO 
B-+D0X 63.0 ± 10.0 52.0 ± 8.6 
B-+ n+x 25.0 ± 6.4 22.0 ± 5.8 
B-+ ntx 12.0 ± 5.0 13.0 ± 4.7 
B-+ "J/'lj;"X 3.5 ± 0.6 3.5 ± 0.6 
B -+ "Ac"X 7.4 ± 2.9 7.4 ± 2.9 
Total 111. ± 13.2 97.9 ± 11.8 

Table 2. Observed number of charm quarks per B decay. 

1.3 Observation of Charmless B Decays 

Two approaches have been used in searches for b -+ u transitions in B decays. The first 
exploits the different kinematic limits for the lepton momentum in semi-leptonic b -+ c 
versus b -+ u decays. Although conceptually simple, in practice the extracted limits for 
!Vub/Vcbl are dominated by theoretical uncertainties. One can restrict the search to the 
narrow region beyond the kinematic limit for b -+ c transitions, with considerable loss in 
statistics, and thus eliminate any dependence on assumptions about the exact shape of the 
b -+ c spectrum. However, it still remains necessary to connect such a measurement to the 
inclusive rate for semi-leptonic b -+ u transitions, an extrapolation which embodies large 
uncertainties. In particular, because of the restricted momentum region of the search, these 
measurements are sensitive to just a few exclusive semi-leptonic channels. It is necessary to 
both make the momentum extrapolation, and predict the fraction these channels represent 
of all b -+ u transitions. There are a variety of models [15-19] which propose to do just 
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this, resulting in limits which vary by a factor of two. The present limit obtained in this 

manner is IVub/Vcbl < 0.17 (90% CL) [20], using a model which gives the least restrictive 
result [18]. 

An alternative method is to search for exclusive hadronic B decays with no charm or 
strangeness in the final state. In order to extract a measurement of Vub from a positive 
signal, the same difficulty in connecting an exclusive channel to an inclusive rate will arise, 
perhaps introducing even greater model dependence to any result. However, such a search 
may be experimentally more accessible, since no phase space restrictions are necessary and 
backgrounds can be smaller. 

Upper limits on channels leading to two or three pions in the final state have been 
reported by CLEO [4]. These searches are typically restricted to low multiplicity channels, 
where combinatorial background can be kept to manageable levels, and do not reach an 
interesting level of sensitivity. If more of the available phase-space were absorbed as mass, 
it is possible that the sensitivity in low multiplicity channels might be improved. ·This 
leads naturally to searches for non-charm final states containing baryons. 

Following this line of thought, ARGUS has investigated the channels: 

B- -t pprr-

B0 -t pprr+ rr-

The data for this analysis consists of about 103 pb-1 obtained on the Y(4S), consisting 
of some 176,000 B decays. For background studies, 42 pb-1 in the continuum at centre-
of-mass energies just below the Y( 48) are also used. Particle identification information 
is incorporated by selecting candidates with a probability of greater than 10% for the 
sum of x2 's for the individual mass hypotheses, determined from specific ionization and 
time-of-flight measurements. As for the reconstruction of B decays through D*+ channels 
[2], an energy constraint fit is applied to those candidates satisfying the requirement: 

IEB - EBeaml < 30". 
The continuum component of combinatorial background is suppressed by taking ad-

vantage of the different topologies of Y( 48) and continuum events. The thrust axes are 

determined for the candidate, and for the remainder of the event with the candidate re-
moved. For continuum events, which are predominantly two-jet, these axes will tend to 
align. However, B mesons produced in Y( 48) decays are essentially at rest, so the signal 
should exhibit little correlation. The difference in the angle between the two thrust axes 
is required to satisfy cos G'thrust < 0. 7, resulting in a sizable reduction in the continuum 
background. 
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The distribution of the opening angle, Bpfi, between the proton and anti-proton is 
shown in Figure 4a for candidates which pass these cuts and have an invariant mass in the 
B mass region (5.270 < M < 5.285 GeV /c2 ). A strong back-to-back correlation between 
the baryons is evident. For comparison, the same distribution for the candidates in the 
sideband below the B mass region (5.170 < M < 5.260 GeV /c2 ), or in the continuum, is 
shown in Figure 4b and c, appropriately normalized. There is clearly an excess of about 
35 events in the 1( 4S) sample for opening angles greater than 165°. This behavior is 
readily understood if two-body decay channels, consisting of protons and low-mass baryon 
resonances, dominate and pions are mainly the product of resonance decays. Exploiting 
this difference, we require cos epp < -0.98. 

After this cut, the mass spectrum for the 1( 4S) sample shown in Figure 5a is obtained. 
The solid line is the result of a fit using a gaussian of free mass and width for the signal, 
and a one-parameter background of the form noted in section 2.1. The fitted number of 
events is 32±8, with a mass of (5279.4±0.9±3.0) MeV /c2 and an RMS width, consistent 
with expectation, of (3.3 ± 0.7) MeV /c2 • The probability that the excess of events at the 
B mass is just a statistical fluctuation of the background in that region corresponds to 
six standard deviations. If one instead assumes a more conservative constant background 
level, the signal still represents more than a five sigma excess. 

In general, background can arise from both continuum qq and 1( 48) --+ BB events. 
The level and form of the continuum contribution have been determined by applying 
identical requirements to a continuum sample taken at centre-of-mass energies below the 
1( 48). The resulting mass distribution (Figure 5b) has no peak at the B mass, and is 
well described by the one-parameter background function. The fitted curve, scaled by the 
ratio of luminosities for the 1( 48) and continuum samples, is shown as the dotted area 
in Figure 5a. Outside the B mass region, scaled continuum and 1(4S) samples agree well 
in magnitude. Thus, the background in the 1( 48) sample is consistent with originating 
predominantly from non-resonant qq events. Any contribution from 1( 4S) --+ BB events, 
at least outside the B mass region, must be small. 

While it is not too surprising that continuum events produce a smooth background, 
it is far from obvious that the same will be true for background from BB pairs. To 
appreciate the potential difficulty, one should recall the peculiar topology of the signal 
events. The momentum of the two proton candidates is outside the region where either 
dE/dx or TOF can provide positive identification. If the tracks were not actually protons, 
our requirement of consistency with the proton hypothesis would be roughly equivalent 
to selecting only high-momentum particles. Moreover, after the opening angle cut there 
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would be reasonable acceptance only if the two fast tracks come from a single B decay. It 
needs to be demonstrated that, despite the implicit correlation introduced by the selection 
criteria, B decays to charm cannot produce a narrow peak at the observed rate. 

There are four logical divisions of these correlated background sources: the candidate 
tracks are selected from both B decays, or from just one, and for both alternatives the 
particle mass assignments may or may not be correct. While it is not possible to present 
the detailed arguments here, the most telling evidence that these backgrounds cannot 
account for the signals is obtained by (1) explicit searches for charm by using alternative 
allowed assignments for candidate tracks, (2) event mixing (Figure 6a), (3) repeating the 
same analysis for wrong-charge combinations (Figure 6b ), and ( 4) Monte Carlo simulation. 
Figure 6c shows the level and shape of background for 250000 B0 decays via b --+ c, obtained 
by Monte Carlo calculation. There is no indication for any background source which could 
produce a peak at the B mass. The possibility that these channels are due to a penguin-
type loop diagram can be ruled out experimentally. The only viable interpretation is to 
attribute these decays to b--+ u transitions. 

The signals can be divided into the separate channels, and preliminary branching ratios 
determined: 

Br(B- --+ pp7r-) = (3.7 ± 1.3 ± 1.4) x 10-4 

Br(B 0 --+ pp7r+7r-) = (6.0 ± 2.0 ± 2.2) x 10-4 

where the first error is statistical and the second systematic, including a contribution intro-
duced by our assumed background function. It is difficult to translate these measurements 
into a value for IVub/Vcbl· A rough estimation would be: 

where: 

I 

Vub 1
2 Br[B--+ pp7r-(7r+)] 

-V: · fps · fBa.ryon · fvisible = B (B B ] cb r --+ aryons 

fps= 

fBaryon = 

fvisible = 

Phase Space for b --+ u 
Phase Space for b--+ c 

Br(B --+ Baryons] via b--+ u 
Br(B --+Baryons] via b--+ c 

Br[B--+ pp7r-( 7r+)] via b--+ u 
Br(B--+ Baryons] via b--+ u 

< 2.2 

1 <-- 10 

with plausible limiting values also indicated. Assuming the direct neutron and proton 
rates in B decays to be equal, and using the measured rates for B --+ pX and B --+ AX, 
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one obtains: Br[B-+ Baryons] = (7.4 ± 2.9)%. Recalling the upper limit derived from the 
lepton momentum spectrum [20], the allowed range of values for Vub is: 

I Vub I 0.07 < Vcb < 0.17 

More information about corresponding higher multiplicity channels, as well as a better· 
understanding of the subsystem components contributing to the observed final states, 
may lead to a better estimate of the ratio. The demonstration that IVubl =/:- 0 is in itself 
quite significant, leaving open the possibility that CP violation originates just from the 
single non-trivial phase of the Kobayashi-Maskawa matrix. 

1.4 Observation of B0-B0 Mixing 

The first observation of B0 -B0 mixing was reported [21] by ARGUS earlier this year, based 
on the study of B mesons produced in Y( 48) decays. Mixing provides basic information on 
the parameters and validity of the standard model [22] and is potentially a sensitive probe 
for new physics [23]. A B0 meson can either decay directly or, through mixing, transform 
into its anti-particle, the B0 , before decaying. The ratio of the decay widths [24]: 

f(B 0 -+ 13° -+ X') 
r = f(B 0 -+ X) 

of these two competing reactions describes the strength of mixing. In decays of the Y( 48), 
pairs of B0 B0 mesons are produced in a p-wave state, so that in this case the experimentally 
determined ratio: 

N(B 0 B0 ) + N(B 0B0
) R= ~~~-'----=~~~ 

N(B0 B0 ) 

is related to the mixing parameter r by [25]: 

R=r 

Thus, mixing leads to events consisting of B0 B0 or ]30]30 pairs, which can be detected 
experimentally in a number of ways. 

1.4.1 Like-sign Dileptons 

One way to search for mixing is through study of Y( 48) decays to lepton pairs, since the 
charge of leptons from primary b-decays identify whether the parent meson was a B or 
a B. Mixing, in this case, results in the production of like-sign lepton pairs. Dilepton 
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events were selected by requiring that exactly two particles in the event be well-identified 
leptons (likelihood ratio for the e+ or µ+ hypothesis greater than 80%) with momenta 
greater than 1.4 Ge V / c. The momentum cut suppresses most secondary leptons originating 
from charmed mesons in B decays. Further requirements were made in order to reduce 
backgrounds from J / 'ljJ decays to lepton pairs and converted photons. 

The distribution of the opening angle, Bu, between the leptons is shown in Figure 7 
for events passing these cuts. If the leptons originate from two different B mesons, this 
distribution should be isotropic. Lepton pairs from continuum or the same B meson tend 
to be back-to-back. For the continuum, this just reflects the two-jet nature of the events. 
Since the momentum of B mesons produced in Y(4S) decays is small, a B decay can be 
viewed as the decay, nearly at rest, of a b-quark into an oppositely travelling W boson 
and c-quark. Secondary leptons from the c-quark jet are thus aligned oppositely to the 
primary lepton from the W decay. Both these contributions are reduced by requiring 
cos Bu > -0.85. 

Table 3 gives the number of lepton-pair events surviving these cuts both on the Y( 4S) 
resonance and in the continuum below. After continuum subtraction, there remain residual 
background contributions from lepton-hadron misidentification, secondary leptons from 
charm decays, J / 'ljJ decays, and converted photons, remain. These must be determined 
and subtracted. 

The background due to lepton-hadron misidentification is evaluated from data. To 
determine the fake rate per track we use our samples of r- -+ V7r_7r_7r+mr0 (n = 0, 1) 
and D*+ -+ D0 7r+, D0 -+ K-7r+ decays, which provide clean sources of high energy pions 
and kaons respectively. The number of faked dilepton events is extracted from the observed 
hadron momentum spectrum in the events containing fast like-sign and unlike-sign lepton-
hadron pairs. The background due to secondary leptons is determined by a Monte Carlo 
simulation of B decays. A spectator model [8] is used to describe the decay of the b-quark, 
with the final state hadrons produced using the Lund string fragmentation model [26]. 
The uncertainty in the calculation is estimated to be ±25%. 

The number of background events from all these sources is given in Table 3. Out 
of the 50 like-sign events, 25.2 ± 5.0 ± 3.8 are attributed to background sources, where 
the first error is statistical and the second the systematic uncertainty in the background 
determination. Thus, there remains a signal of 24.8±7.6±3.8 events due to B0-B° mixing. 
The corresponding number of unlike-sign primary lepton pairs from B0 and B+ decays is 

270.3 ± 19.4 ± 5.0 events. 
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Like-Slgn DUepton1 
Candidate1 
T(4S) and Continuum 
Continuum 
T( 45) direct 
Background 
Fakes 
Converaion1 
Secondary decays 
Jjtp decays 
Signal 

e±e:!: µ.:!:µ± 

8 16 
0 0 

8.0 ± 3.9 16.0 ± 4.8 

0.7 5.7 
0.5 . 
2.3 2.9 
0.7 0.9 

3.8 ± 3.9 ± 0.9 6.5 ± 4.8 ± 1.3 

Sum: SO like-sign ca.ndida.tea 
Back.ground: 25.2 ± 5.0 ± 3.8 eventa 

Signal: 24.8 ± 7.6 ± 3.8 like-sign events 

Unlike-Sign Dilepton1 e+e- µ.+µ.-

Candidate• 
T(4S) and Continuum 60 92 
Continuum 3 1 
T(4S) direct 52.6 89.5 
Corrected for JN cut 58.5 ± 9.8 ± 1.6 99.6 ± 11.3 ± 2.5 
Background 
Fakes u 12.1 
Conversiona 0.5 . 
Secondary decays 0.7 1.5 
Jft/J decay1 1.0 0.9 

Signal 54.9 ± 9.8 ± 1.6 85.1±11.3 ± 3.1 

Signal: 270.3 ± 9.8 ± 5.0 unli.i:e-sign events 

e*µ.* 

26 
0 

26.0 ± 5.8 

4.9 
0.5 
4.6 
1.5 

14.5 ± 5.8 ± 1.8 

e*-µ."f 

149 
2 

144.1 
144.1±12.4 ± 1.8 

10.2 
0.5 
1.6 
1.5 

130.3 ± 12.4 ± 1.8 

[ Mixing parameter ., I 0.17 ± 0.19 ± 0.04 I 0.19 ± 0.16 ± 0.04 I 0.28 ± 0.14 ± 0.04 I 

Average: r = 0.22 ± 0.09 ± 0.04 

Table 3. Observed number of dilepton events with estimated backgrounds. 

-122-



The mixing parameter for dilepton events has the form: 

r = N(R+e-) - N(J'.±J!±),\ 

where N(J!±J!±) = N(J!+J!+) +N(e-e-). Since the Y(4S) decays with unknown rates f+ 
and f 0 to B+B- and B0 B0 pairs, and with unknown semi-leptonic branching fractions Br~ -
and Br21, the factor 

,\ = f+ [Br~] 
2 

fO Br21 

is introduced in order to account for the contribution from B+B- pairs. We take ,\ to be 
1.2, corresponding, for example, to the reasonable assumption that f+ : f 0 = 55 : 45 and 
Br~ = Br~1 • The average result from the three categories is: 

r = 0.22 ± 0.09 ± 0.04. 

This result is not sensitive to variation of the lepton momentum cut between 1.4 and 1.6 
GeV/c. 

1.4.2 B0-Lepton Correlations 

The second mixing search involved the reconstruction of one of the B0 mesons, described 
in section 2.1 above, and tagging the second through the charge of the fast lepton pro-
duced in semi-leptonic decays. This technique is considerably less sensitive to background 
from lepton misidentification since no B+B- decays contribute. In addition, the particles 
forming the reconstructed B0 cannot fake leptons and only one of the two leptons in the 
event can be faked by hadronic tracks. 

In the sample of events with a semi-leptonic B0 decay, if a second lepton with mo-
mentum larger than 1.4 GeV /c was required, the spectrum for the recoil mass against a 
D*+ e+ system shown in Figure 8 is obtained. In addition, there were two events with a 
fast lepton where a B0 meson was reconstructed in one of the hadronic channels. Thus, 
there were a total of 28 events, classified on the basis of the charge of the fast lepton as 23 
unmixed and five mixed. The background for the mixed sample was estimated to be 0.4 
events due to misidentification and 0.5 events due to secondary charm decays, leaving an 
excess of 4.1 events attributed to B0-B0 mixing. The corresponding background for the 
unmixed sample is 2.2 ± 1.1 events. The mixing parameter was determined to be: 
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Figure 8. Recoil mass squared, M~ecoil for events containing a reconstructed decay 
n•- -+ i5°7r-, i5° -+ K+7r-, K27r+7r-, K+7r-7ro and K+7r-7r-7r+, one positive lepton with 
p > 1.0. GeV /c and a second lepton with p > 1.4 GeV /c. [21]. 

Figure 9. Reconstructed decay T( 4S)-+ B0 B0 (21]. 
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Two like-sign and eleven unlike-sign events from this sample are also present in the dilepton 
sample. Taking this correlation into account, the combined result of the two methods is: 

r = 0.21 ± 0.08 

for .X = 1.2. 

1.4.3 Explicit Mixing: T(4S) ~ B0 B0 

The most direct evidence for mixing would be to reconstruct a complete T( 4S) decay with 
two b- or b-quarks. In the sample of events containing an identified B0 , an attempt was 
made to reconstruct the second B, now with a less restrictive choice of possible decay 
channels. In one case the search was successful, a decay T( 4S) ~ B0B0 , and thus a direct 
observation of B0-B0 mixing. The two B0 mesons decay as follows: 

where 

and 

Bo D*- + 1 ---+ 1 µ1 V1 

L 7r-D0 
ls 

L K+7r-1 1 

The event is shown in Figure 9. The masses of the intermediate states agree well with 
the table values [27]. Both n•- mesons contain positive kaons of momenta p(K1 )=0.548 
Ge V / c and p(K2 )=0.807 Ge V / c, which are uniquely identified by the measurements of 
specific ionization loss (dE/dx) and time-of-flight. The two positive muons are the fastest 
particles in the event with momenta p(µ1)=2.186 GeV/c and p(µ2)=1.579 GeV/c, and 
have dE/ dx and shower counter information consistent with the muon hypothesis. One 
muon, µ1 , is clearly identified in the muon chambers, while the second, µ2, is labelled a 
muon on the basis of the event kinematics. For a mixing strength of r = 0.2, we would 
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Figure 10. Summary of B-B mixing results [29]. The dotted, dashed and solid lines 
represent the central values, and the one and two standard deviation contours respectively. 
The last part of the figure is the average of the six measurements, assuming gaussian errors. 
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expect to reconstruct 0.3 events where both B mesons decay via B0 -l- D*-e+v. The 
estimated background is less than 1 x io-4 . 

1.4.4 Comparison of Mixing Results 

Above the threshold for Bg production, like-sign dileptons can originate from mixing of, 
both BS and B~ mesons. In order to compare the ARGUS result with other mixing 
searches, it is convenient to introduce the parameter: 

r x=--l+r 

which lies in the interval (0, 0.5]. Experiments are then sensitive to the sum (28): 

Xm = Wd · Xd + Ws · Xs 

where wd and ws are the fractions, fi, of BS and Bg mesons produced in the fragmentation 
of the b-quark, weighted by the semi-leptonic branching ratio, BRi. Specifically, with k 
species of b-fl.avoured hadrons produced, the Wi are defined by: 

fi · BRi w·------
1 - :Z:::k fk · BRk 

A typical choice would be Wd = fd = 0.375 and ws = fs = 0.15, based on fragmenta-
tion studies in continuum e+e- and assuming equal semi-leptonic branching ratios. The 
measured quantity, the ratio R' of like-sign to all dileptons, is: 

R' = 2xm(l - Xm) 

for incoherent bb production at high energies. 
A search for like-sign dileptons has been made by the UAl collaboration in pp inter-

actions at 546 and 630 GeV centre-of-mass energies (30]. In a data sample corresponding 
to 692 nb-1 , they observe 399 opposite-sign and 142 like-sign dimuon events with PT > 3 
Ge V / c, if at least one of the muons is isolated from other tracks in the event. The es-
timated number of background events in the samples due to misidentification is 116 and 
58 respectively. After accounting for secondary leptons due to charm decays, a value of 
0.121±0.047 is derived for Xm, a 2:90- effect. It is not possible to determine whether B~ 
or B~ mixing, or some combination of the two, is responsible for the effect. 

Similar studies of continuum dileptons have been undertaken by JADE (31], MARK II 
[32] and MAC (33], none with a significant signal. CLEO (34] has performed an analysis 
of T(4S) dilepton events, leading to an upper limit of 243 (903 CL) on B0-B0 mixing. 
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The existing measurements are summarized in Figure 10, where the allowed values for Xd 

and xs are shown. All limits are compatible with the ARGUS and UAl results. Assuming 
gaussian errors, the product of the likelihood functions for the six observations leads to 
the average result shown as the last part of the figure. From this analysis, one concludes 
that Xd = 0.16 ± 0.04, while any value for xs is allowed experimentally [29). 

2 Near Future 

2.1 Luminosity 

For the purpose of evaluating the physics potential of the existing detectors at DORIS II 
and CESR, some reasonable assumption must be made about average luminosity at the 
storage rings. When last operational for HEP, DORIS II had achieved a peak luminosity 
of 1.5 pb- 1 d-1 , with a long-term average of 0.6 pb-1 d- 1 • A modest upgrade program, 
mostly improving reliability of operation, will raise this by a factor of two for the next 
run. It is expected that HEP at DORIS II will resume in June of 1988, with no further 
lengthy interruptions anticipated during the remaining lifetime of ARGUS. The Crystal 
Ball detector has been returned to SLAC, leaving free the second interaction region. 

The CESR operations group has for a number of years pursued a vigorous program to 
improve luminosity, including a micro-,8 insertion and, more recently, successful seven 
bunch operation. The experiments are now consistently recording between 2 and 3 
pb- 1 d-1 [35). Although the improvement efforts will continue, ultimately yielding up 
to 5 pb-1 d-1 , I assume 3 pb-1 d- 1 for future running. There will be an break starting 
early in 1988 to assemble the CLEO II detector, with operation resuming by 1989. 

Given these average rates, I would anticipate the following data sets will be available 
from running on the Y( 4S) during 1987-1989: 

ARGUS 350 pb- 1 

CLEO I 250 pb-1 

CLEO II 600 pb-1 

3.0 x 105 BB pairs 
5 -2. 9 x 10 BB pairs 

6.9 x 105 BB pairs 

using Y( 4S) cross sections of 0.85 nb and 1.15 nb for DORIS II and CESR respectively. 
There will also be roughly 40% additional luminosity accumulated in the continuum below 
the open b threshold by the experiments. 
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2.2 New ARGUS Vertex Detector 

Along with improvements in luminosity, a parallel upgrade program is planned for the 
detectors. In the case of ARGUS, this takes the form of a new high-precision vertex 
drift chamber (µVDC) [36], to be installed early in 1989. The aim of the device is to , 
permit the use, on an event-by-event basis, of secondary vertex information for charmed 
hadron reconstruction. After extensive study of the vertex topology of Y( 4S) events, it 
was concluded that vertex tagging alone was an insurmountable task. A typical event is 
shown in Figure 11, both as generated and as reconstructed with optimal parameters for 
the vertex detector. Projected onto a single plane, an Y( 4S) decay appears impossibly 
tangled. There are at least 4 vertices within a cubic volume with sides of about 100 µm 

centred on the interaction point. None corresponds to the annihilation vertex itself, which 
is only constrained to lie within the beam spot (600 x 60 µm). 

It is clear that the usual criteria for a vertex finding algorithm is not satisfied, namely 
that the initial set of tracks largely belong to a single vertex. Therefore, other strategies 
must be employed. A successful approach was to first select a suitable charm candidate 
from tracks observed in the rest of the detector, i.e., using invariant mass, then to use the 
vertex information to check consistency with this hypothesis. Specifically, the candidate 
tracks were required to form a common vertex, isolated from the other tracks in the event 
and with consistent momentum and line-of-flight vectors. In projection, even this approach 
was a failure: the candidate charm vertex was simply not sufficiently isolated from other 
random track crossings. Thus, from a pattern recognition standpoint, the vertex chamber 
must provide high-precision measurements in both r - <P and z. 

These arguments have lead to the adoption of a vertex chamber with 16 layers of 
5.1 x 5.1 mm drift cells. The precision z measurement is accomplished by wrapping 
the layers around a pentagonal support structure projecting out from the beam pipe, 
so that consecutive layers alternate at angles of ±45° to the beam line when viewed 
from the side. Given the small drift lengths, sufficient resolution is achieved by high 
pressure. Extrapolation errors are minimized by placing the innermost layers as close to 
the interaction point as possible. In this case, considerations of storage ring operation 
limit us to a 0.5 mm thick Beryllium beam pipe with 18 mm radius. It is as yet unclear 
whether the photon flux from synchrotron radiation can be reduced to tolerable levels. 

The goal of the µ VDC is to obtain vertex resolutions in the 15-25 µm range. This 
will allow the use of vertex information to suppress backgrounds for charm signals to a 
low level, thereby making possible B reconstruction in decay channels involving not just 
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Figure 11. Vertex region for a typical T( 4S) decay, showing a 1 mm x 1 mm area of the 
r-</> projection around the interaction point as (a) generated and (b) reconstructed with 
the proposed ARGUS vertex detector. 
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the D*+, but also the D0 and D+. Because the latter are produced more prolifically and 
reconstructed more efficiently than the former, a roughly fivefold increase in the number of 
tagged B decays can be expected. With the recently demonstrated ability to tag using the 
semi-leptonic decay channels, exploiting the missing mass technique, this estimate may 
very well be too conservative. 

Another benefit is the significantly improved suppression of fake and secondary back-
grounds in the dilepton sample provided by more precise vertex information. This should 
allow a much better measurement of the B0-B0 mixing rate, since rather severe momentum 
cuts are presently applied to lepton candidates, in order to remove most of the secondary 
decay leptons. High-precision vertex measurements will allow one to distinguish, in some 
fraction of the cases, whether or not both leptons originate from the same point in space. 
This will allow the momentum restriction to be relaxed, with large gains in acceptance. 

2.3 CLEO II Upgrade 

The CLEO collaboration is presently engaged in a phased upgrade of their detector. The 
intent of the new design has been to combine excellent charged and neutral particle detec-
tion in the same apparatus. When completed, CLEO II will be an all new detector (37). 
A overview of the new design is shown in Figure 12a, along with a detailed cross-sectional 
drawing of the central region in Figure 12b. Already in place are a high-resolution vertex 
drift chamber (January, 1985) and the new main tracking chamber (June, 1986). The new 
central drift chamber (0.95 m radius x 2 m length) consists of 12240 rectangular drift cells 
(14 x 14 mm for axial layers) organized into 51 concentric layers (11 stereo), providing 
drift time and mean ionization loss ( dE/dx) measurements for charged particles. Predicted 
momentum resolution of the combination of vertex and central tracking chambers is: 

(;) 
2 

= ( 0.0015 · PT )
2 + 0.00562 

where p and PT are in GeV /c. With an expected 6% RMS resolution for dE/dx, useful 
7r /K separation in argon-ethane (50:50) should be possible below 900 MeV /c, and 7r /e over 
the whole momentum range. Considerable effort is also underway to explore the virtues 
of vertex tagging. 

During 1988 the second phase of the improvement program will be completed. Outside 
the main drift chamber will be a new time-of-flight system, a Csl electromagnetic calorime-
ter, a superconducting coil to provide the 1.5 Tesla solenoidal field, magnet iron and muon 
chambers. The calorimeter, the most innovative part of the new detector, consists of an 
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Figure 12. (a) End and side views of the proposed CLEO II detector [37) . 
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Figure 12. (b) Detailed side view of one quadrant of the CLEO II detector [37]. 
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array of 7644 thalium-doped Csl crystals (5 x 5 cm x 16 radiation lengths). Located inside 
the coil, the readout system uses 4 photodiodes per crystal. The expected resolution is: 

where Eis in GeV. The calorimeter will also provide additional electron hadron separation. 
It may take some time before all systems are calibrated and integrated into the anal-

ysis effort, possibly delaying definitive results from the first CLEO II running. However, 
the combination of a superior detector with the high luminosity delivered by CESR will 
undoubtedly allow CLEO II to dominate B physics from the existing threshold machines 
in the early 1990's. 

2.4 Tagged Samples 

With the assumptions described in the previous two sections, we are now in a position 
to speculate about the level of sensitivity which will be achieved by the threshold experi-
ments. It is not possible to be comprehensive, or to anticipate discoveries of new analysis 
techniques. The extrapolation of present capabilities in the seen decay modes to the an-
ticipated larger data sets is a straight-forward exercise. The results are shown in Table 
4. The numbers for CLEO II assume that the D* efficiency will be about twice that of 
ARGUS, because of the fine electromagnetic calorimeter, and that the lepton efficiencies 
will be comparable. The tagged samples available to the two groups will be sizable. Taking 
IVub/Vcbl to be 0.15, these samples would contain roughly 70 and 300 events respectively, 
where the recoiling B decays via a b ---+ u transition. Perhaps some clever technique can 
be found to reliably identify these events, and so determine Vub in an inclusive manner. 
However, given that kaons are not uniquely identified over the entire momentum range, 
this is a non-trivial task. 

Channel ARGUS CLEO II 
B ---+ D* .ev 1170 5400 
B---+ D*mr 410(200) 1900(920) 
B---+ ppmr 185 420 

Tagged sample 1555 6740 

Table 4. Expected sample of reconstructed B mesons. Numbers in brackets are for clean 
channels only. 
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2.5 Rare Decays 

As already noted, CLEO has reported a series of searches for charmless B decays into 
multi-pion final states. The limits obtained will improve with the square root ofluminosity, 
so that ARGUS and CLEO II will reach the levels indicated in Table 5. Also shown are 
predicted branching ratios, again assuming IVub/Vcbl = 0.15. These are based on the model· 
of Bauer, Stech and Wirbel [38), which introduces two scale-independent parameters a1 
and a2, taken to be 1.05 and -0.31 respectively. The first is derived from the measurements 
of the branching ratios for B0 --+ D+?r- and Il° --+ D*+?r- [5], which give ai = 1.11±0.32. 
Similarly, from the known branching ratios for B---+ J/'l/;K- and B0 --+ J/'l/;K.*0 one finds 
a~ = 0.095 ± 0.025. The sign assumed for a2 is motivated by theoretical expectation. The 
parameters ai and a2 are related to the QCD coefficients C1 and C2 for the charged and 
neutral current products of the effective quark Hamiltonian: 

'"" C1 (µ) + e · C2(µ)iµ=mQ 

C2(µ) + e · C1(µ)iµ=mQ 

where e = 1/Nc is a colour mismatch parameter. The same model provides an excellent 
description of the observed branching ratios for charmed mesons in the limit of e --+ 0 or 
Ne --+ oo. In this limit, a1 and a2 are expected to be 1.1 and -0.24 for B mesons. 

Channel Present [4] ARGUS CLEO II Predicted BR 
J30 --+ 7r+7r- 3.0 1.6 1.2 0.35 
Bo --+po po 4.0 2.1 1.6 0.03 
B0 --+ ?r± A ::i= 1 14.0 7.5 5.6 1.0 
B- --+ po?r- 2.0 1.1 0.8 0.02 
B---+ p0 A} 36.0 19.2 14.4 0.57 

Table 5. Measured and anticipated branching ratio limits for multi-pion B decays in units 
of 10-4 . 

Based on these predictions, it appears unlikely that the threshold experiments will be 
able to observe a signal in any of these channels in the near future. Another way of stating 
this is that since the limit on IVub/Vcbl falls with the fourth root of luminosity, a factor 
of 70 increase over the size of present Y( 4S) data sets would be needed even to achieve a 
limit of 15%. Except for surprises such as the decay to pp7r+ ( 7r-), hadronic B decays to 
low-multiplicity charmless states do not seem a particularly viable approach to measuring 

Vub· 
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Much more promising are the rare semi-leptonic channels, at least in terms of raw rate. 
The ratio of low-multiplicity b --+ u decays over the dominant semi-leptonic channel have 
been estimated by Wirbel, Bauer and Stech [39]: 

and 
BR(B+--+ p0f+v) IVub 1

2 

BR(B0 --+ n•-f+v) = 0.50. Vcb 

as well as several other authors [40]. With IVub/Vcbl = 0.15 and BR(B0 --+ n•-g+v) = 73, 
one expects BR(B0 --+ 7r-f+v) = 5 x 10-4 and BR(B+--+ p0f+v) = 9 x 10-4 . In addition, 
the efficiency for the P° channel is about a factor of 50 larger than that for the n·-
channel. Unfortunately, the backgrounds are also considerably larger. Ultimately, the 
large branching ratio leads to limits on IVub/Vcbl which at present are more than a factor 
of two better than those obtained via hadronic modes [41]. Assuming an overall efficiency 
of 203, ARGUS would have about 60 events in the recoil mass distribution for the p0 

channel in the new data. The background near zero recoil mass would be roughly 10 times 
larger than the signal, in large part due to the decay B --+ Xp0 g+ v via b --+ c transitions. 
However, the proposed high-precision vertex detector would do much to alleviate this 
difficulty, since the lepton and p0 must form a common vertex. 

Channel Present [42] ARGUS CLEO II Predicted BR 

B0 --+ J/iPKg 1 1 3 4 x 10-4 

B- --+ J /iPK- 3 15 35 8 x 10-4 

Bo --+ J/iPK*o 5 25 60 3 x 10-3 

B- --+ n°n- 0 2 5 3 x 10-4 

B---+ n°n•- 0 2 6 3 x 10-4 

Table 6. Observed and expected number of events for potential CP violating channels. 

Many rare decay modes are of importance for the planning of future CP violation 
searches and therefore should also be examined. In particular, it would be of considerable 
interest to have measurements of the relevant branching ratios. Estimates of the number 
of events which can be expected in the new data are given in Table 6, based on present 
detector efficiencies and predictions for the branching ratios using the model of Wirbel, 
Bauer and Stech. The last entry, for B- --+ n°n•-, would be detectable via a partial 
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reconstruction technique, where only the soft pion from the D*- --+ D0 7r- transition is 
required. 

Searches for decays via electromagnetic penguins have been made, yielding limits which 
approach an interesting level of sensitivity. The inclusive process, b --+ s1, should occur 
with a branching ratio of roughly 10-3 [43). Exclusive modes, such as K*1, may represent · 
only 5% of the inclusive rate. However, the effect of a fourth generation could enhance 
these predictions by an order of magnitude. From an experimental point of view, the new 
CLEO II calorimeter will be a decisive advantage. For the two-body process, B --+ K*1, 
the photon has a mean energy of 2.6 GeV. The energy resolution for such a photon in the 
ARGUS calorimeter is 220 MeV, while in CLEO II it could be as low as 45 MeV. In order 
to compare the effect of backgrounds under any potential signal, the relevant parameter 
is the energy resolution for the B candidate. This we will take to be dominated by the 
photon resolution. Thus in channels with backgrounds, the CLEO II detector will have an 
advantage of almost a factor of 2, in addition to the greater luminosity delivered by CESR. 
Shown in Table 7 are the reported and anticipated limits for the penguin searches. At 
present the charged B decay contains no background, and so this limit will improve linearly 
with luminosity until some background does appear. CLEO II should be on the verge of 
observing a positive signal for b--+ S/ around 10-3 . Note that searches are not limited to 
the K*(892), and channels involving higher K* resonances are under investigation as well. 

Channel Present [5) ARGUS CLEO II 
B+--+ K*+1 10. 2.5 0.8 
B0 --+ K*01 4. 2.1 1.0 

Table 7. Measured and anticipated branching ratio limits for electromagnetic penguins, 
in units of 10-4 • 

Finally, we should consider the leptonic decay B+ --+ r+vr, which has a predicted 
branching ratio [8) of: 

+ + -3 Vub fB 
I 1

2 ( )2 
BR(B --+ T Vr) = 6 X 10 . Vcb . 0.150 GeV 

Observation of this channel, given a determination of IVub/Vcbl, would allow a measurement 
of the B form factor, fB. However, the experimental difficulty is to find a distinguishing 
topology, because of the small boost for B mesons on the T( 4S). One method would be 
to search for events in the tagged B+ sample which have just one additional charged track 
and no neutrals. The single-prong mode with no neutrals represents almost 50% of all 
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tau decays. Unfortunately, in the ARGUS detector most tagged B mesons are neutral. 
However, for CLEO II such a procedure could lead to a limit of about 1 x 10-3 on the 
branching ratio or fa < 470 MeV. ARGUS may also be competitive with the µVDC in 
place. 

2.6 Semi-leptonic Branching Ratios 

As described above, ARGUS has demonstrated that the recoil-mass technique can be used 
to identify B0 decays to n•-.e+v. In part, this is due to small backgrounds in the D*-
signal. Such a measurement should be repeated with the corresponding charged B decay, 
but this requires excellent photon detection in order to efficiently and cleanly reconstruct 
the D*0 -+ D"°1 or D0 7r0 transition. ARGUS may yet be able to make such a study, but 
CLEO II will be in a position to perform a precision measurement. Modulo the uncertainty 
in the fraction of charged and neutral B production on the Y( 4S), a determination should 
be possible of the ratio: 

BR(B0 -+ n•-.e+v) f0 N(B0 -+ n•-.e+v) BR(D*--+ D0 7r-) 77(7rs) 
BR(B+ -+ D*0 .e+v) = f+ . N(B+ -+ D*0 .e+v) . 1 . 77(1 /7r0 ) 

The experiment should be able to measure the ratio of events to ±103, and the BR(D*- -+ 
D0 7r-) is known to the same precision, so the ratio of branching ratios, and hence of 
lifetimes, will be known to ±153. 

An alternative approach to the same information is to use the appropriate ratios of 
doubly- and singly-tagged events. Consider two possible decay modes: B0 -+ f1 and 
B0 -+ f2. A practical example of some importance would be f1 = D*- .e+ v and f2 = x.e+ v. 
An experiment observes a certain number of events, N1 , where B0 -+ fi, and Ni2, where 
B0 -+ f1, B0 -+ f 2. If the efficiencies for the two channels are 771 and T/2 respectively, then 
it follows that: 

- 2N8 oao · BR1 · T/1 

N8 oao · BR1 · 771 · BR2 · 772 

Clearly, from these measurements the inclusive rate BR2 can be determined: 

BR2 = (2N12) ~ 
Ni T/2 

In our particular example, the inclusive branching ratio for B0 semi-leptonic decays could 
thereby be separately extracted. This could be translated into a ratio of charged and 
neutral lifetimes, given that the average branching ratio for B0 and B+ is already known. 

-137-



A parallel opportunity would be to observe the number of events, N2, where B0 -t f2, 
and N21, where B0 ~ f2, B0 ~ fi. Then: 

N 2 2N · BR2 · T/2 

N12 - NBoso · BR2 · T/2 · BR1 · T/1 

From these, one can construct: 

BRi = (2N21). (i + f+) ]__ 
N2 fO T/l 

Thus, the branching ratio for B0 ~ D*-e+v can be found independent of D* and D0 

branching ratios. The increased data sets available to ARGUS and CLEO II will allow 
these kinds of studies. 

2. 7 B0-B0 Mixing 

If we use the central value for the mixing parameter r = r(B0 ~ B0 
-t X')/r(B0 ~ X), the 

present results from ARGUS can be extrapolated to the anticipated data set. The result 
is shown in Table 8. The error on the fake component of the background is statistical, and 
therefore will decrease with the size of the sample. It is also quite possible that the error 
on the Monte Carlo prediction for the secondary lepton pairs will improve as we gain a 
better understanding of B and D decays. Based on the projections, an error of ±0.05 on 
the parameter r should be possible. 

Channel Total Background Signal 
e±e± 32 3.5 ± 0.5 28.5 ± 5.7 
µ±µ± 64 38.0 ± 1.8 26.0 ± 8.2 
e±µ± 104 46.0 ± 2.8 58.0±10.6 

Like-sign total: 112.5 ± 14.6 
Opposite-sign total: 1081.2 ± 32.9 

Table 8. Projected signals and backgrounds for dilepton study with the new ARGUS 
data sample. 

2.8 Prospects for Bg-Bg Mixing 

The original CLEO detector had a relatively poor electron and muon identification capabil-
ity compared with ARGUS. This has been partially rectified with the present configuration 
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of the detector, since the installation of the new central drift chamber. The efficiency for 
electron identification should now be comparable, although some of the background rejec-
tion provided by the calorimeter is still not available. However, muon coverage remains 
inferior, hampering searches for like-sign pairs in both the dimuon and muon-electron cat-
egories. Nevertheless, CLEO should be able to obtain a measurement with an error of. 
about ±0.08 by the summer of 1988. These comments do not apply to the completed 
CLEO II detector, which with 600 pb-1 should be capable of better than ±0.04. 

While there were three rather uncertain parameters in the prediction for the level of 
mixing in the BS sector, most of these unknowns cancel in the ratio of mixing in Bg versus 
BS systems. Ignoring possible small differences in the form factors of the BS and Bg, one 
expects [22]: 

r(B~) = I Vis 1

2 

r(Bd) Vid 
With three generations, the ratio of these two Kobayashi-Maskawa matrix elements is 
bound~d by unitarity: IVts/Vtdl > 2.2 [27]. Inserting this bound, one finds that: 

xs > 4.8 
X<l 

i.e. mixing must be close to maximal in the Bg system. As a direct test of the standard 
model, the case for a measurement of r(Bg) is thus quite compelling. However, as we will 
see, with sizable mixing in the BS sector the experimental complications are formidable. 

As an example, let us examine the possibility of a measurement on the Y(5S), supposing 
that CLEO II records 1000 pb-1 there during 1990. Some assumption about B production 
on the Y(5S) must be made. There have been several attempts to fit the total cross section 
measured by CLEO and CUSB during a scan in 1985 of the centre-of-mass region between 
10.5 and 11.1 GeV [44]. Coupled-channel analyses [45] suggest that the Y(5S) decays 
about 40% of the time into Bg Bg pairs, and the remaining 60% into BB. Taking the total 
cross section to be 0.375 nb at the peak of the resonance, this translates into 1.5 x 105 

Bg'Bg, 1.1 x 105 B0 B0 and 1.1x105 B+B- pairs in 1000 pb-1 of data. A word of caution 
should be introduced. Typically the cross section for a given channel changes quite rapidly 
with Ecms· Since only the BS and B+ masses are experimentally determined, a corollary 
is that predictions vary quite strongly with, for example, assumptions about masses of the 
B~ and B5° states. In some cases the production of_BSBd.0 is quite substantial [46], leading 
to further complication since mixing of such an L = even state is a factor of two larger 
than for direct BS BS (L = odd). First experimental indications about Bg production may 
be forthcoming soon, as CLEO has recently accumulated about 90 pb-1 on the Y(5S). 
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Channel BOBO s s B0B"° B+B- Total 

Like-sign 188 60 0 248 
Opposite-sign 282 293 353 928 
Total 470 353 353 1176 

Table 9. Sources of like- and opposite-sign dileptons in a 1000 pb-1 sample on the Y(5S). 
Taking the mixing rates to be Xd = 0.17 and xs = 0.4, the number of like- and 

opposite-sign dileptons which would be observed are given in Table 9. A 70% lepton 
identification efficiency and a typical momentum cut at 1.4 Ge V / c were assumed. The 
experiment observes a total of 248 like-sign and 928 opposite-sign dileptons. There would 
also be about 100 dileptons from background sources, which are ignored for the remainder 
of this exercise. Clearly, in order to extract an actual measurement of Xs, the fraction 
of Bg production is requiredt. To measure the rate fas for Y(5S) -+ BgBi, a double 
tagging method could be employed. Since the dominant decay mode of the Bg should be 
B~ -+ DtX, and the branching ratio for Dt -+ </>X is quite large, a comparison of the 
single and double-¢ rates would yield the required fraction: 

1 Ni<P 
fas= ---

4 N2<P 

Actually this is too simplistic, since there is sizable Dt, and hence ¢> production, in B 
decays. The inclusive branching ratio for B -+ </>X has been determined to be 0.023 ± 
0.006 ± 0.005. Putting in this complication, one actually has: 

where 

- 2NBsBs · BRs · 77 + 2NBB ·BR· 17 

N - · ffR ~ · TJ2 + N - · BR 2 · T/2 
BsBs ... "S BB 

NBsBs + NBB 

BRs 

BR -

BR(B~ -+ ¢>X) 

BR(B-+ ¢>X) 

and T/ is the detection efficiency for a ¢>. If one assumes that BR(Dt -+ </>X) is 10%, then 
measurements of N1<P, N2<P and N5s will allow a 20% (10%) determination of fas in 200 
(1000) pb-1 of data. 

t As alluded to previously, it is likely that a measurement of the B0J3•0 rate will also be needed, if it is 
sizable, a point which will be ignored. 
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With fBs known to ±10%, we can return to the raw dilepton sample and subtract the 
BB contributions: 

like-sign: 

opposite-sign: 

248 - 60 ±4.3 

928 - 646 ± 43 

leading to a value for xs of 0.4 ± 0.05. A 200 pb- 1 sample would yield xs = 0.4 ± 0.11. 
If there were sizable B~B;i0 production, it might be desirable to suppress the non-B~ 
component in the dilepton sample, by requiring a </> in addition. This leads to a drastic 
reduction in statistics if BR(Dt ~ </>X) is only 10%, so that one would expect: 

N(</>f±t±) 

N(</>f+t-) 

7.6 

11.4 

(with a possible small background from B ~ DsfX), giving xs = 0.4 ± 0.11. Would any 
of these measurements be a real test of the standard model prediction? The problem with 
time-integrating a large mixing rate is that you have no real sensitivity to the relevant 
parameter .6.M/r. These experiments would show that xs is large, but even the best lie 
within a few sigma of xs = 0.25 for example. One would really prefer to resolve the time 
dependence, but this presents a considerable experimental challenge. 

3 Middle Term 

With the exception of lifetime measurements and the indication of mixing at the CERN pp 
collider, essentially all information about the b-quark has been obtained by experiments 
running in e+ e- colliders at the b-threshold. This is due to the unfavourable ratio of 
£, · a e+e- -+qq in the continuum, aggravated by the reduced signal-to-background ratio. 
However, on the zo this situation will change. Table 10 shows a comparison between the 
number of bb pairs produced at SLC [47] and LEP [27] versus CESR. The projectors for 
SLC are, of course, quite speculative at the moment. This is not so for LEP, which as a 
conventional storage ring should achieve design luminosity within a year or two of starting. 
Moreover, there are four LEP detectors, with varying capabilities for b-physics. 
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Figure 13. (a) Number of charged particles in a bb event belonging to the h-flavoured 
hadrons or primary vertex, and not the b. (b) Distribution in rapidity with respect to the 
sphericity axis for all charged particles (full line) and for decay products of the b-flavoured 
hadrons moving in the +y direction (dashed line). (c) Mean number of charged particles 
not associated with the decay of a given b-flavoured hadron within the rapidity region 
populated by decay products of the b. All taken from reference [48). 
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£peak N(Z0 )/200 days* N bb/200 days* 
SLC 5 x 1029 cm-2 s-1 7.4 x 104 1.0 x 104 

LEP 1 x 1031 cm-2 s-1 3.7 x 106 5.2 x 105 

LEP 6 x 1031 cm-2 s-1 - 5.0 x 105 

*Assuming average luminosity is 0.5 · Cpeak· 

Table 10. Comparison of present CESR conditions with anticipated b-event rates at zo 
machines. 

3.1 New Tools 

With a competitive production rate for the zo experiments, some of the advantages of 
having a moving b-system may come into play. On the zo, b-quarks are produced in jets, 
and will dress into leading hadrons with comparatively large momentum. This is essentially 
opposite to situation at threshold. Since b-decay products will be almost unmixed, there 
should be a much less severe combinatorial problem. The other obvious advantage to 
a moving b-system is the finite flight paths of b-flavoured hadrons, which surely can be 
exploited. There will be some learning curve associated with using these tools to advantage, 
but there is little doubt that the zo experiments will be able to contribute to b-studies. In 
the analogous situation for charm-physics, the continuum e+e- experiments were never 
quite competitive enough with operation on the ~(3770). Compared with the b-system, 
D decays are relatively simple, and while fragmentation is some advantage, this alone 
was not sufficient. The severity of the Y( 4S) combinatorial problem, and the additional 
advantage of macroscopic decay distances, may change the balance more in favour of the 
continuum b-experiments. 

These points were well illustrated by W.Hofmann et al. in the high luminosity PEP 
workshop (48]. Some of the salient comments I extract here, but the reader is referred to 
the original document for details. Figure 13a shows that the number of charged tracks 
other than those from the B candidate, i.e. belonging to the B and the fragmentation 
process, increases from 5.5 at threshold to around 12.5 at the zo. However, these addi-
tional particles are reasonably well separated in rapidity, as shown in Figure 13b. As a 
consequence, if one includes just those tracks in the B rapidity region, the number not 
associated with the B itself asymptotically approaches approximately one. In other words, 
the hard B production spectrum leads to a relatively clean separation between the B and 
tracks associated with the B or lighter fragmentation products. 

While large flight paths for b- and c-fiavoured hadrons should, at first sight, lead to 
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Figure 14. Simulated bb events as measured using a vertex detector (48]. The dashed 
and solid circles correspond to primary and charm or bottom decay vertices respectively. 
Each circle has a radius of 2 mm. 
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considerable advantage, the actual means to exploit this property may prove difficult, if 
not illusive. The situation on the Y( 4S) has already been illustrated. The PEP study 
independently arrived at quite similar conclusions. Shown in Figure 14 is an enlargement 
of the interaction region for a typical b-event as (a) generated and (b) reconstructed. The 
confusion in the r-</> projected views is enormous, leading to the same conclusion arrived , 
at earlier that it would likely be necessary to have a precision z measurement as well to 
aid in exploiting the vertex topology. One distinct advantage for SLC in this game is 
the small beam spot, which can serve as a constraint to eliminate many of the tracks not 
originating from b- or c-vertices. 

To an outsider it appears that the z0 experiments are only now giving serious thought 
to b-physics, as the probability recedes that the top mass is small enough to be produced 
there. A possible vertexing strategy has been studied by MARK II [49], with about a 40% 
efficiency per b-decay. They require 3 fast tracks with impact parameters of 3 sigma or 
greater with respect to the interaction point. By selecting only those events where the 
invariant mass of the three exceeds 1.95 GeV /c2 , most of the charm decays in the sample 
are removed, leaving less than 10% contamination from non-bb events. Referring again to 
the PEP study [48], it is clear that a strategy along these lines should be effective. The 
number of charged tracks originating from the B decay with momentum greater than 1 
GeV exceeds four at the zo (Figure 15a), while the fraction from the B decay drops to a 
little more than 10-3 (Figure 15b ). 

For the LEP detectors, the large diameter of the beam pipe will be a distinct disadvan-
tage. However, if the operational history of other storage rings is a guide, less conservative 
choices for the beam pipe will no doubt be introduced over time. ALEPH and DELPHI, 
with vertex detection provided by silicon arrays, should be in a good position. Although 
there is no information about the algorithm employed, ALEPH claims a vertex efficiency 
of 10-20% for B decays from the zo, if a 5-lOu vertex separation is required [50]. 

3.2 Lifetimes 

One of the obvious measurements for the zo experiments is b-lifetimes. Average lifetimes 
could be measured to less than ±5%. This probably doesn't have much meaning, since 
lifetime differences between b-flavoured hadrons are probably greater than this. The real 
interest lies in extracting separate measurements for the various species, in particular 
for B0 , B+ and Bg. One crude method is to compare lifetimes measured with impact 
parameters of hadron versus lepton tracks [48]. The ratio of charged to neutral B mesons 
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Figure 15. (a) Average number of charged tracks per b-decay with at least 1 GeV /c 
momentum. (b) Probability that a charged track with more than 1 Ge V / c momentum 
is emitted into the hemisphere of the event opposite to the decaying b. Both are from 
reference [48]. 
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in the sample will change for lepton versus hadron tracks if the lifetimes, and hence the 
leptonic decay widths, are different. If the lifetimes are comparable the method has little 
sensitivity, so that with an error of ±5%, one could only infer that the lifetimes were the 
same to ±20-30%. 

What should be possible, at a considerable cost in efficiency, is to enrich one species · 
or another via partial tagging techniques. Thus, if one studies the impact parameters of 
D0.e-, D*+.e- or Dt.e- combinations, one obtains samples with about 60% B+, 90% B0 or 
60% Bg respectively [48], because of the tendency for little fragmentation in semi-leptonic 
B decays. The small efficiency for charm reconstruction will require the large luminosity 
delivered by LEP. 

3.3 Mixing 

Another area where the zo experiments were expected to contribute was a measurement 
of mixing, in particular mixing of the Bg. This program has become more difficult. Table 
11 lists the expected number of like- and opposite-sign dileptons in a sample of 2 x 105 bb 
events [51], about 80 days of running at LEP design luminosity. As with an experiment 
running on the T(5S), the zo study must disentangle the fraction of the like-sign events due 
to B~ and Bg mixing, without knowing the relative production rates. The one advantage 
is there are no complications due to coherent BB sources. Ali and Barreiro [52] suggested 
even before the ARGUS measurement that one could use rapidity correlations to tag Bg 
production in the jet fragmentation process. They proposed using: 

as a variable mostly sensitive to Bg mixing. One kaon is required to have high momentum 
(p > 2 Ge V / c) and therefore predominantly originating from a B decay. The second can 
be softer, but must have momentum above 500 GeV /c to minimize contributions from far 
down the fragmentation chain. Under these circumstances, B~ decays favour .e-K:fKt 
combinations. Bg decays give .e-K:fKs and .e-KtKs with roughly equal probability, and 
likewise Bg -t Bg produces .e-KtKt and .e-K:FKt. Charm backgrounds are predomi-
nantly .e-K+K-. Figure 16 illustrates the change in ~ as a result of Bg-Bg mixing as a 
function of the PT cut on the lepton (51]. Although heavily Monte Carlo dependent, the 
technique seems to hold the promise of distinguishing Bg mixing. The note of concern 
expressed earlier about measurement of large mixing rates in a time-integrated fashion 
should, however, be borne in mind. 
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Figure 16. Distribution of the a.symmetry 6. as a function of the PT requirement for the 
lepton [51]. 
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Figure 17. Schematic layout of the injector and booster synchrotrons for the proposed 
B meson factory at SIN [53]. 
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PT(R) > 1.2 GeV /c Opposite-sign Like-sign 
Xs = 0, Xd = 0 908 135 
Xs = 0.5, Xd = 0 832 211 
xs = 0.5, Xd = 0.17, fs/fd = 0.5 747 296 

Table 11. Projected dilepton signals for 2 x 105 bb events at LEP. The third row has been 
adapted from the first two by this author. 

4 New Machines 

The zo experiments, after some learning period, will likely begin to make valuable contri-
butions to b-physics in the early 1990's. Nevertheless, the cleanliness of e+ e- production 
at or near threshold is still enticing. There are currently several proposals for B factories, 
i.e. e+e- machines capable of 107 or more B mesons per year, under consideration. These 
can be broken down into three classes: double storage rings, rings with asymmetric beam 
energies and linear colliders. 

The SIN proposal [53] is representative of the first of these: optimize storage ring design 
on the basis of present understanding. One maximizes luminosity by: 

• operation in a high reliability mode at a dedicated facility 

• using a small vertical f3 function (/3z :::; 3 cm) 

• obtaining a large horizontal emittance 

• using many bunches 

The last requirement compels the choice of a double-ring design to minimize beam-beam 
interactions. The experience of DORIS dictates that such a double ring must have 0° 
crossing at the interaction point. This is one area which requires some work to develop 
a technique for separating the beams, either electrostatically or via an RF magnet. A 
schematic layout of the complex is shown in Figure 17. The luminosities which can be 
attained range from 5 x 1032 cm-2 s-1 , in the early stages of the project, to as much 
as 3 x 1033 cm-2 s-1 (Figure 18). A decision is expected before the end of 1988, with 
startup sometime in 1993 or later. As a reminder, 5 x 1032 cm-2 s-1 is equivalent to about 
8 x 106 BB pairs per year on the T( 4S). The design of a detector for this facility will be 
critical to exploitation of the anticipated luminosity. With the considerable investment in 
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hardware and experience embodied in CLEO II, it seems likely that efforts to maintain a 
competitive position for CE8R will continue. 

While the T( 48) has been a favourable B source, it does produce the B0 B0 pair in 
a coherent (L = 1) state. If one treats the time-integration symmetrically for the two 
B mesons, then it is not possible to observe mixing-induced CP violation effects (54]. 
Amplitude-induced effects in self-tagging charged B decays could still be observed. How-
ever, these will require a minimum of 108 B mesons [55], since these typically are brought 
about by interference between two competing diagrams in rare decays. 

Therefore, it appears that the conventional B factory fails to meet the needs for a CP 
violation search in two essential ways: (1) insufficient luminosity and (2) production of 
the T( 48) in a way which does not allow a resolution of the B flight distances. The idea 
of an asymmetric set of storage rings, where 14 GeV electrons are collided with 2 GeV 
positrons, for example, is an attempt to rectify the second of these limitations by producing 
a boosted T( 48). It remains to be seen whether a suitable detector can be designed to 
take advantage of the peculiar asymmetric topology, or if the luminosities which can be 
achieved are competitive with the more conventional approach. 

Another more speculative approach is the proposal to use high-frequency colliding 
linear accelerators. Representative among this class is the proposal of Amaldi and Coignet 
[56]. The design is in some sense a scaled-down version of the 8LC, where the bunch 
frequency is increased from 180 Hz to 18 kHz. In addition, the disruption factor, which 
scales like l/'"'f, increase from 0.75 to 7.5, resulting in a.n increase in the pinch effect 
contribution by about a factor of 3. Taken together, a luminosity approaching 1033 cm-2 

s-1 should be within reach. Considerable research and development work will be needed, 
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Figure 19. Schematic layout of a superconducting linear collider beauty factory [56]. 
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in particular to develop a high intensity positron source and low-emittance beams. A 
schematic layout for the facility is shown in Figure 18. 

The accelerator would operate in two modes. A high-resolution mode, with energy 
resolution of 3 MeV and a luminosity of 1033 cm-2 s-1 , has a transverse beam spot size. 
of 1.1 µm. This permits the placement of vertex detectors very close to the interaction 
point and allows the precise definition of the production point for the B mesons. Thus, 
it would be possible to remove the necessity for integration over the B lifetime. In this 
case, the mixing-induced CP violation searches would be viable. Moreover, the design 
luminosity is equivalent to 107 B mesons per year on the 1( 48), perhaps sufficient for the 
task. A low-resolution mode is also foreseen, with an energy resolution of 200 MeV and 
a transverse beam spot size of 0.6 µm. The design luminosity is 1034 cm-2 s-1 , or again 
107 B mesons per year in the continuum, where the production is not coherent. In either 
scenario, if such a proposal were realized, one would be at the threshold for CP violation 
studies in the b-system. 
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HEAVY ~ PRODUCTIOR IR ep CX>LLISIOllS AT HERA 

M. Derrick 
Argonne National Laboratory 

Argonne, IL 60439 

Abstract 

There are substantial production rates of heavy quarks from ep collisions 
at HERA. The center of mass energy of about 300 GeV is well above any b-quark 
threshold effects, and for bb production, the cross section is estimated to be 
3.3 nb per event, leading to rates approaching 106 b mesons per year. The 
rates for cc production are about two orders of magnitude greater. Two major 
detectors are under construction and a program of heavy quark physics will 
start in 1990. 

Introduction 

Almost all of our information on the properties of heavy quarks has come 
from e+e- experiments since, although the data rates are low, 40% of the cross 
section is represented by the cc and bb final states. In hadronic collisions, 
the signal-to-noise is at least one thousand times worse and experimental 
difficulties have, so far, not allowed the much higher rate of heavy quark 
production to be fully exploited. Photoproduction is somewhere between e+e-
and hadronic collisions, both in rate and in signal to noise. The success of 
the tagged photon beam program at Fermilab, following the introduction of a 
silicon vertex detector, shows that charm physics can be done at a hadron 
machine, using qp collisions, that is fully competitive with the e+e-
experiments. Although the rate is very low in in neutrino bubble chamber 
experiments, a few fully-reconstructed charm events have been seen. 

In the next generation of facilities, these experiments will be continued 
using ep collisions. A 30-GeV electron beam colliding with an 820-GeV proton 
beam gives a center of mass energy equivalent to a 52-TeV photon beam on a 
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fixed target. The charged-current events will continue the neutrino program 
into the new energy range. 

+ -By the early 1990's, the e e experiments at the y resonances 
0 6 - ts . z peak should be in the range of ~ 10 bb even per experiment. 

standard that other experiments must match to be competitive. 

Heavy QUark Production at BERA 

and at the 
This sets a 

Heavy quark production in ep collisions proceeds via )'G and WG fusion as 
shown in Fig. 1. The cross sections per event at HERA energies, which are 
uncertain to a factor of about 1.5, are: cc - 350 nb, b5 - 3.3 nb, and t~, 

varying from 10 pb for mt= 30 GeV to 0.015 pb for mt= 100 GeV. For 
comparison, at the z0 the cc and b5 cross sections are 7 nb and 5 nb 
respectively. The design luminosity of HERA is 1.5 • 1031 cm-2 sec-1 so, with 
dedicated operation, an integrated luminosity of 100 pb- 1 per year could be 
achieved. One must note, however, that no ep collider has ever been built so 
unexpected difficulties may limit the luminosity. 

e e e 11 

y w 
b t 

b b 
g_ g 

p x p x 
(a) (b) 

Fig. 1. Heavy quark production in ep collisions. 

For a heavy top quark (mt ~ 57 GeV), the production of tE pairs by the Wg 
fusion mechanism of Fig. 1(b) will dominate over t~ production as shown in 
Fig. 2. 1 There is a potential window of opportunity for top studies at HERA 
if mt > mz/2 but less than about 75 GeV and if the backgrounds in the hadron 
collider experiments turn out to be insuperable. 
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TWo solenoidal detectors are under construction. One, called H1, uses a 
very large, 1.2 T superconducting magnet, copied from the magnet of the DELPHI 
detector at LEP, and places the lead-liquid argon and steel-liquid argon 
calorimeters inside the coil. The second, called ZEUS, uses a 1 m ·radius 
1.a T magnet and places the scintillator-uranium calorimeter outside of the 
coil. Both detectors will have excellent tracking and lepton identifi-
cation. Neither has the capability to separate n=i: from K± or p±. Both 
detectors will be available early in the operation of the collider and both 
will log the heavy quark events along with the other deep inelastic events 
mediated by both neutral and charged currents. 
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Event Characteristics 

Because of the asymmetric beam energies, the events are peaked along the 
direction of the proton beam and many of the cc events will be lost in the 
beam pipe. Typical energy and angular distributions of the bo events are 
shown in Fig. 3(a) and Fig. 3(b), respectively. 2 Half of the b quarks are 
produced with a laboratory angle of more than 30° to the beam direction and 
the energies of these events are in the range 5-30 GeV: rather like b 
production at PEP. Figure 4 shows an example of a typical t~ event with mt = 
40 Gev. 3 ~lrnost all of the tracks are in the instrumented region of the 
detector. 
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Fiq. 3. Characteristics of b-quark production. 
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Pig. 4. EKample of a tt production event. 
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Conclusion 

It is likely that b physics at HERA can contribute in a serious way to 
studies of this important system. In a few years, the hardware will be in 
place and the events will be recorded. The detectors have one weakness which 
is the absence of hadron identification. On the other hand, the lepton 
identification will be excellent so that tagging b decays via a ~ trigger can 
be done. 

The calorimetry will be very good. The calorimeter of the ZEUS 
a 

detector, for example, has a design energy resolution of jE = .!l.a.lS.~ 1%. 
TE 

Since most bb events involve missing neutrinos, this capability will be 
important. 

The groups planning b physics at Fermilab should be aware of these two 
programs at DESY, which will be in operation before any major new Fermilab 
detector could be built. 

Work supported by the U.S. Department of Energy, Division of High Energy 
Physics, under contract W-31-109-ENG-38. 
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ABSTRACT 

With an eye to requirements for a future program at Fellililab, some topics in B physics 
are reviewed. These include: (1) a summary of present knowledge about the 
Kobayashi-Maskawa matrix and its implications; (2) expectations from e+e- colliders, 
(3) benchmark cross-sections for B production in hadron machines; (4) present infollila-
tion and prospects for B - if mixing; (5) some expectations for specific low-multiplicity 
B decays; (6) time-dependent studies; (7) "bread and butter" B physics; and (8) signa-
tures for sources of CP violation beyond those of the standard model. 

I. INTRODUCTION 

The prospects for learning about CP violation in a system other than the neutral kaons have 
been enhanced by several recent experimental results. (1) The magnitude of the parameter e'le in 
neutral kaon decays1 appears consistent with that predicted by the three-generation Kobayashi-
Maskawa model.2• 3 (2) The mixing of B0(=. bd) and ii°(= bd) mesons is found to be large, 
llm Ir = 0. 73 ± 0.18. 4 (3) The rare b -+ u transition has been seen for the first time in challilless 
B decays involving baryons.5 As a result of the last two items, there may be a good chance of see-
ing CP violation in the B meson system, if at least 107 BB pairs can be produced, with detection 
of suitable final states corresponding to branching ratios of about 10-4. 

B meson physics is a subject of enollilous richness even without reference to the CP prob-
lem. The magnitudes of Kobayashi-Maskawa (K.-M.) matrix elements are not at all well under-
stood theoretically; many of them are probed in B physics. The B meson, composed of one heavy 
(b) and one light (u, d, s) quark, is analogous to the hydrogen atom of the strong interactions; it 
provides a laboratory for the relativistic one-body problem. The hadronic production of particles 
containing b quarks is an excellent testing ground for perturbative QCD, and a step along the road 
to reliable predictions for the top and any other heavier quarks. 

Presented by M. P. Schmidt at Workshop on High Sensitivity Beauty Physics at Fermilab, Batavia, IL., Nov. 11-14, 
1987 (to be published in the Proceedings). 
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Is B physics best studied in hadron machines, e+ e- colliders, or both? Several recent studies 
and reviews have addressed this point.6-12 At the present workshop, the Physics Working Group13 

was charged with outlining a set of key questions which could be addressed by either method, and 
with summarizing present knowledge (including gaps!) This report contains a sampling of such 
topics. We shall refer the interested reader to the individual reports in these Proceedings for 
details, and apologize for total omission of some subjects as a result of time and space constraints. 

This summary is organized as follows. In Section II we review the status of knowledge 
regarding phases and magnitudes of Kobayashi-Maskawa (KM) matrix elements. A set of bench-
mark cross sections for b production in hadronic interactions is discussed in Section III. 

Section IV is devoted to an outline of expectations from electron-positron colliders, including 
limitations associated with luminosity and vertex detection. Recent results and prospects for 
further information on B - B mixing are noted in Section V. The detection of CP-violating asym-
metries may depend on reconstruction of specific low-multiplicity final states, of which Section VI 
deals with some aspects. Section VII treats some recent results on time-dependent measurements 
of CP asymmetries. "Bread-and-butter" B physics, including measurements of lifetime differences 
among different flavors and some spectroscopy questions, is mentioned in Section VIII. The neu-
tron electric dipole moment, if observed at a level close to present upper limits, can signal radically 
different. physics from the standard model, as pointed out in Section IX. We conclude in Section 
X. 

II. KM STATUS AND IMPLICATIONS 

The interaction of a charged W with quarks is described by a term 
- +µ Linl - UL YµVDL W + h.c. , (2.1) 

where v is a unitary matrix2 cv+v = 1) which may be parametrized14 as 

[

Vud Vus Vub l [ 1 - / . .2/2 A. A.
3
A(p - ill)] 

Vcd Vcs Vcb = - A. 1 - A.2/2 A.2A 
v1d Vis v,b A.3A(l - p - ill) - A.2A 1 

(2.2) 

Here A.= sin0c = 0.22, as one learns from strange particle decays;15 nuclear beta-decays16 and 
charm decays17 confirm the predictions of approximate unitarity for two quark generations that 
V ud = Vcs = 1 - J...212, and charm production by neutrinos18 is consistent with I Vcd I = A.. The b 
lifetime and semileptonic branching ratio to charmed final states imply 

I Vcb I = 0.045 ± 0.008; A = 0.93 ± 0.17 . (2.3) 

Charmless b decays and s 0 - ~ mixing place further restrictions on I Vub I and I V1d I, as we 
shall see. 

A. The unitarity triangle 
The unitarity of the KM matrix V implies, for example, that 

v:i, V ud + Vc*b Vcd + V1~ V1d = 0 . (2.4) 

Now, quark phases may be chosen19 such that the elements of V along and just above the diagonal 
are real and positive: 
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(2.5) 

Then, since V ud ::: V1b ::: 1, we may write 

v:b + V1d = sin0c Vcb = 0.010 ± 0.002 (=A A.3) . (2.6) 

Thus, the elements v;b, V1d, and sin0c Vcb form a triangle in the complex plane, as illustrated in 
Fig. la. If we divide each side by A /. . .3, and adopt the parametrization of Eq. (2.2), the triangle has 
unit base and height 'fl, as shown in Fig. lb. The importance of this triangle has been stressed by 
several authors.20-22 Its sides and angles are probed by numerous observables, including charmless 
b decays, B 0 - ~mixing, e'/e, and various CP-violating asymmetries.23 

b) 

1-p-i11 

sin ec vcb = 0.010:!: 0.002 1 

Figure 1. Triangle formed by small KM elements. a) Relation given by Eq. (2.6); b) the same re-
lation, with all quantities divided by A '),.,3, in the parametrization of Eq. (2.2). 

A necessary condition for nonzero KM phases is that the area of the triangle (equal to 'fl/2 in 
the present parametrization) be nonzero. 24 

As just one example of a CP-violating asymmetry sensitive to an angle in the unitarity trian-
gle, note that decays of B 0 and ~to a CP eigenstate containing only u and d quarks involve the 
process b ~ uud or its charge conjugate, and thus are characterized by an asymmetry25 

v ud v;b v 1b v,~ 
A - Im * * , 

V ud V ub V Id V1d 
(2.7) 

where the second factor comes from B 0 - ~mixing. The right-hand side of Eq. (2.?)·is just 

(2.8) 

B. Constraints on the triangle.26 

1. CP violation in kaons. The imaginary part of the K 0 - K° mass mixing matrix element 
M 12, which leads to the CP-violating parameter e, to a good approximation is dominated by the t 
quark contribution to the loop diagram in Fig. 2. The loop involving two top quarks contributes an 
amount toe: 

(2.9) 

where B is a parameter describing the matrix element between K 0 and K° of the (Si 'fdL )(Si 'fµdL) 
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Fig. 2. Loop diagram contributing to CP violation in K 0 - K° mixing. 

operator illustrated in Fig. 2. If only vacuum intermediate states contribute, B = 1. A recent esti-
mate27 gives B = 2/3 ± 0.1, but others28 range from 1/3 or less up to and beyond 1. In Fig. 3 the 
solid lines show a more precise set of constraints on 11 and p (see Ref. 23 for details) obtained 
from the observed value29 of e under the assumption B = 0.7, for various values of the top quark 
mass. 

1 

0 

-1 0 p 1 
Fig. 3. Constraints on the parameters 11 and p [Eq. (2.1)) from various observables in kaon and B 
systems. Solid curves labeled by m1 : e (CP-violating parameter in the kaon system), for B = 0.7. 
Horizontal unshaded band: e'le (from Refs. 1 and 3). Solid semicircles: upper and lower bounds 
on I Vub!Vcb I. Light semicircle: B - B mixing. Here we have taken the illustrative values 
Vcb = 0.0484, fs = 150 MeV, m1 = 100 GeV!c 2, B8 = 1. The round dot denotes the correspond-
ing apex of the unitarity triangle. 

A recent estimate3 gives 

.£. = 1.1 x 10-2 11 
e [ 

150 MeV ]
2 

[ 10-
12s ] 

ms (1 GeV) 't(B) · 
(2.10) 

If we assume the quantities in brackets are 1 and take the experimental range1 of e'le, we find 
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0.15 $ Tl $ 0.5 ' 

plotted as the horizontal unshaded band in Fig. 3. 
2. Charmless B decays imply5· 30 

0.07 $ IV ub!Vcb I $ 0.2 , 

which we may interpret approximately as 

0.3 $ (p2 + Tl2)112 $ 0.9 

These limits are indicated by the solid semicircles in Fig. 3. 

3. B 0 - ffD mixing, characterized by the result4 

(~ID8 o = 0.73 ± 0.18 , 

approximately constrains the combination 

BBf j m/ 1 V Id 12 - 11 - p - iT} 12 , 

(2.11) 

(2.12) 

(2.13) 

(2.14) 

(2.15) 

leading to a semicircular arc centered at (p, rt) = ( 1, 0) for any given values of B 8 , f 8 , and m1 • 

For illustration we show in Fig. 3 one such arc, though wide variations in its radius are still possi-
ble in view of our ignorance of many crucial parameters.23 

4. Conclusions regarding the triangle include the following. a) The observation of CP viola-
tion indicates the triangle must have non-zero area, Tl > 0. b) A major constraint comes from 
IV uh I :t:. O; improved understanding of charmless b decays will be highly desirable to bracket 
p2 + rt2 within a narrow range. c) The large value of t:im!r for B 0 - ffD mixing suggests both a 
large value of m, and a negative value of p. However, many uncertainties remain in this interpre-
tation. The measurement of (~)8/(~)8d = I Vis 12/ I Vld 12 will be extremely helpful in focussing 
attention on KM elements. 

C. Future uses of the triangle 

We have already mentioned one CP-violating asymmetry and its relation to an angle in the 
triangle. Another asymmetry is the one in Bd ~ J /\jl + Ks, which turns out to be related to 
sin 2$3. One already knows the base of the triangle in Fig. la, so measurement of two of its 
angles will specify it uniquely. Further measurements overconstrain the triangle and provide cru-
cial tests of the unitarity relation (indeed, of the whole KM model). 

ill. BENCHMARK CROSS SECTIONS FOR HADRONIC B PRODUCTION 

Recent leading-order (O(a})) estimates for production of b quarks at the Tevatron have been 
made by Berger31 and Ellis and Quigg.32 First results of a study to O(a.]) have been reported.33 

The following is a brief summary of conclusions presented by Berger at this Workshop,34 includ-
ing comments on a comparison of various results by J. Butler.35 

The leading-order estimates [based on qq ~ QQ and gg ~ QQ subprocesses] should be 
within a factor of two (K $ 2) of the correct result for bottom quarks, for d cr/dy or d crldxF 
integrated over all transverse momenta. [Here q = light quark, Q = heavy quark, g = gluon.] 
Sources of uncertainty include structure functions, the b quark mass, and the momentum scale at 
which to evaluate as. 
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A compilation of various estimates31 • 32 suggests the ranges of cross sections shown in Table 
1. 
Table 1. Values for b production cross sections in fixed-target experiments at Fermilab (K = 1). 

cr(pp ~ bbx) 

PL = 400 GeV le 
600 GeVlc 
800 GeVlc 

cr(rc-N ~ bbx) 
PL = 400 GeV le 

600 GeVlc 

"Best guess" 

0.3 nb 
1.6 nb 
4.0 nb 

3.3 nb 
8.2 nb 

Range 

(0.2 to 0.6) 
(0.9 to 3.0) 
(2.0 to 9.0) 

(1 to 6) 
(3 to 14) 

In addition one estimates cr(jfp ~ bbx) - 15 to 30 µb at {i = 2 TeV, and cr(j)p ~ tix) - 0.1 nb 
at this energy for m1 = 100 GeV lc 2• 

B. Ratios of bb to total cross sections 
The ratios of bb production to total interactions are estimated to be: 
1. At the Tevatron collider: 

cr(bb) = 14 to 30 µb :::: 2 to 4 x 10_4 
cr(tot) 80 mb 

2. For fix.ed-target pp interactions at 800 GeV/c. 

cr(bb) = 3 to 5 nb A :::: (0.8 to 1.3 x 10_7) A 113 
cr(tot) 40 mb A 213 

3. For rc-N interactions at 600 GeV/c: 

cr(bb) = 6 to 10 nb A :::: (2 to 4 x 10-7) A 113 . 
cr(tot) 25 mb A 213 

C. Rapidity distributions 

(3.1) 

(3.2) 

(3.3) 

Rapidity distributions of b quarks produced in pp collisions at fi" = 2 TeV are expected to 
be quite broad, corresponding to !1y = ±3 (FWHM). Furthermore, b quarks are not highly corre-
lated in rapidity. If (say) b has y 1 = 0, then F has a distribution with 11y 2 = 4.2 (FWHM). The 
corresponding values for y 1 = (2, 4) are !1y 2 = (3. 7, 2.3). (Figures illustrating these distributions 
may be found in Ref. 34.) One needs broad coverage in rapidity to see both b and F at the Teva-
tron. 

D. What accompanies a b quark? 
It is part of folklore that one might expect the production ratio 

Bu: Bd: Bs: Ab = 0.35: 0.35: 0.15: 0.15 (3.4) 

in a hadronic experiment. Experience in e+e- annihilations only provides a rather broad range so 
far:36 
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s 0.2 < - < 0.6 ' (3.5) 
u 

though a "world average"37 provides a considerably narrower range. Similarly, the number of 
charmed quarks materializing as baryons38 suggests 

Ab 0.1 < - < 0.3. (3.6) 
all 

IV. LIMITATIONS AND POSSIBILITIES AT 
ELECTRON-POSITRON COLLIDERS 

It is important when planning B physics experiments at hadron machines to realize the com-
parative advantages and disadvantages of BB production in e+e- collisions. These have been dis-
cussed at this Workshop,39 arid we give merely a brief synopsis of some of the main points. A 
detailed study of the energy-dependence for production of various types of BB pairs just above 
threshold also has been presented. 40 

A. At the T(4S) 

Since Y( 4S) is C-odd, CP-violating asymmetries depending on mixmg will vanish when 
integrated over time.41 It is these asymmetries, however, for which the most reliable predictions are 
available. Asymmetries which rely on interference of two different decay amplitudes tend to be 
small and hard to estimate as a result of uncertain final-state-interactions. However, they have the 
virtue that they often do not need to be tagged as arising from a B 0 or a ii°. 

B. Above the T(4S) 

A C-even final state of B 0ii° can be produced from a C-odd state of B 0ii°* ( + charge-
conjugate) which then decays to B 0ii° + y. It may be possible to produce such a B 0B°* state in 
e+ e- interactions at energies just above the Y(4S ), though the cross section will be appreciably 
lower42 than on the 4S state. To see asymmetries in decays to a CP eigenstate (as in B 0 or 
ii° ~ 1t+1t), which are due to an interference of a decay amplitude with a mixing amplitude, the 
flavor of the opposite meson will have to be tagged, further increasing the need for statistics. 

C. On the Y(5S). 

There may be a resonance such as the Y(5S) [E = 10.86 GeV] 40• 43 or some other "magic" 
energy for which e+e- ~ bb is dominated by the BsS: (+ charge conjugate) final state. In that 
case, C (BJfs) = +, allowing for observation of CP-violating asymmetries depending on mixing. 
However, one has to map out in detail the relative production of various final states such as 
BsS:• BsBs, etc.40

• 43 Furthermore, one expects the inclusive BsBs production in any case to be 
much less than B 08° production at the Y( 4S ). [It should also be noted9• 11 that the standard model 
predicts small asymmetry for the major decay modes of Bs, while in models with additional fami-
lies or supersymmetry the asymmetry may be quite large.] 

D. High energy e+e- production. 

At SLC, LEP, and TRISTAN, one may be able to exploit vertex separation and electroweak 
asymmetries44 to measure both "mixing" and "decay amplitude" CP-violating asymmetries. 
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E. Other suggestions. 
1. Asymmetric energies in e+ e- beams could help separate vertices due to b decays on the 

Y(4S), 45 allowing one to avoid integrating over the whole time distribution of b decays. One 
might then partially overcome the suppression of certain CP-violating asymmetries arising from the 
presence of a C-odd state. 

2. "Inclusive" techniques for studying CP-violating asymmetries could be explored at present 
machines. 46• 47 

3. Time-dependences of the form sin tvn(t - t') on the Y(4S) are normally responsible for 
the suppression of decay asymmetries due to mixing. Lipkin48 has suggested alternative ways of 
studying this time dependence. 

F. Projections for required numbers of events. 
A summary was presented39 (see Figure 4) of the necessary number of B decays needed to 

see a certain CP-violating asymmetry A in a process with a branching ratio BR . 

10 -

BR 

, 0 - 0. oso 

CP ASYMMETRY AT E+E- MACHINES 

9 Naii 
10 TAG 

0.150 0.250 
A 

Naii NO TAG 

0.350 0.450 

Fig. 4. Number of B decays needed to see a CP-violating asymmetry A in a process with branch-
ing ratio BR. Larger numbers assume a 10% tagging efficiency. From Ref. 39. 

Although 107 B's are suitable in principle49 to begin seeing CP-violating asymmetries in the 
most favorable cases (Bd ~ J l\jl +Ks, mt), the need for tagging and the inability to make use of 
BB pairs at the Y(4S) for these most favorable cases mean that one will need an integrated 
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luminosity equivalent to at least 108, and possibly more, BB pairs at the Y(4S) to study CP viola-
tion conclusively in e+e- interactions. One might achieve the required number in a year of run-
ning at a luminosity of L = 1034 cm-2s-1, envisioned for the most intense B factories under con-
sideration. 50 

V. B - B MIXING 

A survey of ARGUS results, including the observation of B - ii mixing4 and charmless B 
decays,5 has been presented by D. Macfarlane at this Workshop.51 As mentioned, the large value 
of (.1m!T)8 o suggests both a large top quark mass and a value of I V1d I near its upper limits. 
However, to remove many of the uncertainties associated with f 8 , B8 , and m1, one should really 
measure 

I Vrd 12 2 2 ::: = A. 11 - p - ill I 
I V1.1 12 

(5.1) 

From Fig. 3 we see that 11 - p - ill I ::; 2, so that the right-hand side of Eq. (5.1) is less than 
about 4A.2 ::: 0.2. This implies strong mixing in the Bs - i'fs system. Such mixing will be a chal-
lenge to observe, but time-dependent studies52 will be able to see spectacular signals. 

Up to now, no signal for B - ii mixing has been reported by the CLEO group.51 This is not 
yet a source of doubt regarding the ARGUS result, but bears further watching, since analysis of 
new 4S data should be bearing fruit soon. 

VI. SPECIFIC LOW-MULTIPLICITY CHANNELS 

A. Isospin relations. 
Lipkin and Sanda53 have presented a number of relations arising from the limited change of 

isospin in certain b decays. For example, the subprocess b ~ ccs involves Af = 0. Conse-
quently, 

2r(li° ~ J l'V + Ks) = r(li° ~ J /'if + K°> = r(B- ~ J /'if + K-) . 

The process involving the charged K has been observed, with a branching ratio54 

B (B- ~ J /'if+ K-) = (0.9 ± 0.6) x 10--3 (CLEO); 

(0.7 ± 0.4) x 10-3 (ARGUS) 

(6.1) 

(6.2) 

If the charged and neutral B lifetimes are equal, one then expects B (ii°~ J /'if+ Ks) = 4 x 10-4. 
Alternatively, one could measur~ B (ii° ~ J /'if+ Ks )IB (B- ~ J /'if+ K-) very precisely to obtain 

't(li°) r(B-) 2B (ii° ~ J /'if + Ks) 
"C(B-) = r(li°) = B (B- ~ J /'if+ K-) ' 

(6.3) 

in the spirit of a similar method suggested for ratios of neutral and charged D lifetimes on the 
basis of semileptonic decays. 55 

[It was noted56 subsequently to the Workshop that the ratio 
B (ii°~ D *+r V)IB (B- ~ D *0r V), expected by isospin considerations to be equal to 
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't(B°)l't(B-), is currently being measured. Since57 

B (B° ...:; D *+z- V) = (7.0 ± 1.2 ± 1.9)% , 

one expects adequate statistics from this determination.] 

(6.5) 

The decay B+ ...:; 7t+7to is analogous to K+ ...:; 7t+7t0. It leads only to an I = 2 final state. A 
comparison of B 0 ...:; 7t+7t- and B + ...:; 7t+7to rates might therefore be illuminating. One would 
expect the Af = 1/2 rule, so strong for kaons, to be considerably weaker here, so B 0 ...:; 7t+7t- and 
B+ ~ 7t+7to rates should be closer to one another than the corresponding ones for kaons. 

B. Dalitz plot asymmetries 
In decays such as B+ ~ p07t+...:; 7t+7t-7t+ or B+ ...:; pp1t+, there may be useful Dalitz plot 

asymmetries for discerning CP violation.58 

C. Two-body decays of Ab 

In principle, CP-violating asymmetries should be studied in two-body decays of Ab, 59 if we 
knew where to look. If b ~ s + gluon transitions are important, perhaps Ab ~A+ <I> is visible. 
Other possible modes include p 1t- and pK-. Since both S and P waves are possible, one will not 
know a priori the sign of any CP-violating asymmetry until decay parameters are mapped out. 

VII. TIME-DEPENDENT STUDIES 

A. Bs - B5 Mixing. 

Since it is expected that Bs and~ mix with one another very strongly, the exact magnitude 
of this mixing will be hard to measure. An exception occurs52· 54 if one can measure time-
dependences of decay products to within a fraction of a B lifetime; then, spectacular oscillatory 
patterns can occur as a function of proper decay time as Bs and "ifs mix back and forth between 
one another. 

B. Measurement of lifetime differences in the B5 system. 

A measurable lifetime difference (::;; 20%) between the two mass eigenstates BH and Bi of 
Bs (= bs) and ~ (= bS) is conceivable. To measure this difference, one uses decays to CP eigen-
states.52 Small differences will appear in the time-dependences of decays to CP-evcn and CP-odd 
final states. 

C. Time-dependences of asymmetries 
Specific final states (B 0B°, B 0B-, B+B-, with differences between even and odd l for B 0B°) 

will have characteristic time-dependences in their decays which (for neutral particles) need not be 
exponential. When extracting an asymmetry under conditions in which a time-integrated asym-
metry would vanish (e.g., for certain asymmetries at Y(4S)), one can employ the known (meas-
ured) BB mixing frequency to weight events suitably according to proper decay time. 

VIII. "BREAD AND BUTTER" B PHYSICS 

A. Relative lifetimes 
One is interested in the relative values of 't(B±), 't(B 0), 't(Bs), and 't(Ab) for several reasons. 

The corresponding values for charmed particles have shown differences of more than a factor of 
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five, ranging from 't(D±)::::: 10-12s to 't(Ac) $ 2 x 10-13s. 60 This wide range indicates that the 
environment in which a charmed quark decays affects its rate. For a b quark, with roughly three 
times the charmed quark's mass, one wishes to know if vestiges of such effects remain. Moreover, 
it would be extremely helpful to know more precisely the ratio of charged and neutral B semilep-
tonic branching ratios, for such purposes as extraction of I V be I and I Vbu I . It is estimated61 that 

1 s; 't(B:) s; 1.2 , (8.1) 
't(B ) 

where the number on the right is obtained from an upper bound on the effect of destructive 
interference in such processes as bu ~ cudu . Present experimental limits are much less 
stringent:12 

1. < Bs/B±) < 2 
2 - Bsl (Bo) -

(8.2) 

[We have already mentioned one promising strategy for measuring the lifetime ratio more precisely 
via D •Iv decays.56] 

In contrast to a statement sometimes found in the literature,30• 62 Bigi61 does not feel that the 
charged/neutral B lifetime ratio sheds light on f 8 . On the other hand, information on f 8 itself 
would be very useful, since it affects estimates for B - B mixing. 

B. Exotic b-ftavored hadrons. 
The Be (=lie) could have interesting decay modes like J l'1f + p<* ), J l'1f + p, ... , perhaps with 

branching ratios as large as a few percent.61 Baryons containing bsq might decay to J /'1f + 3, for 
example. The Be is interesting because it interpolates between cc and bb spectroscopy, allowing 
the study of unequal-mass heavy quark-antiquark. systems for the first time.63 

IX. NEUTRON ELECTRIC DIPOLE MOMENT AS A PROBE 
OF UNCONVENTIONAL CP VIOLATION 

While the KM model predicts a very small neutron electric dipole moment, 
dn $ 10-31 e cm, 64 another model65• 66 predicts values very close to the present upper limits.67• 68 

The prediction turns out to be sensitive to the octet-singlet mixing angle 011 in the 11. as shown in 
Fig. 5. The interesting level is at or above dn = 10-25e cm, which should be reached very soon. 
Clearly all bets are off regarding the KM theory of CP violation if a neutron electric dipole 
moment is seen at such a level! 

X. CONCLUSIONS 

A number of interesting questions can be addressed at a hadron machine at levels of statistics 
lower than those appropriate for all-out CP violation studies. For successful identification of CP 
violation in the B system, a hadronic production experiment must be able to reconstruct enough 
two-body decay modes of B mesons corresponding to branching ratios at the level of 10-4 so as to 
observe asymmetries of no more than a few tens of percent at the 3a level. What still needs atten-
tion is an updating of a table (see, e.g., Table 1 of Ref. 11) of expected branching ratios for 
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Fig. 5 .. Predicted lower limit on the neutron electric dipole moment, as function of octet-singlet 
mixing angle 0ri in the 11· From Ref. 66. Refs. 3 and 4 in the Figure correspond to our Refs. 67 
and 68, respectively. 

specific final states, in the light of new measurements of B - B mixing and charmless B decays. 
The best way to attack this problem may lie in the near term in a continuation of the excellent 
e+e- programs at DORIS and CESR. Studies of B physics at hadron machines have a number of 
interesting problems to address. If experience with charmed particles6() is any guide, such experi-
ments will take a number of years to surpass the precision of e+ e- studies, but will eventually bear 
fruit, and may be of unrivaled statistical power. 
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Bottom Production Cross Section at FNAL Energies 
J. Butler 
Fermi lab 

Since experimental data on the hadroproduction of bottom is almost non-
existent, we must rely on theory for guidance. Two recent papers 1,2 have 
addressed the calculation of the b-quark cross-section in the energy 
regions accessible to the Fermi lab collider and the Fermi lab external 
beam. Reference 2, in particular, summarizes the status of the 
theoretical predictions. In this note, I briefly review the remarks of 
reference 2 on the state of the theory, then make an assessment from an 
experimenter's point of view on the reliability of the predictions, and 
finally propose a set of •standard cross-sections• for the total bottom 
cross-section, abb, for use in this workshop. The •standard• purports 
only to assist in the relative evaluation of rates for different energies 
and incident particles. By using the •standard", we can avoid large 
apparent differences in various approaches due to choice of model. 

I. Review of Status of QCD Calculation of Bottom Production 

The calculations presented 1n ref 1,2 include contributions of QCD 
processes of order as2 and are therefore "Born" approximations. The 
limitations and uncertainties of this approximation are stated 1n 
reference 2 to be the following: 

A. It is not clear to what extent •perturbative• or short-range QCD 
processes dominate over 1 non-perturbative• QCD processes. 
Perturbative QCD to order as2 badly underestimates the measured cross-
section for charm hadroproduction. The reason is believed to be the 
presence of large •non-perturbative• contributions. Berger argues in 
reference 2 that the bottom quark mass is sufficiently large that 
perturbative effects should dominate. He observes that perturbative 
QCD begins to give good results for Jet hadroproduction at a 
transverse momentum scale of 5 GeV/c which is the same size roughly as 
the b-quark mass. However, in light of the experience with charm, it 
is probably not impossible for there to be •some• non-perturbative 
contributions. 

B. There are non-negligible contributions from diagrams proportional to 
as3 and higher orders. These have not yet been completely calculated 
so their size can only be estimated. For some kinematic regions, and 
topolonies these diagrams actually dominate the as2 contributions but 
those regions contribute only negligibly to the total b-quark cross-
section. These diagrams also contribute to other processes such as 
Orel I-Yan di lepton production. There they are believed to produce the 
famous •K-factor• whose value is somewhat larger than 2. Berger 
argues that this should also be the order of the higher order 
contributions to ab but of course this remains speculation and 

-181-



therefore creates uncertainty in the prediction unti I the calculations 
are more complete. 

C. There is uncertainty over the value to use for the b-quark mass and 
the total cross-section is quite sensitive to this choice. A 
variation from 4.6GeV/c2 to 5.4GeV/c2 changes the as2 contribution by 
a factor of 4 and dramatically affects the threshold behhavior of 
bottom-production. 

D. There is uncertainty of the choice of the QCD evolution scale, Q2. 
This scale appears both tn the evaluation of as(Q2) and in the 
computaion of the (evolved) quark, anti-quark, and gluon structure 
functions. The overall effect of this scale is complicated and 
depends on the X-region •sampled• by the process under consideration. 
Choices include Q2 = mb2, 4mb2 and s (the total energy squared in the 
parton-parton center of mass). Different choices can make large 
differences, factors of 2 to 4, in the result. 

E. There are the usual differences arising from use of different 
parameterizations of the gluon, quark and anti-quark structure 
functions. This is not so severe in the kinematic regions accessible 
to the FNAL Col lider and Fixed Target programs since they "sample" x 
values (x- Mb/vs) where at least the quark and anti-quark structure_ 
functions are wel I-measured and where al I parmaterizations must 
therefore agree. Various choices seem to produce results within 15~ 
of each other. 

II. An Experimenter 1 s (me) Assessment of the Situation 

Based on reference 2, the actual variations one might expect among models 
of b-quark production are - a factor of 8 coming from just the freedom in 
the choice of parameters for the as2 calculations and an additional factor 
of 2-4 from various guesses as to the contributions omitted from the as2 
calculations. I conclude that the theory should be trusted to give the 
cross-section to within an order of magnitude, but certain!~ is not good 
to a factor of two. The •freedom• or •uncertainty• in the as part of the 
calculation is shown in Table I. 

Table I: a (pp bbx) from reference 2 
A. Evolution Scale Q2=mb2 

Plab 

Mb 300 GeV 600 GeV 900 GeV 

4.6 GeV 0.54 nb 8.20 nb 25.6 nb 

5.0 GeV 0.17 nb 3.51 nb 12.4 nb 

5.4 GeV 0.05 nb 1.52 nb 6. nb 
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Mb 
4.6 

5.0 

5.4 

8. Evolution Scale Q2=s 

300 GeV 

0.16 nb 

0.05 nb 

0.016 nb 

600 GeV 

2.51 nb 

1.09 nb 

0.48 nb 

900 GeV 

8.19 nb 

3.99 nb 

1. 98 nb 

Values for mb =5.0 and Q2 scale= 4mb2 are given in figure 13 of reference 
2 and for mb from 4.7 to 5.3 with Q2 scale = 4 mb2 in Fig. 27 of 
reference 1. 

III. Some "Standard" Cross-sections 

Lacking additional theoretical or experimental guidance, it seems 
"reasonable" to use mb = 5.0 GeV and a Q2 scale of 4mb2· This produces 
cross-sections which are neither wildly optimistic nor unduly pessimistic. 
The proposed 1 standard" values are 

References: 

u pp bbx 
400 .2nb 
600 1.0 
800 3.0nb 

400 
600 
800 

u l"p bbx 

2 
5.0 
lOnb 

u pp bbx (~s=2 TeV) 

-10-20µb 

1. R.K. Ellis, C. Quigg, Fermi lab Pub,FN-445, A Pinacoteca of Cross Sections 
for Hadroproduction of Heavy Quarks, Jan 1987. 

2. E.L. Berger, Heavy Quark Production in Hadron Collisions, ANL-HEP-CP-87-53, 
June 1"987. 
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BENCHMARK CROSS SECTIONS FOR BOTTOM QUARK 
PRODUCTION 

Edmond L. Berger 
High Energy Physics Division 
Argonne National Laboratory 

Argonne, IL 60439 

Abstract 

A summary is presented of theoretical expectations for the total cross sections for 
bottom quark production, for longitudinal and transverse momentum distributions, and 
for b, b momentum correlations at Fermilab fixed target and collider energies. 

Total Cross Sections 

For purposes of planning experiments and comparing various proposals, it is useful 
to begin with a common set of expected cross sections upon which rate estimates are based. 
In two receri.t papers, 1•2 predictions were presented of bottom quark cross sections at the 
energies of the Fermilab pp collider and in the momentum region accessible to the fixed 
target program at Fermilab. In this note, I begin with a brief discussion and comparison 
of those predictions. I then extract a set of conservative "benchmark" cross sections which 
I propose be used as a reference standard. 

Good theoretical arguments1- 4 justify the belief that quantum chromodynamics 
(QCD) perturbation theory provides reliable predictions for bottom quark cross sections. 
Principally because the bottom quark mass m6 is relatively large, m 6 ~ 5 GeV, non-
perturbative, higher-twist, and higher-order perturbative contributions should be substan-
tially smaller for bottom quark production than for charm.4 

The predictions of Refs. 1 and 2 are based on order o:; QCD 2 --!> 2 subprocesses. 
They should be applicable for total cross sections and for inclusive cross sections differential 
in rapidity or Feynman XF, except for overall multiplicative "K factors" whose size5 for 
bottom quark production should be modest, in the range K = 2 to 3. Contributions from 
0 ( o:!) QCD 2 --!> 3 subprocesses grow in importance relative to the 0 ( o:;) terms when 
the transverse momentum -PT of the bottom quark is large, i.e. PT ~ m6• Thus, for cross 
sections differential in PT, "K (PT) functions" may become very large for PT ~ mb. The 
0 ( o:!) diagrams also provide different event topologies.1 

There are prosaic sources of uncertainty in addition to the important role of 0 ( o:;) 
subprocesses. They include choice of the value of mb used in the calculations; of the 
evolution scale Q2 used in evaluating structure functions and a,. ( Q2 ); and of structure 
function parametrizations. These uncertainties have a limited impact on predictions at 
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JS = 1.8 TeV. However, at fixed target energies, where typical values of the parton 
fractional momenta are relatively large (xi"""" 2mb/./S), uncertainties associated with mb 
and Q2 have substantial impact on both the energy dependence of cross sections (e.g. 
threshold behavior) and the predicted magnitudes. 

In Figs. i and 2 I reproduce two of my fi.guresI upon which I have superimposed · 
curves from the Ellis-Quigg paper.2 In obtaining my curves, I fixed mb = 5 GeV and varied 
the evolution scale, whereas Ellis and Quigg fixed the evolution scale and varied mb. Ellis 
and Quigg used different pion structure functions and a slightly different definition of 
a.(Q2). We both used the Duke-Owens set 1 structure functions6 for the nucleons. In 
Ref. 1 I discuss the slight differences which arise if different nucleon structure functions 
are used. Also shown in Fig. 2 is the measurement of the CERN WA 78 collaboration, 7 in 
respectable agreement with theoretical expectations. 

A brief comment is in order concerning expected "nuclear effects" of which there 
are several. I The different x dependences of the up quark and down quark densities mean 
that the cross section of a neutron is different from that of a proton. There are also 
modifications of structure functions associated with the nuclear bound state,8 the "EMC 
effect"; shadowing corrections, if x ;5 0.1; and, finally, broadening of PT spectra. 

The most easily calculated nuclear effect, and the only one included in Figs. 1 and 2, 
is that associated with the neutron/proton ratio. For pA scattering, the cross section per 
nucleon is identical to that for pp -+ QQ X. In other words, for pA scattering there is no 
nuclear target effect in heavy flavor production associated with the different x dependences 
of the up and down quark densities in neutrons and protons. 1 This conclusion rests on 
the assumption of SU(2) symmetry of the antiquark densities ( uN(x) = dN(x)), the usual 
assumption of isospin symmetry (e.g. up(x) = dn(x)), and the assumption that the gluon 
densities in protons and neutrons are identical. 

For pN and ?T- N collisions there is a difference between the cross sections. The 
cross sections per nucleon for QQ production from a nucleus are expected to be smaller 
than the cross sections for production from proton targets.I For a target N with an equal 
number of protons and neutrons, the magnitude of the effect in the case of ?T- N-+ QQ X 
amounts to factors of 0.68, 0.80, and 0.87 at laboratory momenta of 200, 400, and 600 Ge V. 
For the Ellis-Quigg results in Fig. 2, the target N contains an equal number of neutrons 
and protons, whereas I computed cross sections per nucleon for ?T-u -+ bbX. The cross 
sections per nucleon for ?T-u are very slightly smaller than those for ?T- D. Correspondingly 
the calculations presented here for ?T- U may be used for comparisons with data for all A 
in the range D < A < U. 

The sensitivity of predictions to the choices of mb and Q2 was examined in some 
detail in Refs. 1 and 2. Over the fixed target momentum range shown in Fig. 1, the 
choice of Q2 = ml as the evolution scale results in cross sections u(pN -+ bbX) larger 
than for Q2 = 4m~ or Q2 = s. The difference between cross sections for Q2 = s and 
Q2 = m~ is a factor of 3.3 at Plab = 400 GeV and 3.1 at Plab = 1000 GeV. Over the range 
400 < Plab < 1000 GeV, the expected cross section u(pN -+ bbX) is decreased by about a 
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Fig. 1: Cross section per nucleon u (pN -+ bb x) from 0 {a;) perturbative QCD as a 
function of laboratory momentum of the incident proton for various choices of bottom 
quark mass and evolution scale Q2 • These curves are taken from Ref. 1 except for those 
at mb = 4. 7 and 5.3 Ge V which are from Ref. 2. 
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Fig. 2: Cross section per nucleon a ( 7T'- N -t bb x) as a function of the laboratory mo-
mentum of the incident 7T'-. Results are presented for various choices of the bottom quark 
mass fib and Q 2 • These curves are taken from Ref. 1 except for those at fib = 4. 7 and 
5.3 GeV which are from Ref. 2. The measurement by the WA78 collaboration (Ref. 7) at 
320 GeV /c is also shown. 
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factor of two when the b quark mass is increased from mb = 5.0 Ge V to mb = 5.4 Ge V, 
and increased by about a factor of two if the b quark mass is decreased from 5.0 Ge V to 
4.6 GeV. For 7r-u ~ bbX, shown in Fig. 2, predicted cross sections differ by factors of 
2.4, 2.3, and 2.3 at Piab = 200, 400, and 600 GeV for three choices of the evolution scale 
Q2 • Note the tradeoff between mb and Q2 • For example, agreement with the data7 at 
320 GeV/c in Fig. 2 can be achieved either with (mb ~ 5.0 GeV and Q2 = ml) or with· 
(mb ~ 4.6 GeV and Q2 = 8). 

The spread of predicted values shown in Figs. 1 and 2 is perhaps deceptively large. 
I note in particular that the current quark mass appropriate for perturbative calculations 
is most likely smaller than one-half the mass of the T. Therefore, mb < 5 GeV is a good 
bet. 

I propose that a good set of benchmark cross sections is obtained by selecting values 
intermediate between the curves marked mb = 4.7 and mb = 5.0 GeV for Q2 = 4mr These 
are still conservative in the sense that Q2 may be less than 4m~ but is not likely to be 
greater. Following this procedure, I obtain the values listed in Tables 1 and 2. 

Table 1: Benchmark Cross Sections for pN ~ bbX 

I Piab(GeV/c) j u(nb) I 
400 0.3 K 

500 0.8 K 

600 1.6 K 

700 2.7 K 

800 4.0 K 

Table 2: Benchmark Cross Sections for 7r- N ~ bbX 

I Plab(GeV/c) j u(nb) I 
300 1.6 K 

400 3.3 K 

500 5.6 K 

600 8.2 K 

In these tables I have indicated that all values should be multiplied by a K factor 
associated with 0 (a:) contributions. For rate estimates, the conservative choice would 
be K = 1. However, it is not unrealistic to suppose K = 2 to 3 for pN collisions with a 
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somewhat smaller value for 7rN collisions (since the 0 (a;) gg-+ QQ subprocess accounts 
for less than one-half of the 7r- N cross section over the momentum range indicated in the 
table). For those planning experiments, note that u(pN -+ bbX) at 800 GeV is about equal 
to u(7r- N -+ bbX) at 450 GeV. Another significant advantage of pion beams is apparent 
in the XF spectra, du/dxF, shown below. 

For the Tevatron collider I compute u(pp-+ bbX) = 14µb at y'S = 1.8 TeV. This 
estimate is based on the same parameters (mb = 5.4 GeV, Q2 = s) which provide good 
agreement1 with the CERN UAl data.9 Since reasonable changes in mb, Q2, and structure 
functions all tend to increase the prediction, I quote 

u(pp -+ bbX) = 14 to 30 µb at .JS= 1.8 Te V. 

For a top quark of mass 100 GeV, I compute u(pp-+ tIX) = 0.1 nb at y'S = 1.8 TeV. 

Signal to Background 

':l'o obtain a crude estimate of the signal to noise ratio, one may divide the bottom 
quark cross sections listed above by the hadronic total cross sections. Doing so, I obtain 

1. Tevatron Collider 

2. pA at 800 GeV /c 

u(pp -+ bbX) 
u(pp) 

14 to 30 µb x 
10

_4 

b 
~ 2 to 4 

80m 

u(pA -+ bbX) _ (3 to 5 nb)A ~ (0.8 to 1.3 x 10-1)A1/3 
u(pA) 40 mb A2/3 

3. 7r- A at 600 GeV /c 

u(7r- A-+ bbX) _ (6 to 10 nb)A ,...., ( -1)A113 
u(7r- A) - 25 mbA2/3 - 2 to 4 x 10 

In computing the ratios for fixed target experiments I have used the fact that the 
total cross section on a nuclear target A scales as A 2/ 3, whereas the bottom quark cross 
section is predicted to grow linearly with A. For Uranium, A1/ 3 ~ 6.2, whereas for Silicon 
A1/3 ~ 3. 

Longitudinal Momentum Distributions and Correlations 

Bottom quarks are produced predominantly in the central region of rapidity, as is 
illustrated in Fig. 3. However, the distribution is broad at y'S = 2 TeV, with a full width 
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at half maximum of 6 units (i.e. y from -3 to +3). The predicted doubly differential 
distribution10 d2a/dy1dy2 is shown in Fig. 4. Here y1 is the rapidity of a bottom quark, 
say, and y2 is that of the associated antibottom. Positive correlations10 are evident, in 
that (y2) increases with yi, but the doubly differential distributions are broader than is 
often assumed. A summary is presented in Table 3. One practical conclusion is that broad 
coverage in rapidity is necessary in order to observe both the b and associated b at collider -
energies. 
Table 3: Average value of Y2 vs. Yi, full width at half maximum (FWHM), and average of 
the absolute value of the difference y1 - y2 for the distribution d2a / dy1 dy2 for pp -+ bbX 
at Vs= 2 TeV. 

0 0 4.2 1.23 

2 1.52 3.7 1.17 

4 2.56 2.3 1.48 

In Fig. 5 I present the scaled longitudinal momentum distributions du/ dxF for the 
inclusive processes rr- N -+ bX and pN-+ bX at 600 GeV /c. I have defined XF simply as 
XF = 2PLQ /vs, where PLQ is the longitudinal momentum of Q in the hadron-hadron center 
of mass system. There is a pronounced asymmetry of the distribution in XF for rr-u-+ bX; 
as a crude approximation, it is symmetric about XF = +0.1. Since the acceptance of fixed 
target experiments is often restricted to XF ~ 0, the asymmetry evident in Fig. 5 suggests 
that rr- beams are more efficient sources of b quarks than proton beams. There is very little 
change in the shapes of the XF distributions when the laboratory momentum is changed 
from 300 to 800 Ge V / c. 

It is common to parameterize the distribution du/ dxF with the functional form 

du ( )a - CX: 1- XF • 
dxF 

The results shown in Fig. 5 are not well represented this way. A gaussian form seems more 
suitable. For pU -+ bX, I use 

da UpU ( 2 2) -d = r;;;.A exp -xF/Ap , 
XF y7r P 

and find Ap = 0.24. For rr- U, I use 

00 U'KU ( ( )2 2) -d = r;;;.A exp - XF - 0.05 / A'K , 
XF y7r 'K 

and obtain A'K !:::::: 0.30 for XF > 0. 
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Presented in Figs. 6 and 7 are predictions for pp --> bX and pp --> bbX at 800 Ge V / c. 
The predicted doubly differential distribution 10 in the Feynman xp variables of the b and 
b quarks, d2o-j dxp 1dxp 2 , is shown in Fig. 7 as a function of xp 2 for three selections on xp 1• 

The kinematic constraint xp 1 + xp 2 < 1 is apparent in these results, as it should be. To first 
approximation, the width in XF2 of d2o"f dxp 1dxp 2 is nearly the same as that of the single. 
particle distribution do/ dxp, shown in Fig. 6. Otherwise, there is a slight anti correlation 
effect in the XF variable, summarized in Table 4; (xp2) decreases as xp 1 is increased. 

Table 4: Average XF2 vs. Xp 1 for pp--> bbX at Plab = 800 GeV /c. 

I Xp1 (XF2) 

0.0 0.0 

0.2 -0.020 

0.4 -0.038 

0.6 -0.074 

It is important to remark that the longitudinal momentum distributions discussed 
here are distributions of the quarks, not of mesons or baryons. Final state interactions4 

of the b or b quarks with spectator partons of the beam or target hadrons may modify 
these expectations, perhaps resulting in "leading particle" effects for which there is some 
evidence in the case of charm production. 11 Bjerken has used a combination of dynamic 
and kinematic arguments to estimate these modifications.12 

Transverse Momentum Distributions 

For either a heavy Q or Q, the transverse momentum distribution da(hN --> 

Q X) / dp~ is predicted to follow the approximate form 

d<J(hN--> QX) 1 
d 2 ex: - 4 GhN(mr/JS), 

PT mT 

where m} = p} + m~ and, as noted, GhN is approximately a scaling function of mr/Js. 
Correspondingly, the mean transverse momentum of a heavy quark increases with mQ: 

On the other hand, the QCD 2 --> 2 subprocesses provide a small value for the transverse 
momentum of the pair, (p~air). When the 2 --> 2 diagrams are dominant, one also expects 
that the Q and Q are produced back-to-back in the parton center-of-mass system. This 
implies that the distribution da / dt:,.¢ in the azimuthal angle between the Q and Q should 
show a peak near t:,.¢ = 180°. 
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As remarked earlier, 0 ( o:~) subprocesses are expected to gain in importance when 
PT » mQ. For PT » mQ, they provide a large correction to the 0 (o:;) cross section and 
may generate significant values of (p~air). Since the 0 ( o:;) cross section is small at large 
Pr, the effect of the 0 ( o:~) terms on the K factor is not large for the overall cross section,5 

integrated over PT· However, if attention is focussed on PT » mb, as it must be in searches_ 
for the top quark, the 0 ( o:~) subprocesses become very significant and provide, inter alia, 
bb events in which !::..</> ~ O, as have been observed by the UAl collaboration. 

Restricting myself to the 0 ( o:;) contributions, I compute the average values of trans-
verse momentum presented in Table 5; (pr) is essentially independent of Xp for lxFI ,$ 0.6. 
The values are an underestimate because I have ignored intrinsic transverse momentum of 
the incident partons and broadening of the PT distribution associated with 0 ( o:;) contri-
butions. As indicated in the table, there is some growth of (pr) with energy. 

Table 5: Values of (P~) in Ge V at Xp = 0. 

11320 GeV /c 1600 GeV /c 1800 GeV /c I 
'ff-u 2.32 2.61 2.74 

pN 1.86 2.24 2.41 

For pp-+ bX at -JS= 1.8 TeV, I compute (pr) = 5.0 GeV at y = O; the value drops 
to 4.2 GeV at IYI = 3. 
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* BRANCHING FRACTIONS FOR Bs and Bd PRODUCTIONS IN !(SS) DECAYS 

Nina Byers and Dae Sung Hwang 
Physics Department, University of California 

Los Angeles, CA 90024 

Abstract 

We have estimated branching ratios for OZI allowed two meson decays of 
*- * !(SS). Using a potential model description of r we find the decays to Bd Bd *- * - -and Bu Bu are much stronger than BdBd and BuBu· This is because of a node in 

the decay amplitude and certain spin counting factors. As regards Bs mesons, 
if the Bs*Bs* threshold is sufficiently below the !(SS) mass so that this 
channel is not kinematically suppressed, Bs *a~ will also be the dominant 
channel for Bs production. Otherwise the BsBs * and BsBs * channels will 
dominate. 

Since Bs and Bs * have not yet been observed and we do not know their 
masses, to estimate their production rates we assume the hyperfine splitting is 
the same as in the Bd system (S2 MeV) and their c.o.g. is above that of the Bd 
system by the same amount as the Ds mesons are above the Dd in the charm case 
(102 MeV). With these assumptions the Bs*Bs* threshold is S MeV above the 
central value of the !(SS) mass. If this is the case, the Bs*Bs* channel is 
kinematically suppressed and Bs mesons will be dominantly produced in BsBs *and - * -BsBs decays. The BsBs channel is strongly suppressed by a node in the decay 
amplitude, and also by a spin counting factor. For neutral mesons with masses 
as in Table 1, we estimate branching ratios 

*- * The Bs Bs 
!(SS) mass. 
we find 

= 1 : 0.41 : 0.34 : 0.03 0.004 . 

channel is absent because we took its threshold S MeV above the 
If on the other hand we take it 3S MeV below, namely at 10.83 GeV, 

- 1 : 0.67 : 0.41 : 0.18 : 0.03 :0.004 

These are rough estimates which neglect finite width effects and configura-
tion mixing. A more accurate coupled channel calculation is in progress. 
When completed, it will provide as function of energy W the contributions 
these various channels make to thee+ e- annihilation cross section ratio R. 
The estimates presented here are expected to be reliable only in so far as 
they indicate which channels dominate and which channels might be suppressed. 

The mass difference between Bu and Bd is only 2MeV and, since all the two 
- -* *-* body channels involving these mesons (BB,BB ,BB , etc.) have thresholds well 

below the Y(SS) mass, rates for neutral and charged mesons can be expected to 
be very nearly the same. The 1(4S), on the other hand, is very close to Bu 
and Bd thresholds, and for 1(4S) we estimate the ratio BdBd : BuBu = 0.8. 
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I. !'(SS) Decays 

Two meson decay rates of quarkonium excitations are sensitive functions 
of the meson masses. This is because decay amplitudes are oscillating 
functions of the decay momentum.1 The oscillations in the decay amplitudes 
reflect the o.scillations in the wave function of the initial excited state. 
If the period of oscillation of the wave function is -L, the period for the 
decay amplitude is -1/L. For the T(SS), the masses of the various Bd and Bs 
mesons are such that the decay momenta vary over about such a period. See 
Figure 1. In first approximation one can neglect spin and flavor dependence 
of the Bd and Bs wave functions. Then one function determines all the ground 
state two meson decay amplitudes. This function(s) is shown in Figure 1. 

IC 
N 

1.5 

0 Qt-~~+--

-0.5 

- 1.0'-----"----'----'---...._ _ _..._ __ 
0 2.0 3.0 

P (GeV) 

l'igu:r:e l. Amplitude function• for T (SI> decay to s-wave meaons va decay 
momentum P. The full curve i• for (ba,bs) final •tat•• and the dashed curve 
for (bd, bd) • 

The decay amplitude A5s(P) for a given final state is related to the function 
I5s(P) shown in Figure 1 by a factor -(1/mq)2 where mq is the light quark 
mass. In our model (see below) the factor is 4nfq where 

(1) 

where µq is the reduced mass of the light quark meson Mb1f!q/(Mb+rt1q). The 1/mq 
factor occurs because the amplitude for light quark pair production is pro-
portional to 1/mq as in QED the amplitude for e+e- pair production is propor-
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tional to l/me. The µ dependence occurs because the meson with the heavier 
light quark is smallerqand thus proportionally harder to form. Owing to the 
factor fq2 in the rate, the rate for production of mesons with the same mass 
but an s quark rather than a u or d quark will be suppressed by about a 
factor of 1/3. 

The period of oscillation in Figure 1 is determined by the "size" of the 
decaying state. For low-lying levels, this is simply given by the slope of 
the linearly confining potential and the mass of the b quark. If we denote 
the slope of the linearly confining potential as l/a2 , the scale of length is 
L•(a2 /Mb) 113 • The period of oscillation of the decay amplitude is - l/L. 
Using the constituent quark mass values of Eichten et al. 1 and the potential 
parameters of Zambetakis 2 who found a good fit to the spectroscopy of the 
narrow charmonium and bottomium states taking light quark pair production 
into account, we have l/a2 • 0.31 GeV2 , Mb• 5.17 GeV and this gives L • 
0.86 Gev-1 • The SS radial wave function is shown in Figure 2 as a function 
of the the dimensionless variable x • r/L. 
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Figure 2. Radial SS wave function as function of dimeneionl••• length z • r/L. 

The decay amplitude {for s-wave mesons in the final state) is something 
like a Fourier-Bessel transform of this wave function. For low-lying states 
and s-wave mesons in the final state, the decay amplitudes are not very model 
dependent. They oscillate because the SS wave function oscillates and their 
scale of oscillation is determined in the main by the spacing of the narrow 
states below threshold. However, to calculate one has to use a model. In 
section II we describe how we estimated the branching ratios;in section III 
we very briefly discuss T(4S) decays; in section IV we specify the model we 
use for quantitative calculations; and in section IV summarize our results. 
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II. Estimation of Branching Ratios 

For this Workshop we estimated branching ratios assuming that Y (SS) 
decay rates to the various channels are given by Fermi's Golden Rule #2; 
viz., the decay rate of the SS state with spin s to mesons with spins s 1 and 
s 2 and masse~ m1 and m2 is given by the formula 

(2) 

where P is the cm momentum of the mesons and E1 and E2 are their energies. 
The factor C(ss1 s 2 ) is the famous spin counting factor which for s=l gives 
the ratios 1:4:7 for the cases s 1 •s2 •0, s 1 ==0 s 2 =1 + s 1 =1 s 2 =0, s 1 =s 2 =1, 
respectively. The amplitude Ass is the decay amplitude; it is related to the 
function Iss shown in Figure 1 by the factor 4~fq. Using this formula and the 
model decribed below, we calculated the ratios given in the Abstract. This 
procedure is probably not accurate because, as is well known, (2) does not 
correctly give resonance widths; e.g., it overestimates the width of '¥''(3770) 
by about a factor 2. Using (2) we find a total width for 1"(1086S) much larger 
than the measured width. 

For resonances that decay by strong interactions, a more correct theoreti-
cal estimation of the width takes into account neighboring states and thresh-
olds and comes from a calculation of the cross section in which the resonance 
appears. For example, to study the width of the i(SS) one calculates the 
e+e- annihilation cross section ratio R for values of W near 10.86S GeV. 1 1

3 

This amounts to calculating the trace of a decay matrix M with a resolvent 
matrix~ and a wave-function-at-the-origin matrix V. The formula is 

* ~(W) ==Trace(~ M ~ V) . (3) 

These matrices are in the space of states of the bb potential model. The 
matrix M is a bilinear form of decay amplitudes whose SS,SS diagonal element 
is 16~/W2 r where r is given by (2) with Mss = W and P computed for the de-
cay channel as if the mesons are decaying from a state of mass W. For a 
resonance, the resolvent matrices ~ (W) have large matrix elements at the 
resonance mass. If the resonance is mainly one bb potential model state such 
as for example the SS, the corresponding matrix elements of ~ are large. We 
are in process of evaluating (3) using the model described below for light 
quark pair production. This model yields good results for W(3770) and the 
narrow charmonium and bottomium states below threshold for OZI allowed 
decays. For the W(3770), fitting a Breit-Wigner resonance curve to the 
calculated R(W) yields a total width r substantially smaller than that given 
by summing (2) for the open channels. 

It is with substantial reservations, therefore, that we quote estimates 
of branching ratios based on (2) . Consideration of (3) shows that a node in 
a particular decay amplitude doesn't cause ~ to vanish. On the other hand, 
if we use (2) we obtain branching ratios which vanish for momenta correspond-
ing to the nodes of Iss· As can be seen in Figure 1, noc!.es in Isa occur for 
momentum values close to those for i(l086S) decays to BsBs and BdBd· Conse-
quently we obtained using (2) very small estimates for their branching 
ratios. These small values are likely to be increased by contributions to~ 
from other matrix elements. These increases, however, are not expected to 
change our main conclusion that the BsBs channel is strongly suppressed. 
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This is because the very small value of 0.004 for BsBs is due to a number of 
factors; the relatively small of P, suppression by the smaller value of fq2 , 
the fact that for the channel with two spinless mesons the spin counting 
factor is 1 instead of 4 or 7, as well as the evaluation of 1Iss1 2 near its 
node. This last effect will be compensated by other contributions to AR but 
the suppression from the first three factors remains. 

Calculations of AR using (3) are underway. We think that the areas under 
the Y(SS) resonance in AR for the various channels will, roughly speaking, be 
in the proportions given in the Abstract. However, we do expect to get quan-
titatively different results especially for those channels with decay momenta 
which are seen in Figure 1 to be in regions of rapid variation of I55. 

Using Bd and Bu masses given by ~very5 an_? 10.577 GeV for the Y(4S) mass, 
we find the decay momenta in the BdBd and BuBu channels are Pd• 0.28 and Pu 
• 0.32 GeV, respectively. These mesons are in P states owing to parity con-
servation and the decay rates for small P are proportional to P3 • Assuming 
the decay rates are in the proportion P3 , one gets 0. 7 for the branching 
ratio of BdBd to BuBu. On the other hand, the decay amplitude given by our 
calculated I45 (shown in Figure 3) gives 0.8. 

1.0 

N 

2 

-2.0,__ _ _... __ ..&.-_ __. ______ ...__ __ 

0 t.o 2.0 3,0 

P (GeV) 

l'iqure 3. Decay amplitude :function I4s as :function of decay momentum P. 
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IV. The Model 

The curves in Figures 1-3 were calculated with a model we call the con-
fining gluon model. This model was found by Zambetakis 2 to fit very well 
both the narrow charmonium and upsilon states. It takes into account expli-
citly light quark.pair productions and has been used to calculate the con-
tributions AR from the hadronic channels to the cross section ratio R for the 
'lf(3770) resonance. There is good agreement with observed values. The model 
predicts a resonance at 3772 with ree • 0.23 KeV and rhad • 28 MeV. 4 Experi-
mental values are ree • 0.26±0.15 KeV and rhad • 25±3 MeV, good account of 
the leptonic and hadronic widths of the 'tf(3770) . 4 The potential in this model 
is a vector exchange potential formally like that which would come from the 
exchange of a vector particle whose propagator goes like 1/02 at large 02 

(one gluon exchange) and like (l/Q2 ) 2 at small 02 (linear confinement). The 
parameters of this model are the strength of the 1/02 (gluon exchange) piece 
K and the slope of the linearly confining potential l/a2 • (As in all poten-
tial models the constituent quarks masses are also parameters. We accept 
the arguments of Eichten et al. 1 and use their values.) 

We treat the binding of the heavy quarks as being due to the exchange of 
this confining gluon and assume light quark pair production occurs directly 
from ·this confining gluon; i.e., we calculate [to lowest order in (v/c) 2 ) 
light quark pair production from the diagrams shown in Figure 4 where the 
gluon propagator attaches_ with 'Yµ vertices and propagates like a Coulomb 
gauge gluon with a factor V(02 ) instead of 1/02 • 

b b 
• l<:q r:=: LV (Q2) 

l v ( Q2) q 

b b 

l'igure 4. Graph• uaed. to calculate light quark pair production. 

These diagrams in second order give rise to mass shifts and conf igura-
tion mixings in the oO system. As stated above, Zambetakis used the con-
stituent quark masses of Eichten et al. 1 and varied the slope of the con-
fining potential and K to fit the mass spectrum of the narrow charmonium and 
upsilon states. This model does not account for the fine structure and 
hyperfine structure of the spectrum but otherwise fits it quite well. 2 1

4 The 
fit to the data giYes for the slope l/a2 •0.31 GeV2 • This is larger than the 
usually quoted value of about 0.2 GeV2 which comes from fits to the spectro-
scopic data with potential models that do not explicitly include light quark 
pair production. Such models cannot account for the relatively large lep-
tonic width of the 'If (3770) . 
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V. Summary of Main Results 

For the discussion in this paper we took for the masses of bu and bd o-
states the values reported by CLE05 and the h{Perfine splitting of 1- and o-
equal to 52 MeV as reported by Han et al. ; assuming the same hyperfine 
selitting for_ the bs stat~s and ~he same separation of these stat~s from the 
bd as was found fcrr the cs and cd mesons (102 MeV), we took the bs states to 
have the masses shown in Table I. This gives a Bs*Bs* threshold 5 MeV above 
the Y(5S) or Y(l0865) mass and therefore the result that this channel is not 
important in Y(5S) decays. In this case, the main channels for Bs production 
are BsBs* and BsBs*· Further we estimate that these decays will occur with 

*- * *- * frequency about 1/3 that of Bd Bd . The dominant channels will be Bd Bd and 
*- * - * - * Bu Bu with about equal probabilities; B..d.Bd and BdBd mesons are estimated 

to occur with frequency about 40% of Bd*Bd~; similarly for Bu. We find BdBd, 
BuBu, and especially BsBs relatively strongly suppressed. 

Our estimates for branching ratios to suppressed channels are very 
sensitive to the mass values we have used and to corrections to our method of 
estimation. We do not think our quantitative results are reliable. However, 
we think our estimations give correct qualitative indications of which 
branching ratios are large and which branching ratios are small. 

As re2ards Bs*Bs* productions, the rate here is very sensitive to the 
mass of Bs . If the threshold is sufficiently low so that the decay momentum 
P ~ _ 0.2 GeV/c, this channel will be important. If for example the mass of 
Bs* is 5.415, the decay momentum is -0.44 GeV/c which is near the maximum in 
the I5s curve (see Figure 1) . In this case, the higher value of I5s compared 
to its value for the Bd*sd* channel partially compensates for the factor 1/3 
suppression from the fq2 factor and we estimate that these rates are nearly 
comparable; roughly in the ratio of 2/3. In this case the lighter Bs* mass 
gives a larger momentum P for the BsBs* and BsBs* channels, and as inspection 
of Figure 1 indicates their rates are predicted to be less than those esti-
mated using 5. 435 GeV for the Bs* mass; 1/5 instead of 1/3 the rate for 

*- * Bd Bd . 

The main conclusion we can present here is that the model leads us to 
*- * *- * expect that the main decay modes of the Y(5S) will be Bu Bu and Bd Bd , and 

to Bs*Bs* if the Bs* mass is small enough that it_is no_t kinema~i~all~ su~
pressed. The next important decay channels are BuBu* + BuBu*, BdBd + BdBd , 
and BsBs *+ BsBs *. We have given in this paper quantitative estimates for 
branching ratios. These are given to suggest relative magnitudes only; we do 
not believe they are quantitatively reliable because they were obtained using 
Fermi's Golden Rule (2) which is known to be unreliable for quantitative pre-
dictions of widths of resonances which decay by strong interactions. More 
reliable estimations based on cross section calculations are underway. 
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5.279 

Bd 

5.281 

B * u 

5.331 5.333 5.383 

Table 1 

B * s 

5.435 

* * Meson masses in GeV. The Bu and Bd masses are from ref. 5; Bu and Bd are 52 
MeV higher as indicated in ref. 6; and Bs and Bs* masses are inferred from 

* * * * * the assumption that Bs -Bs - Bd -Bd and that 3Bs + Bs - (3Bd + Bd) = 3Ds + 
* Ds - (3Dd + Dd) . 

1.27 1. 03 0.73 0.50 

Table 2 

Decay momenta in GeV for T(l0865) calculated with the mass values of Table 1. 
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ABSTRACT 

We consider the contribution of e+e- machines to the measurement of CP violation 
in the B systems. Energy regions from the T(4S) to the z0 are considered, problems and 
prospects at each energy are reviewed. 

INTRODUCTION 

The largest sample of reconstructed B decays now in existence results from runs taken 
above the BB threshold on the T(4S) (peak cross section.....,, 1 nb) by the CLEO and ARGUS 
groups. These samples come from integrated luminosities of.....,, 100 pb- 1 and are derived 
from a total of.....,, 105 BB events in each experiment. The number of reconstructed1 events 
in a given channel is .....,, 10. A 30" measurement of CP asymmetry b.. requires a number of 
reconstructed event's given by 

Nrec = (3/ b..) 2 

Using realistic reconstruction and tagging efficiencies based on CLEO and ARGUS 
experience at the T(4S) we plot in Fig. 1 the number of BB pairs required to observe CP 
asymmetries at e+e- machines. 

The observation of CP violation asymmetry at existing e+e- machines is unlikely. 
However, before CP violation asymetries can be predicted accurately, precise measurements 
of Bd and Bs mixing are required and branching ratios for modes with potentially large 
asymmetries, measured. 

Running on theT(4S) 

The T(4S) is an asymmetric (C=odd) BB system. The CP asymmetry for neutral B 
mesons vanishes when integrated over time in the approximation p / q = 1. As the BB pair 
is produced at threshold there is no possibility of exploring the asymmetry as a function 
of time. The only way to establish CP violation is to observe a golden event where both 
B mesons are reconstructed to two CP eigenstates of the same sign. The rate for such a 
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Figure 1. The number, N BB of BB pairs, of a given species, required to yield a 3 u 
measurement of D. when tagging is required is N8 5 = (3/ D.) 2 x (1/(2 elepton BR(B -+ 
Xlv)erec BR(B-+ f))). This number is precise for fas a CP eigenstate. We take ezeptonX 
BR(B -+ Xiv) = .1 and erec = .05 as the generic B reconstruction efficiency. In any given 
case the detection efficiency could be higher, i.e. Bd -+ ?r+?r- ......., 30 %. For charged B's, 
where a tag is not required, we set the tag efficiency to 1. 
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process is the product of two branching ratios and two reconstruction efficiencies and it is 
therefore unlikely to be observed with fewer than 108 BB pairs. 

Charged B mesons may exhibit CP asymmetry through the interference of two weak 
and two strong amplitudes. The former criterion is only satisfied by Cabibbo supressed 
decays of the B, where one of the processes is a penguin or annihilation graph. Predicted _ 
asymmetries 2 are of the order 10%. However these estimates are dominated by theoretical 
uncertainties involving strong interaction phases. The experimental upper limit3 for the 
branching ratios concerned are of order 10-4 • Therefore N BB ,..., 108 is required for a 3u 
measurement of the CP asymmetry. 

The first additional data at the T( 48) will be collected with the CLEO detector which 
is now running and will accumulate 3 x 105 BB pairs by early 1988. As B decays generally 
involve high multiplicity final states, B reconstruction is hampered by combinatorial back-
ground. The ARGUS detector is being upgraded to include a micro vertex insert which 
will separate the D vertex and thereby reduce the combinatorial background by one order 
of magnitude. ARGUS will accumulate ,..., 4 x 105 BB pairs with their upgraded detector 
in 1989. 

The CLEO detector is being completely rebuilt4 • In addition to a micro vertex detec-
tor a new electromagneti~ calorimeter will aid in the reconstruction of 7r 0 's increasing the 
efficiency for certain channels by a factor of 2 or 3. Starting in 1989, CLEO II expects to 
accumulate several thousand fully reconstructed B decays per year. This corresponds to 
,..., 200 events/channel in those channels with a D* which are the easiest to reconstruct. 

The combined CLEO II and ARGUS data can be expected to yield a measure of Bd 
mixing with an error of about 15%. The measurement of V ub from the end-point spectra of 
semileptonic B-decay is dominated by theoretical systematic uncertainties. However with 
the new data sample confirmation of charmless B-decay to baryons will be possible. With 
0.07 :::;\ V ub/V cb I :::;_ 0.20 it is unlikely that modes such as B0 - 7r+7r- with BR(B0 -

7r+7r-) < 10-4 will be observed before CLEO II. Improved measurements of B-decays to 
final states involving a 'I/; will be made. 

As we have seen, exclusive reconstructed B's in e+ e- collisions are unlikely to detect 
CP violation at predicted levels in the near future. A program investigating inclusive final 
states from B decays can yield much larger samples since full reconstruction is.not required. 
However, existing asymmetries may be cancelled by the inclusion of many states. 

For a study of CP violation with charged B's we can consider events where charged 
pions are found with p11" > p0 • The momentum p0 is selected so that b - c decays are 
supressed compared to b - u, similar to the technique that has been used to study (b -
u)/(b - c) via semi-leptonic decay. The cut removes from the sample the non-Cabbibo 
supressed decays with their expected vanishing asymmetry. We then define: 
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A11" = #Jr+ - #7r-
#7r+ +#Jr-

This study may be carried out in a preliminary fashion with data now existing on the 
T(4S). If decays.such as B;_t -+ 7r+p0 contribute substantially to the sample, it may be 
possible to measure an asymmetry. 

Other inclusive studies can include charged K's; doubly charged two pion systems as 
a function of p(7r+7r+) vs two negative pions, etc. The probability of detecting a golden 
event may be increased by forming a sum over all B decay processes leading to two final 
states, in the same event, which are CP eigenstates of the same sign5 • 

Running Above theT(4S) 

S. Stone 6 has investigated the possible study of CP violation through m1xmg at -· -· center of mass energies between Bd Bd and B:iBd thresholds. In this energy range, it is 
postulated that essentially all the B meson production results from BB*. In this final 
state, the symmetrical BdB d combination allows CP violation tests with B0 mesons in 
contrast to the situation on the T(4S). It is assumed that the B0 B

0
* cross section is 0.15 

nb. From the measured value of BR(B- -+ t/J K-) and the assumption that the neutral 
and charged B lifetimes ·are equal, isospin imples BR(B0 -+ t/J K~) = 0.04%. A run of 
integrated luminosity,..., 105 pb-1 is needed to measure an asymmetry of fl.~ 0.2 with a 3 
standard deviation significance. At CLEO II, the yearly integrated luminosity is expected 
to be ,..., 1000 pb- 1 • To reduce the amount of data required one can study the inclusive 
asymmetry: 

p_+. Ko - p_-. Ko 
AK· = ' s ' s 

£+· K 0 + e-· K 0 
' s ' s 

where e± is the lepton tag and the K~ is from B0 -+ K~ X. 

Running on theT(5S) - -The B
9 

The Ba has never been directly observed. Several models predict that the production 
of Ba, B: should be enhanced in the vicinity of the T(5S), at y'8 = 10.87 GeV /c2 in 
e + e - . The CLEO Collaboration 7 has investigated running scenarios for verifying this 
hypothesis by looking for enhanced production of the D8 , assuming Bs decays primarily 
to Da. Assuming in addition a cross section for Bs pairs (including B:) ,..., 0.1 nb (which 
corresponds to 30 % of all B production8 being Ba) on the T(5S), together with an assumed 
BR(Da -+ qm) = 0.04, we conclude that the Bs can be found as a 3 standard deviation 
effect with a run of 50 pb- 1 luminosity. 
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The luminosity needed for a study of mixing in the B8 B 8 system depends on the 
angular momentum of the produced pairs and the mixing parameter X 8 = .D..m/r 8 , which is 
expected to be at least 5 times larger than for Bd mixing: assuming odd angular momentum 
for all B pairs and assuming X 8 2: 5 Xd, an integrated luminosity of 1000 pb- 1 at the SS 
will yield several hundred like sign dilepton B 8 events sufficient for an initial investigation 
of mixing. 

A preliminary investigation of B 8 production will be carried out at CESR in early 
1988. A measurement of mixing will only occur when CLEO II is running. Only if there is 
substantial B8 B: production at the T(SS) can CP violation measurements be considered. 
The small cross section and complexity from several species imply that integrated lumi-
nosities of> 105 pb- 1 are necessary. Inclusive studies are possible with a¢ from (B 8 -+ ¢ 
X) replacing the K~ in the inclusive asymmetry: 

Running above the T(SS) 

Above the T(5S), experiments must reconstruct events containing b b jets - events 
that are more complex than at lower energies and lacking a beam constraint. However, 
vertex detectors become more effective. 

At Tristan energies, cross sections of the order of 4 % of that near the T(4S) make 
useful CP tests doubtful, even though electro-weak polarization effects can avoid the ne-
cessity of tagging. At the z0 peak, a [(Z0 x BR(Z0 -+ bb)] ~ 5 nb, which is the largest 
cross section we have considered. Note however, that the cross section for a single species 
of B meson is similar to that at the T(4S), and the design luminosity of SLC and LEP are 
below what is now being achieved at Ithaca and Hamburg. In principle, polarized beams 
at SLC can avoid the necessity of tagging. 

Asymmetric e+e- beams: 

Is there an advantage to colliding e+e- beams of unequal energy to produce the T 
{48) resonance with a significant boost? 

Two examples are given below with the Ee+ and Ee+ chosen to fix .JS = 10.58 Ge V 
at the T( 48) peak. 
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E+ E_ ..;s PB min PB max < f31 >s < f31cr > 

1 GeV 28 GeV 10.S8 GeV 12.6 GeV/c 14.4 GeV/c 2.6 780 µm 

2 GeV 14 GeV 10.S8 GeV S.S GeV /c 6.S GeV /c 1.2 340 µm 

Note that both B's travel in the direction of the boost, since at the T ( 4S) the c.m. 
momentum is only 0.33 Ge V / c 

What we have achieved with this technique retains the 1 nb cross-section at the T 
( 4S) while allowing the B-meson vertices to be separated by a measurable path length 
(along the beam) without complicating the collision with additional particles as in hadron 
collisions. Total energy constraints can still be used on the B-pair, but not on individual 
B's, unless the angle of production is measured very accurately. This is a definite loss in 
reconstruction efficiency, i.e. signal/background which must be studied. Moreover, the B's 
are not well separated from each other since the relative momentum is only 1 GeV /c - 2 
Ge V /c. There is also no well defined collision point as a reference. Since the separation is 
enhanced only along the beam axis, vertex detectors must have very good resolution along 
the beam axis. In general there will be four vertices strung out along the z-direction as 
each B in turn decays into charm. 

The net result does not appear to be too hopeful in establishing a CP symmetry at 
the T ( 4S) by sorting and the full time evolution of the decays. However, it may be helpful 
in making a crude separation into two time domains in the following way: use a lepton tag 
for one B and look at a reconstructed final state f, such as t/J(-+ e+ e-) K 8 , of the other B. 
Separate the events into four categories of the type e+(ti)J(t2), e-(t2)f(t2) where t 1 < 
t 2; and e-(t 1' )f(t21 ), e-(t2' )f(t2') where tl' < t2'· The asymmetry may than be observed 
between rates for events in which the leptonic decay occurred before the hadronic decay 
and events in which the leptonic decay occurred after the hadronic decay. 

A similar situation may be exploited on the T (SS) resonance by choosing appropriate 
e+ and e_ beam energies. There is even a chance that the SS state is dominated by the 
B8 B; amplitude, allowing the CP asymmetry to be observed even without time separation. 
In this case, the vertex detector is used merely as an aid to increasing reconstruction 
efficiencies. 

CONCLUSION 

In the near future, discovery of the B8 , mixing measurements and observation of 
many rare decay modes will be possible. The database for CP violation measurements 
will be established. Unless asymmetries are extremely large, e+e- luminosities of order 
105 pb- 1 , attainable only at new B factories, will be necessary for the execution of these 
measurements. Proposals to use reconstructed B's from high energy e+e- collisions or at 
hadron machines should note the expected yield for the largest branching ratios, in the 
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clean situation of the T(4S): Nrec ,....., 200 events/channel with 106 BB pairs. 
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I . INTRODUCTION 

o _ o 1 
The discovery of B -B mixing by the ARGUS group has brought the 

search for GP violation in the B system from a mere theoretical dream to an 
experimental challenge. While observation of any GP violation in the B 
system is exciting, there are several channels for which CP asymmetry is 
predicted unambiguously within the three family Kobayashi-Maskawa model2 
Here we shall concentrate on these predictions and give a geometric 
interpretation of our results3 The importance of a triangle in the complex 

4 plane, formed by the smallest KM elements, will be stressed . Specific 
o _o 

decay asymmetries, b quark lifetimes, B -B mixings, and charmless B decays 
probe different angles or sides of this triangle, allowing a test of the 
three generation KM model. 

I I. ASYMMETRIES 

o _o 
Since there is substantial B -B mixing, one can consider two decay 

chains: 

where f is a CP eigenstate. The amplitudes for these decay chains can 
o _o 

interfere and generate nonzero asymmetries between f(B (t) ~ f) and f(B (t) 
~ f). In order to discuss this asymmetry we follow the notation of Ref.3. o _ _o _ 
The time evolution of a meson that was produced as a B (bd) or B (bd) meson 
at time t-0 is given by 

0 0 q _o 
IB (t)> g+(t) I B > + g_(t)IB > p 

(1) 
_o p 0 _o 

IB (t)> - g (t)IB > + g+(t)IB > q -
where 

1 1 
g±(t) - exp{- 2 r 1 t} exp{im 1 t)(l±exp{- 2 ~rt}exp{i~mt))/2 

and we have made the definitions: 

q 
t.r - r 2 - r 1 ; t.m (2) 
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r. and m., i-1,2 are the width and mass, respectively, of the two mass 
1 1 

eigenstates B .. 
1 

It is corrunonly accepted (readers who are interested in further details are 
q 

referred to Ref.2) that Af<<f, lpl ~ 1. Taking these into account, the 
o _o 

width for r(B (t) ~ f) and r(B (t) ~ f) can be written as 

- o o -rt P r(B (t) or B (t) ~ f) - e {l ± sin[~t]Im(-p)} q 

where p -A(B ~ f)/A(B ~ f). 

The study of CP violation in these modes requires information on the 
. 0 - 0 -identity of the B, i.e., whether it is a B or B at t-0. Since b and b 

quarks are pair produced, such information can be obtained by tagging the 
other particle as to its b or b content. The observable asyrrunetry in the 
case where a B+ or B- is used as the "tag" is 

_o o p 
r(B (t) ~ f) - r(B (t) ~ f) _ sin[~t]Im(-p) 
r(B0 (t) ~ f) + r(B0 (t) ~ f) q 

If the "tag" is also a neutral B which can oscillate, the situation is o _ o 
slightly more complicated and oscillation of both B and B must be taken 
into account. With a corrunon final state f and a semileptonic tag of the 

(3) 

(4) 

associated neutral B, the decays of a BB pair in a coherent state of given 
charge conjugation are 

BR(B(t)B(t) lc-;1. ~ f + (D.£Z.X)tag) 

-r(t+t) - P 
ex; e {l - sin[Am(t;.t))Im(-p)} q 

BR(B(t)B(t) le -1 ~ f + (DivX) ) -+- tag 

ex; e-f(t+t){l + sin[Am(t;t)]Im(·~p)} 
q 

(Sa) 

(Sb) 

Note that for C - -1, i.e., BB in an odd relative angular momentum state, 
the potential asyrrunetry vanishes if the times t and t are treated 
syrrunetrically. 
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Several comments about Eq.(4) are in order: 

(a) If we write 

where xd - ~m/r and T - rt, we see that for xd - .7 the asymmetry has a 
definite sign for T ~ 4. Thus there is very little chance for the 

(6) 

asymmetries for Bd meson decays to "wash away". This is in contrast with B s 
meson asymmetries where we expect xs to be at least as large as Sxd. 

p 
(b) We have already mentioned that 1-1 - 1. Since we can show that IPI = 1 q 
for final states with single isospin channels. We have 

p •,J. 
- P = el.'f' 
q f (7) 

(c) Eq.(7) implies a possibility of large asymmetry as there is no obvious 
dynamical suppression factor in the right-hand side of eq.(4). 

(d) In order for the asymmetry to be measurable, the branching ratio for B ~ 
f decay channel has to be substantial. 

The main candidates for f, those that are CP eigenstates, are f = ~K8 , 

* + _ + _ o*_o x0 K , ~ ~ , D D , D D ,+cc and those that have small admixture of both GP 

* * * eigenstates are ~K , ~~~. x1K , x2 K , DDK5 . For example, DDK8 may be 
dominated by a channel in which all three particles are in a relative S wave 
state, so that only one CP eigenstate dominates the decay. It should be 

* noted that the branching ratios for ~K5 , xK channels do not have any 
suppression from the KM matrix elements. 

(e) For those decay channels in which one CP eigenstate dominates, the RHS 
of Eq.(4) is totally predictable once the KM matrix element is known. This 
is in sharp contrast with the standard model prediction for€ and e' where 
the predictions depend crucially on unknown hadronic matrix elements. 

III. MAGNITUDE OF ASYMMETRIES AND THE TRIANGLE 

We shall now update the prediction of the standard model. As ~m is 
known from experiment, we shall be concerned mainly with~ given in Eq.(7). 
To this end, note that, 
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* q Mi2 1;2 
::::: (-) ::::: 

P Mi2 
(8) 

i 5 
where M12 - 2 f 12 - <BIHIB> following the notation of Lee and Wu , and 

u* u 2 bd ccsd -+ 
*b cs 

for bd -+ ccdd p - u*bucd 
uubuud bd -+ uudd 

(9) 

Thus we have 

<fi - 2 arg (10) 

for the quark decay channels given in Eq.(9). 

* * * * It is interesting to note that UtbUtdUcbUcd and UtbUtdUubUud are two 
6 members of the rephasing invariants as noted by many authors and studied 

extensively by Bjorken and Dunietz7 , Branco and Lavoura8 , and Hamzaoui 9 

* * The first combination in Eq.(10), Utbutducbucs' is not a rephasing 
invariant. It should be noted that we restrict ourselves to the final 
states which contain KS. Any phase redefinition s-+ ei0 s, d-+ eipd which 

* * changes Utbutducbucs by a phase leads to a compensating change in the KS 

meson wave function <dslKs>-+ e-i(a-p)<dslKs>, keeping the experimentally 
measurable asymmetry invariant as it should be. With this in mind we might 

* * * study arg(UtbutdUcbUcsuusuud) which is a rephasing invariant. It can then 

* * * * be represented by the product of Utbucbucsuts and Utduusuuduts which are 
both rephasing invariants. 

One interesting characteristic of these rephasing invariants is 

± 0 (11) 

where S is a unique number independent of any indices~ 
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Now, consider ? unitarity relation 

With an approximation and a choice of phase, we can choose Utb z 1, Uud z 1, 

U d ~ -sinB and real U b' and obtain4 
c c c 

( 13) 

which leads to a representation of the approximate unitarity relation of Eq. 
(13) by a triangle shown below in Fig.l. 

Figure 1. 

sin/I U b c c 

Figure 1: Geometrical representation of the unitarity relation between the 
* * * * * three complex numbers UcdUcb z ·sinBcUcb' UudUub ~ Uub and UtdUtb ~ Utd" 

Unitarity constrains these three complex numbers to form a triangle in the 
1 

p-~ complex plane whose area is equal to 2 161. 

We point ou~ that if we normalize the side of the triangle with length 
jsin8 Ubl to length 1, we obtain an example of the triangle shown in Fig.2. c c 

* * Parametrizing U b/(sinB U b) - p+i~. we find that the base of the triangle u c c 
rests between (0,0) and (1,0) on the p-~ plane and one corner of the 
triangle rests on the (p-~) value chosen by nature. From figure l, we see 
that 

-220-



2 arg * * 
(Utbutducbucd) 

::::: 2 arg (U u* u u* u* u ) th td cs ch us ud 
* * - -2</>3 ::::: 2 arg (Utducb) 

and 

IV. CONSTRAINTS ON THE TRIANGLE 

The understanding of expected CP asymmetries is now reduced to 
understanding the triangle given in Fig.l. Another interesting point is 
that 

S - IUtdl IUcbl sin8csin¢>3 
- IUtdl IUbul sin</> 2 

etc. 

(14) 

(15) 

(16) 

which leads to a geometrical interpretation for S - two times the area of 
the triangle. Furthermore, elementary geometry provides us with a relation 
between </> 3 and </> 2 : 

Using 

leads to 

sin¢> 3 

sin¢> 2 

IUubl _l_ 
IUcbl sin8c 

IUubl 
0 07 < ~~- < 0 2 . - IUcbl - . 

sin</>3 
0.32 :S -. -A.-< 0.91 

s1n'+' 2 -

We now determine the experimental constraints on the triangle. 

(17) 

(18) 

(19) 

For this purpose, it is useful to consider the Wolfenstein representation10 
of the KM matrix: 

1 _ 1A2 A 3 A A(p-ifJ) 2 
- 1A2 A2A u - -A 1 (20) KM 2 

A3A(l-p-ifJ) -A 2A 1 
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The magnitude of '1 i_s inferred from cK: 

lcKI -3 2 -1 B '1:::: -- {f3 S(x , xt) - f 1 S(x) + 2.34 x 10 A (l-p)f2 S(xt)} (21) 
K 4.33A2 c c 

f. denote the QCD radiative corrections; S(xi) and S(x., x.) are the various 
1. 1. J 

quark box contributions with x. -
1. 

2 
mi . 

2 ' 
MW 

BK is the bag constant. 

For 30 GeV ~ mt ~ 180 GeV one can employ a much simpler approximate 
11 expression 

(22) 

where we have used m :::: c 1.5 GeV; '1 thus drops fairly quickly with increasing 
mt. In Eq.(21), we have ignored the long distance correction to cK. In 
view of the smallness of c'/c, 

= (3.5 ± .7 ± .4 ± 1.2) x 10- 3 (23) 

a preliminary result from the NA31 Collaboration12 , we do not expect the 
long distance effect to change our result substantially. 

The QCD corrections to Eq.(21) are13 f 1 = 0.85, f 2 = 0.61, f 3 = 0.38. 
We do not expect the final result to be very sensitive to the variation of 
these corrections in the top quark ma~s range, 50 GeV <mt< 180 GeV. 
The allowed contours in the p-17 plane obtained from cK are shown in Fig. 2 

for the case where BK - 0.714 and mt= 50 GeV and 100 GeV. Since the values 
of Ucb and Uub extracted from experiment depend on the assumed model for 

strong interactions15 , there exists many cases consistent with the allowed 
region in the p-17 plane. However, using the allowed range of the ratio 
1uubl 
IUcbl given by Eq.(18) and the value of A estimated from the B lifetime, A= 

1, one can reduce the study to one analysis which includes all these 
models15 . 
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1 

0 

-1 0 p 1 

IUubl E' 
Figure 2: Allowed regions in the p-~ plane, obtained from eK, I ucbl 'e 
and xB. Solid curves labelled by mt: EK constraint [Eq.(22)]. Solid 

IUubl 
semicircles: upper and lower bounds on ~I [Eq.(18)]. Horizontal 

cb 
0 .o unshaded band: (from Refs. 12,16 and 17). Light semicircle: B -B 

E 

EI 

mixing. Here we have taken A - 1, rB - 1.16 x l0- 12 s, and the illustrative 
2 values fB - 150 MeV, mt - 100 GeV / c . The round dot denotes the 

corresponding apex of the unitarity triangle. 

V. B-B MIXING 

We now turn to the constraint which can be put on the top quark mass 
from B·B mixing. 

The ARGUS 1 result on B-B mixing 

(24) 

implies that 

t:.m x - r - 0.13 ± o.1s (25) 
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The mixing parameter x in the standard model is given by 

x -
21M12I 

r (26) 

where q~ - 0.86 is a QCD correction13 , fB (here we adopt the normalization 
such that the corresponding decay constant for the pion is f - 130 MeV) and 

11: 

RB are the decay constant and the bag parameter for the B meson 
respectively, and Att is a known function of mt which can be approximated by 

2 m 
S(___t ), employing the same approximation as that used in Eq.(22). 
~ 

Thus, 

If we set 

we obtain 

where 

2 r 

2 m R (_t_) 0. 8363 
B ~ 

(27) 

(28) 

(29) 

(30) 

If the precise value of l is known, the ARGUS measurement of xB can be 
represented by a circle centered at p = 1. There is, however, large 
uncertainty in the value of l as mt, fB' and RB are all unknowns. The p-~ 

plane, however leads to a constraint on l· The lower limit on l taking the 
minimum value of xB - 0.37 (2u), is found to be 12 > 0.08 for all three 
models of Ref. 15.- This puts a limit 

m JR, f (_t_)0.8363 > 0.1 GeV 
B B 11w 
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In view of the µncertainty in JRBfB, the above result does not translate 
itself into a useful lower limit on the top quark mass. For example, if one 
takes JRBfB - 0.15 GeV, one obtains 

mt > 50 GeV (32) 

This lower limit on the top quark mass is consistent with previous 
18 . 19 analyses . Using the upper limit mt~ 180 GeV, and assuming fB ~ 150 

MeV, one obtains a circle centered at (p,~) - (1,0) with radius 0.73 as the 
right-most limit of (p,~). Thus, negative or only slightly positive values 
of p are preferred on the basis of the ARGUS 1 B-B result. 

VI. CONCLUSIONS 

We have ~mphasized the importance of a triangle in the complex plane 
formed by the small elements of the KM matrix. Specific GP-violation 
signatures, the b-quark lifetime, the rates for charmless B meson decays, 

o _o o _o 
and the values of ~m/r for Bd-Bd and Bs-Bs mixings all probe the geometry of 
this triangle. The area of the triangle, in particular, is directly 
correlated with CP violation, and various decay asymmetries are simple 
functions of its angles. Present data suggest, within wide uncertainties, 
that this triangle is fairly asymmetric. In terms of the parameters p and ~ 

o _o 
of Ref. 10, negative values of p are preferred by Bd-Bd mixing. 

Data of increasing precision will eventually be able to specify enough 
* independent parameters to test whether the quantities U b' U d' and sin8 U b u t c c 

in fact form a triangle at all, and thus to test the three-generation 
Kobayashi-Maskawa model of CP violation in a simple geometric way. 
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I. Introduction 

This report concerns measurements of the mass and lifetime differences 

of the 85 - 85 system. A large mass difference, (~m/y)85 ~ 5, is predicted in the 

Kobayashi-Maskawa (KM) model with three generations of quarks.1 This 

prediction follows from two factors. The first is the ARGUS collaboration report 

of a large Bd - Bd mixing,2 (~m/y)8d - 1. The second is the unitarity of the 3 X 3 

KM matrix. The prediction does 11Q1 depend whether the KM model is relevant 

for CP violation. Thus, a much smaller (~m/y)8 << 5 would indicate new 
s 

physics. An argument for an observable lifetime difference will be given. This 

report discusses time-dependent ways to extract the mass difference and 

lifetime difference of the neutral 8 5 system. 

II. Formalism 

An arbitrary neutral B-meson state 

a I s0 > + b I 8° > (2.1 ) 

is governed by the time-dependent Schrodinger equation 

i ~t (~)= H (~)=( M - ~ r) (~) (2.2) 

Here M and r are 2 X 2 matrices, with M=M+, r=r+ · CPT invariance 

guarantees M11 =M22 and r 11=r22 . We assume CPT throughout to obtain the 

eigenstates of the mass matrix as 

I BL > = p I s0 > + q I 8° >, 

I BH > = p I s0 > - q I 8° >, 

with eigenvalues (L="light," H="heavy") 

(2.3) 

(2.4) 

(2.5) 

Here mL,H and YL,H denote the masses and decay widths of BL,H· Furthermore, 

define 
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(2.6) 

The neutral B meson mass difference, L\m, is related to the dispersive mass 

matrix part, M12: 

(2.7) 

A Bd mass difference was recently observed by the ARGUS collaboration,2 

(L\m/y)8d = 0.73 ± 0.18. (2.8) 

The KM framework with three generations of quarks predicts a much enhanced 

B5 mass mixing, 

(L\m/y)ss z I Vts 12 .... _1 
(L\m/y)sd Vtd 92 . (2.9) 

Here 8=0.22 is the sine of the Cabibbo angle. A lifetime difference in the B5-

system might also be observable.3 Optimistic estimates of it reach the ten 

percent level. Qualitatively, this can be understood as follows. The lifetime 

difference is approximately proportional to the absorptive part, r 12. 

(2.1 O) 

The absorptive part, r 12, is a weighted summation over all physical4 decay 

channels, f, into which both the B0 and the 8° can decay: 

sO"-.. 
f (2.11) So ___..,., 

For the B5 -system, the leading quark transition that contributes to the absorptive 

part [i.e. satisfies Eq. (2.11 )] is b""' c+c s. This transition has a large branching 

ratio of order -10%. Due to phase space considerations there will be a small 

number of final states with this underlying quark process b""' c+c S. It is 

conceivable that no large cancellations will occur in the weighted summation for 

r 12, since the summation extends over few final states. Thus, the lifetime 

difference in the B5-system might be observable. 
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Ill. A mass difference measurement of the 8 5 

A few definitons are in order. We denote the pure 8 5 mesons as: 8 5 

(composed of II bs") and Bs (composed of "b s"). In contrast, a time-evolved 

initially pure 8 5 meson will be denoted as Bs,phys· It is of importance not to 

confuse the time-evolved Bs,phys with a pure 85 . At later times an initially pure 

8 5 meson (Bs,phys) has a probability of being a B 5 . After first showing that our 

method is insensitive to expected lifetime differences, we will discuss how to 

measure ..1m. 

In this section we wish to discuss final states, f, such that~ a pure 8 5 

.Qr a pure 85--but n.Q1 both (85 and 85)--decays into them: 

either 85 ~ f and B5 -hf (3.1) 

or (3.2) 

Without loss of generality we consider final states, f, that satisfy Eq. (3.1 ). One 

method to extract the mass difference is to measure the time-dependent rates of 

an initially pure 8 5 ( B 5) into f,5 

Bs,phys(t)~ f ( Bs,phys(t)~ f). (3.3) 

This extraction of the mass difference is insensitive to the expected lifetime 

difference, which is of the order of 10% or smaller. For instance, Fig. 1 

illustrates the time-dependent rate of an initially pure 8 5 that decays into f, 

Bs,phys(t)~ f. (3.4) 

Recall the assumption that the pure B 5 -h f! Fig. 2 shows the time-dependent 

rate of an initially pure anti-meson, 85 , into the same final state, f, 

Bs,phys(t)~ f. (3.5) 

In Fig. 1 (Fig. 2) a mixing of 

(..1m/y)8 = 5 
s 

(3.6) 
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was assumed, and the time-dependent rate of Bs,phys(t)-t f ( 1\,phys(t)-t f) 

was plotted for two cases: 

one with an improbably large lifetime difference of (!!:t.y/y)8 = -0.2, (3.7) 
s 

the other with no lifetime difference, (l!:i.y/y)8 = 0. (3.8) 
s 

Both curves in Fig. 1 (Fig. 2) coincide to the accuracy of the graph. This 

coincidence indicates that the time-dependent curves into final states, f, are 
insensitive to the predicted lifetime differences [$ 0(10%)]. Of course, 

unrealistically large lifetime differences would show non-overlapping curves; 

see Fig. 3. 

Now we will discuss the measurement of the mass difference. In Fig. 1 

(Fig. 2) the horizontal distance (elapsed proper time) between extrema 

measures the mass difference, t:i.m. The inclusive decays governed by the 

quark transition, b-t c+u d, and by b-t c+ 1+ v can be used [Eq. (3.1) holds]. 

They comprise the majority of B5 decays, making our method statistically 

powerful. Note, however, that this method of measuring (l!:i.m/y)8 requires the 
s 

distinction between an initially pure B5 and an initially pure B5 . This is known 

as the tagging requirement, and reduces the number of events available for 

statistical evaluation. A more ambitious program might consider what can be 

learned from the observation of only the time-dependent rate into the inclusive 

final state, f, without the requirement that one know whether the final state, f, 

originated from an initially pure B5 or pure anti-meson B5. 

IV •. A lifetime difference measurement of the 8 8 

Having discussed a method of measuring t:i.m, we now wish to turn to an 

experiment which is sensitive to lifetime differences. Throughout this section we 

neglect CP violation effects in the B5 -system. We will briefly justify this 

assumption in the next paragraph. In the absence of CP violation, the mass 
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eigenstates of the 85 [(B5)H and (B5 )L] have a definite CP signature. [This is 

analogous to the kaon system. In the absence of CP violation, the Ks decays 

only into CP even eigenstates, the KL only into CP odd eigenstates.] The time-

dependent rate into CP even or CP odd final states is exponential, 

(4.1) 

Thus, a comparison of the exponential decay rate into CP even final states with 

that into CP odd final states can be used to measure ~y, see Fig. 4. Here no 

tagging is required, since CP invariance guarantees that one mass eigenstate 

decays only into CP even eigenstates, the other only into CP odd ones. 

We now wish to show that CP violation can be neglected in a first 

approximation. The KM favored quark transition b~ c+ c s is responsible 

for a major fraction of 85 decays into CP eigenstates. The three generation KM 

model predicts a tiny CP violation in the 85 decays which are governed by this 

quark transiton, b~ c+ c S. The preceding explains the neglect of CP violation 

in this section. A careful study, however, could consider the complications that 

CP violation introduces. 
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Figure Captions: 

Fig. 1. The time-dependent inclusive decay rate of an initially pure Bs into 

final states f that satisfy Eq. (3.1 ). Here (~m/y)8 = 5 was used. 
s 

Solid curve: Bs,phys(t)~ f with a lifetime difference of (~y/y)8s = -0.2. 

Dashed curve: Bs,phys(t)~ f with no lifetime difference, (~y/y)8s = 0. 

Fig. 2. The time-dependent inclusive decay rate of an initially pure Bs into 

final states f that satisfy Eq. (3.1 ). Here (~m/y)8 = 5 was used. 
s 

Solid curve: Bs,phys(t)~ f with a lifetime difference of (~y/y)8s = -0.2. 

Dashed curve: Bs,phys(t)~ f with no lifetime difference, (~y/y) 8s = 0. 

Fig. 3. The time-dependent inclusive decay rate of an initially pure Bs into 

final states f that satisfy Eq. (3.1 ). Here (~m/y)8 = 5 was used. 
s 

Solid curve: Bs,phys(t)~ f with an exaggerated lifetime difference of 

(~y/y)9 = -1.2. s 

Dashed curve: Bs,phys(t)~ f with no lifetime difference, (~y/y)8s = 0. 

Fig. 4. Exponential inclusive decay rate into CP eigenstates, F and F'. The 
CP signatures of F and F' are reversed. Here (~y/y)8 = -0.2 was assumed. 

s 

Solid curve: (Bs)H(t)~ F. 

Dashed curve: (Bs)L (t)~ F'. 
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ABSTRACT 

There are four two-body, two-prong decay modes of B mesons and two for beauty 
baryons and they are quite rare, i.e., their branching ratios are not expected to exceed 
the 0 ( 10-4 ) level. Yet a detailed study of their relative rates with a sensitivity level of 
10-5 can yield unique and important information on strong interactions. If the evolution 
of these reactions in proper time can be traced then, under favorable conditions, one can 
analyze B 0 - 1f mixing and CP invariance in a detailed way. 
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I. Introduction 

Hadronic collisions produce immense numbers of hadrons carrying beauty. Yet it 
represents an awesome experimental challenge to filter them out from the huge nonbeauty 
background. As emphasized in particular by Bjorken, it might pay off to look for two-
body, two-prong final ·states: although these decays have very small branching ratios since · 
they exhibit a clean and simple decay topology. 

The list of two-body, two-prong decay modes of beauty hadrons is quite short: 
(i) B-+ 11"+ 11"- , K+ K-

(ii) B -+ K± 1r=i= 

(iii) B-+ pp 
(iv) Ab-+ p7r-, pK-

In this note we want to discuss the physics issues that can be addressed in dedicated 
studies of these decays: 

(a) They will give very sensitive and unique information on V(ub) and on the 
impact of strong interactions on nonleptonic decays of heavy flavors. 

If, in addition, the evolution of the decay process in proper time can be resolved, 
there are two more highly fascinating topics: 

(b) A detailed study of B 0 - If mixing can be performed where the Bd system is 
separated from the B 8 system. In principle one can also distinguish between 
the relative weight of .0..m and of .0..f in B 0 - If mixing. 

( c) CP violation, both in direct decay processes and through mixing, can be stud-
ied. 

The information one will gain at each step of the above program will provide essential 
input for the next step. 

II. Discussion of Branching Ratios 

To obtain benchmark numbers for the branching ratios we employ the factoriza-
tion approximation as a guideline and ignore for the moment Penguin contributions and 
rescattering effects. One finds for rs = 1.2 psec 

BR (Bd ~ ,,.+,,.-i "'BR (B, ~ K+ir-) "'2 x 10-· 1~\:!i I' 
BR (Bd ~ K-,,.+) "'BR (B, ~ K+ K-) "' ( ~:) 

2 
tg28,BR (Bd ~ ,,.+,,.-) 

_ 4 1V(ub)1 2 

,..., 1.6 x 10 V(cb) 

BR (Bd ~pp) ;;; few x 10-• 1 ~\:!i I' 
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(4) 

BR (A, --+ pK-) "' ( j~) 
2 

tg28,BR (Ab--+ p-) 

- 2.3 x 10-· 1~i:!i1· 
(5) 

The numerical branching ratios in Eqs. (1), (2), (4), and (5) have been estimated in 
the usual fashion taking the wave function overlaps for the current matrix elements from 
Ref. 1. Varying the model introduces an uncertainty of roughly a factor of two. The 
estimate on B decays into pp pairs has been obtained by considering the intermediate 
production of diquark states2 and is more doubtful. 

The decay rate Bd --+- K+ K- is very tiny in the factorization ansatz: it requires 
annihilation and recreation of qq pairs. The modes Ba --+- 7r+7r- ,pp are, in addition, 
Cabibbo-suppressed. 

There is no general argument why final state interactions like rescattering and an-
nihilation processes will necessarily contribute only small amounts to a specific beauty 
decay mode - in particular when the factorizable amplitude by itself is small. The ques-
tion of their relative weight is one of detailed dynamics which has to be addressed on a 
case-by-case basis. 

A typical channel mixing process is given by 

(6) 

From our experience with Dt --+- p0 7r+ vs. Dt --+- ¢7r+, i.e.,3 

(90% C.L.) 

We infer a tiny rate for process (6) and therefore 

(7) 

Similarly 

(8) 

BR (Ba--+- pp) <(:'.BR (Bd --+-pp) (9) 

where relation (9) is further strengthened by the Cabibbo suppression in Ba --+-pp. 
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The relations Eqs. (7)-(9) should be checked experimentally. Finding the expected 
suppression would clearly confirm our belief that we have developed an at lea.st semiquan-
titative understanding of energetic two-body decays. The result would tell us to what 
extent annihilation is important in these decays. If however no significant suppression 
were found, i.e;, if B.R (Bd -+ K+ K-) ;::::: 1/3 BR (Bd -+ 7r+7r-), etc. then we would _ 
have to admit that essential parts of nonleptonic beauty decays are not understood. 

Final state interactions can, however, drastically affect the decay rates of other chan-
nels: Penguin transitions and rescattering processes may give significant, if not even 
dominant contributions to Ba-+ K+ K-, Bd-+ K-11"+, Ab-+ pK-. For the factorizable 
contributions to these transition rates are proportional to IV(u.b)l 2 sin20c; if channel mix-
ing is effective then these final states can be fed from intermediate states whose occurrence 
is controlled by 1V(cb)l 2 cos2 0c; for instance 

(10) 

(11) 

The huge KM enhancement factor 

can make the reactions Eqs. (10)-(12) competitive even for tiny rescattering rates! To 
be more specific, one expects1 for the processes Ba -+ D~*) Di*), Bd -+ D~*) D(*), Ab -+ 

AcD~ *) branching ratios of a few percent. There is actually some preliminary experimental 
support for the estimate on BR (Bd-+ D:D*). Therefore with a rescattering probability 
as small as 1/2% one obtains branching ratios of order 10-4 for Ba -+ K+ K-, Bd -+ 

K-11"+, Ab -+ pK-, i.e., much higher than the expectation given in Eqs. (2) and (5). 

Penguin type graphs actually produce two terms: one contains top quarks in the 
internal loop-clearly a short distance contribution; the other one ha.s charm quarks and 
involves more than_ pure short distance dynamics since m(B) does not lie well above the 
DD threshold. An important part of the long-range contribution is given by the channel 
mixing processes described above. 

To summarize our discussion so far: 

- The results based on factorization are presented in Eqs. (1)-(5). 
- A significant violation of the relations stated in Eqs. (7)-(9) is not to be ex-

pected. If observed, it would overturn our picture of energetic two-body decays. 

-242-



- The branching ratios for the modes B 8 --+ K+ K-, B d --+ K-71'"+, Ab --+ pK-, on 
the other hand, can be strongly enhanced by final state interactions. Deviations 
from the results of factorization are here indeed expected and the branching 
ratios will yield important information on the relative importance of interfering 
processes. It generates a "Scenario of acceptable dissent" from factorization. _ 

A final qualitative note may help to illustrate some of the issues involved in final 
state interactions. An important part of the effect of final state interactions is given by 
on-mass-shell rescattering processes: the bare decay amplitudes A0 (B--+ !) are modified 
according to 

A(B--+ !) = 2:)s1l 2)111A0 (B--+ /') (13) 
!' 

where s 1/ 2 is the square root of the strong interaction S matrix of definite isospin. Note 
also that we deal here with s- and p-wave decays only, i.e., rescattering has to be treated 
like central collisions. 

Using unitarity and time reversal invariance one can express 8 112 in terms of the S 
matrix; there are actually two equivalent ways of doing that: 

s 1/2 = _!_(1 + Res)-112(1 + S) 
V2 

s 1/2 = 1 + i (1 + Jms)-112(1 - is) 
2 

(141 

(15) 

The effect of rescattering for example in the elastic channel f --+ f (like 271'" --+ 271'") 
can thus be expressed as follows: 

(s112)n = ~ (! 1(1 + Res)-1/21 !) (1 +r1Jeu01) + ~ L (! !(1 + Res)-1/21 f ')TJ'f 
v2 v2 !'"#! 

(16) 

(s1/2)!f = 1; i ( (! 1(1 + Jms)-1/21!)(l-i1ue2is1)+L(!1(1 + Jms)-1/21 f')T1'1) 
!'"#! 

(17) 
Here we have used the usual notation: 

S = 1 + iT, 81 f = T/fe2is1 (18) 

From Eqs. (16) and (17) one reads off that even total absorption in the final state, 
i.e., T/f = 0, does not necessarily and not even likely produce a strong suppression of 
8 112; it might get reduced by a factor of 1/V2 only. 

Comparing Eqs. (16) and (17) shows that the inelastic transition amplitudes T11 f 
will in general contain sizeable complex phases. For otherwise the two expressions (16) 
and ( 17) are equivalent only under very special circumstances since the phase structure 
of the first term in each equation is quite different. 
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All of this is only meant to illustrate two things: firstly, final state interactions will 
in general introduce phase shifts; secondly, no specific prediction can be made on it. 

II. B 0 - F Mixing 

We assume here that no flavor tagging of the beauty hadron that was produced in . 
conjunction with the neutral B can be performed. A priori we do therefore not know 
whether the decaying B was born as a B 0 or a B°. B 0 - B° mixing can then be 
studied only under rather favorable circumstances. Throughout this section we assume 
CP variance to hold. 

(a) ~r: 
11"+11"- , K+ K- are even CP eigenstates. Thus 

(20) 

where r + denotes the width of the even CP eigenstate among the two mass eigenstates 
of B 0 , B°, be they Bd or B 8 • In B 0 --1- pp we have a combination of even and odd CP 
eigenstates. The time evolution should then exhibit two exponentials: 

(21} 

where Ji and '2 denote the weight of the s-wave and p-wave configuration of the pp final 
state. Thus 

rate(BO(t) -I- PP) a 1 + '2 eArt ' ~r = r + - r -
rate(BO(t) --1- 11"+11"-) Ii 

These processes do not yield information on ~m, as long as CP invariance holds. For 
measuring ~m one has to turn to final states that are not CP eigenstates. 

(b) ~m: 

rate(Bd --1- K-11"+)a e-rdt (~(1 + e-Ardt) + e-tArdt cos~mdt) (22) 

rate(Bd --1- K-11"+)a e-rdt (~(1 + e-Ardt) - e-tArdt cos~mdt) (23) 

rate(Bs ~ K-11"+)a e-r.t (~(1 + e-Ar.t) - e-tAr.t cos~m8t) (24) 

rate (n11 --1- K-11"+)a e-r.t(~(l + e-Ar.t) + e-tAr.t cos~m8t) (25) 

Therefore 

(26) 

-244-



N [ N ] = number of B 0 [ If ] produced . 

Here we encounter the first situation where we have to hope for some luck: unless 
the production process is such that N f. N holds within the acceptance region we cannot 
measure ~m without flavor tag. 

Hadronic collisions will produce N f. N for certain kinematical regimes; yet at present 
it is quite impossible to predict the size of N - N and the best kinematical regime. This 
suggests the following procedure: one studies the time evolution of B -+ K=F7r± very 
carefully and searches for a cos~mt term. If found, one extracts two pieces of information: 

( i) ~m which determines mixing; 

(ii) ~~Z calibrating the production asymmetry. This will be very important when 
searching for CP asymmetries as discussed next. 

III. CP Asyn1metries 

CP violation is established most directly by observing a difference between CP con-
jugate decay rates. When comparing 

rate(B(t) -+ f) = e-I't G +-+ rate(B(t) -+ f) = e-I'tG (28) 

one can encounter two basic types of differences, 

G ~ (G) = 0 =i- 1 G ' dt G (29) 

or 
G ~(G) f.O =i- 1 . 
G dt G 

(30) 

The first scenario appears when a CP asymmetry arises in conjunction with non-zero 
phases from final state interactions, the second when B 0 - If mixing is involved. 4 

Direct CP violation can be searched for in B -+ K-7r+ vs. B -+ K+7r- since the 
final states are flavor-specific (within the Standard Model). The presence of mixing at 
first sight complicates the situation: 

number of(K-7r+)B _ 1 + ~f(t) I Ampl(B-+ K-7r+) 12 

numberof(K+7r-)B - 1- !:1.=l!..f(t) I Ampl(B-+ K+7r-) 12 
N+N 

2e-tAI't 
f(t) = 1 + e-AI't cos~mt !:: cos~mt 

(31) 

for ~r !:: 0. CP violation is established if the second factor in Eq. (31) is found to differ 
from unity. Thus we realize that B 0 - BO mixing is actually far from being a nuisance; 

-245-



by the rather special dependence on proper time it introduces, one can extract the first 
factor in Eq. (31) quite independently of any CP analysis. This allows to determine 
the ratio BR(B ~ K-7r+)j BR(B ~ K+7r-) directly. What are the prospects for 
BR(B ~ K-7r+) to differ from BR(B ~ K+7r-)? 

For Bd ~ K-7r+_vs. Bd ~ K+7r- they are quite good: 
KM parameters with a large phase enter (like V(ub) in the Wolfenstein representa-
tion). 
As discussed in Sec. II final state interactions are presumably quite virulent in this 
rare mode. 

Therefore CP asymmetries of around 10% could emerge here. 
The prospects are less promising for Ba ~ K+7r- vs. Ba ~ K-7r+ , since rescattering 

and Penquin graphs are Cabibbo-suppressed. 
One can search for CP asymmetries also in the decays of beauty baryons: 

number of (Ab~ p7r-[K-]) _ N(Ab) BR(Ab ~ p7r-[K-]) 
number of (Ab ~ p7r+[K+]) - N(Ab) BR(Ab ~ p7r+[K+]) 

Forming the ratio of ratios (32) leads to 

N(Ab ~ p7r-)"N(I.b ~ pK+) BR(Ab ~ p7r-) BR(Ib ~ pK+) 
N(Ab ~ p7r+)N(Ab ~ pK-) BR(Ab ~ p7r+) BR(Ab ~ pK-) 

(32) 

(33) 

If this double ratio were found to be unity, we would not have learned anything about CP 
invariance. Yet again, the FSI are expected to be much more important in Ab ~ pK-
than in Ab ~ p7r-. Therefore it is not unreasonable to entertain the idea that Ab ~ pK-
decays exhibit CP asymmetries of up to 10% while BR(Ab ~ p7r-) = BR(Ab ~ p7r+) to 
a very good approximation. 

CP violation can be made observable also via B 0 - IJ° mixing. For the simplest case 
B 0 ~ 7r+7r- one can write down the general expression 

with 
q _ q _ 2(N - N) q _ 

A= 1 +Re -Pf, B = 1- Re-pf, C = Im-pf - p p N+N p 
-=<> q 1 - E _ Ampl(B ~ 7r+7r-) 

p = 1 + E ' Pf= Ampl(BO ~ 7r+7r-) 

(35) 

CP invariance is violated if C #- 0 ; or for Lif #- 0 if B #- 0. Unless Lif is sufficiently 
large, our only hope to observe this kind of CP violation rests on the measurement of C 
and thereby on the occurrence of a production asymmetry, i.e., N #- N. As discussed in 
Sec. III, N - N can, at least in principle, be extracted from B 0 - 1J° mixing studies. 
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IV. Summary 

Two-body, two-prong decay modes of beauty have to appear on the 10-5 level in 
branching ratio, yet branching ratios of up to 10-4 are quite conceivable for some modes. 
The relative weight of the various decay modes will teach us important lessons on strong 
interactions, in particular on the relevance of final state interactions. 

A high premium has to be placed on the ability to trace the proper time evolution 
of these beauty decays. If production asymmetries occur, then one can perform very 
detailed studies of B 0 - 1f mixing and CP invariance. 
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USE OF ISOSPIN INVARIANCE IN B DECAYS 
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Isospin is conserved in the standard model. for B decays to strange final states 
containing a cc pair, where the dominant diagram b --+- c + W --+- c + s + c involves only 
isoscalar quarks and has Ill = 0, while the only competing isospin-violating diagram 
b --+- u + W --+- u + s + ii has two suppressed weak vertices and must produce the cc pair 
from a gluon. Isospin relations are presented which can test the standard model and help 
separate direct and interference terms in tests of CP violation using the decay of a mixed 
B 0 

- B0 oscillating state to final states containing both a J /'l/J and a K 8 , by relating direct 
terms in the amplitude to decays involving charged kaons more easily measured with better 
statistics. 

Some isospin relations 1 which can be used for experimental tests of the standard 
model or constraints on other experiments are: 

f[B+--+- f(ccs)] = f[B 0 --+- j(ccs)] (1) 

where j ( ccs) denotes the isospin mirror of the state f ( ccs) related by a 180° isospin rota-
tion. 

f (B+ --+- 'l/JK0 V+) = 2f(B+ -+- 'l/JK+v 0
) 

f(B 0 --+- 'l/JK+v-) = 2f(B 0 --+- 'l/JK 0 V 0
) 

where vc denotes the states of any isovector multiplet with charge c; e.g. 7r and p. 

Some special cases of the relation (1) are: 

f [B+ --+- t/IK+j = f[B 0 --+- t/JK 0
] 

f[B+--+- n+ n-K+] = f[B 0 --+- n° n° K 0
] 

f[B+--+- n° n° K+] = f[B0 --+- n+ n- K 0
] 

r[B+--+- n+ n° K 0
] = r[B0 --+- n° n- K+]. 

(2a) 
(2b) 

(3a) 

(3b) 
(3c) 

(3d) 
The relation (3a) has been noted by Rosner3 with the suggestion that it might be used to 
obtain the ratio of the B+ and B 0 lifetimes. These results (1) also hold for the inclusive 
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production of any of these final states, since the isospin mirror of the state IX is J X if X 
includes all states and is therefore its own isospin mirror. 

The relation (2b) can be used to help separate direct and interference terms in tests 
of CP violation using the decay of a mixed B 0 

- B0 oscillating state to a final state la to 
which both the B 0 and B0 can decay2 • The decay rates including the B - B oscillation _ 
effect are given as a function of time by:2 

f[B0 (t) -+la] = e-rt x [(1 + cos~mt)r a+ (1 - cos~mt)f a - 2sin(~mt)r~nt] (4a) 

r[B0 (t) -+ la] = e-rt x [(1 + cos~mt)f a+ (1 - cos~mt)r a+ 2sin(b.mt)r~nt)] (4b) 

where r denotes the total width of the B 0 (the difference between the widths of the two 
eigenstates is neglected), r a and r a denote the partial widths for the decays B 0 -+ la 
and B0 -+ la respectively, r[B 0 (t) -+ la] and f[B 0 (t) -+ fa] denote the decay widths 
as a functions of time for the states which are B 0 and B0 respectively at time t = 0, 
~m = m 2 - m 1 is the mass difference between the mass eigenstates B 1 and B 2 of the B 0 

-

B0 system, and r~nt is the magnitude of the interference term which contains information 
on C P violation. 

if la is a CP eigenstate for which r a = r a 

(5) 

Thus by choosing, for example, la to be ¢K8 , or the JP = o+ or o- states of ¢Ks7r0 or 
¢K8 p0

, information on CP violation can be obtained with precise measurement of ~m by 
measuring the decays only to the final state la as a function of time without reference to 
decays to other states 2 • 

However, experiments in the real world are complicated by problems of statistics, 
systematics, binning, extracting time dependences, etc. Separating the interference term 
proportional to r~nt in eqS. ( 4) from the direct terms proportional tO r a and r a may be 
easier if the direct terms are obtained individually with better statistics from decays to 
final states like ¢K±7r"f or 1/JK± p"f, to which only the B or B contribute. Consider such a 
pair of charge conjugate final states, denoted by fr; and ]r;, where the B decays only to fr; 
and not to ]r; and vice versa for the B, 

Then we can use either known branching ratios or symmetries like isospin to obtain 

(6a) 

(6b) 

(6c) 

where Kaf3 denotes the known ratio of the partial widths for the decays of the relevant 
B 0 or B± states into the two decay modes fr; and fa· For example, with fa = ¢Ks7r0 or 
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1f;K8 p0
, we can choose fp = 1f;K±7r'f' or 1/;K±p'f', respectively; with fa.= 1/;Ks we can choose 

f p = ,,PK±. Considerable improvement in statistics is obtained by the use of final states 
with charged kaons, since the K 0 is usually detected experimentally in the Ks - 7r+7r-

decay mode. Thus from eq. (2b) 

(7) . 

Problems of time dependence are simplified by finding a function of direct terms 
with the same time dependence as the interference terms in (4), 

(8a) 

Thus, if r a.= f Ii 

I r[.B0 (t) - fa] - r[B0 (t) - f al I 2 r~t 
rB 111 (t) = Ka. 13 · r Ct. 

(8b) 

This relation gives rr:1 

as a time-independent constant function of the experimentally 
determined decays to the final states fa., fp and 713 which are all themselves individually 
functions of time. A plot of the quantity (Sb) as a function of time then gives rr~:

1 

by 
finding the best constant fit, without the necessity of fitting with a given time dependence 
and knowledge of the value of .6.m. We also note that 

J I g(t)f[B0 (t) - f a]dt - J g(t)f[B0 (t) - f a]dt I = _2 . _r~_nt 
J g(t)rB 111 (t)dt Ka.[3 r Ct. 

(8c) 

where g(t) is any arbitrary weighting factor and the integrals are taken over an interval 
in which sin(.6.mt) does not change sign. Thus in any experiment limited by statistics in 
which large time bins are used in accumulating data, and in which there may be variations 
in acceptances as a function of time, the value of rr~:

1 

is still obtained directly from eq. (8c) 
provided that the binning and acceptance variations are the same for all measurements. 
It is also possible to use weighting factors g(t) to optimize signal to noise, since the signal 
has a sinusoidal variation with time, which is absent in the noise. 

In the case where the B is not tagged, the observed decays into a final state la. will 
be proportional to a sum of eqs. ( 4a) and ( 4b) with an unknown weighting factor denoted 
by T 

Similarly, 

f[BQ(t) - fa]+ rf[B0 (t) - fa]= e-r1[(r + l)(fli + r a.)+ 
+(r - l)(fii - f a.)cos(.6.mt) + 2(r - l)sin(.6.mt)r~nt (9a) 

f[B 0 (t) -t /13] + rf[B0 (t) -t fp] = Ka.pe-rt[(r + 1) - (r - l)cos(.6.mt)]f a. (9b) 

f[B 0 (t) - J13 ] + rf[B0 (t) - J13 ] = Ka.pe-r1[(r + 1) + (r - l)cos(.6.mt)]f ii (9c) 
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ff r = 1 the interference terms cancel, and no CP information is available. In 
hadronic production where more b quarks hadronize into baryons than b antiquar~s into 
antibaryons, an excess of b quarks in final state mesons" gives r > 1. In this case rr:.:

1 
can 

be determined from the experimental measurement of the decays to fa, fp and ]13 which 
gives two independent ratios of the three combinations (9). and two equations which can -
be solved for the two unknowns rr~:

1 

and r. This can either be done as a function of time 
or as a time integral over any time interval. Experimental measurement of the decay into 
one final state fa no longer gives sufficient information to determine rr:'. 
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COLLIDER ARCHITECTURE WORKING GROUP SUMMARY 

Working Group Participants: 

Neville W. Reay 
Ohio State University 

P. Avery (U. of Florida), R. Burnstein (Illinois Institute of Tech.),D. Christian 
(Fermilab), A. Clark (CERN), G. Coutrakon (Fermilab),J. Dorfan (SLAC), R. 
Edelstein (Carnegie-Mellon U.), K. Edwards (Carleton U., Canada), G. Feldman 
(SLAC), D. Hedin (Northern Illinois U.), P. Kenney (DOE), A. Kernan (U. of Cal. 
Riverside), R. Kephart (Fermilab), N. Lockyer (U. Penn.), K. McDonald (Princeton), 
D. MacFarlane (McGill), R. Morrison (U. of Cal. Santa Barbara), L. Roberts 
(Fermilab), R. Sidwell (Ohio State U.), J. Slaughter (Yale), D. Smith (U. of Cal. 
Riverside),N. Stanton (Ohio State U.), R. Stefanski (Fermilab), M. Witherell (U. of 
Cal. Santa Barbara). 

Using the Fermilab collider as a Beauty factory opens formidable technical 
problems. The collider architecture working group attempted to consider the impact 
of the following challenges on the detector as a whole, using the previously submitted 
letters of intent1 and the work done at the Berkeley SSC workshop2 as starting 
points: 

1) Triggering: What types of triggers appear promising? 

2) Vertexing: Must part of the detector reside inside the beam pipe? 

3) Detector Outer Geometry: Can there be a single type of magnetic field for 
the entire detector or are different magnetic geometries required for different 
angular regions? 

4) Particle identification: What types of particle identification are needed and 
how do the requirements vary with production angle? 

In light of the short time scale, many detailed questions were left for other 
appropriately charged groups. Further, as an in-depth development was not possible in 
a few days, we will simply point out areas in which a consensus was reached and 
others in which honest differences of opinion were not resolved. 

The conceptual layout of the overall detector geometry, shown in Figure 1, was 
arrived at in the course of the discussions. Two possible inner tracking geometries are 
shown in Figure 2. How these layouts were chosen will become evident in the 
discussion which follows. 
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1. TRIGGERING 

The theoretically expected ratio of the BBbar pair cross section to total inelastic 
cross-section is approximately 3xlo·4, roughly a thousand times larger than the ratio 
for fixed-target experiments. Given the small branching ratios associated with rare 
decays and CP-violating effects, a useful trigger must access and tag a large 
percentage of the relevant beauty decays. ISAJET simulations by some of the 
participants prior to the workshop had indicated that a single-lepton trigger could 
access 5-10% of the signal with sufficient background rejection. 

As these studies ignored possible misidentification of leptons in the trigger, 
considerable time was spent discussing this problem. Background rejection in excess of 
104 per event means that lepton misidentification will have to kept below a fewx10·4 

per event. If this level is achieved, additional rejection could come from 
computationally intensive topological considerations such as requiring large impact 
parameters or rejecting kinked tracks resulting from charged pion or kaon decays. 

An electron trigger in the central region appeared eminently feasible but very 
difficult. A PT cut of 1-2 GeV /c could be provided with minimal tracking plus 
electromagnetic calorimetry. Multi-stage transition-radiation detection (TRD) would be 
used to eliminate hadron misidentification, though severe constraints will be imposed 
by a lack of space. 

More rejection per unit solid angle will be required in the forward-backward 
regions, as two thirds of all tracks and an equivalent number of photons are contained 
within cones of 20° half angle about the beam lines. A momentum cut of 5-10 
Ge V / c and a PT cut near 1.5 Ge V / c will be required on the lepton in this region. 
A multi-stage tracking TRD also would be required to eliminate coalescing photon 
showers superimposed on hadron tracks. 

Fast level II selection requiring some tracking also would be required. As shown 
in Figure 3, photons travel in straight lines prior to conversion, while electrons follow 
an arc in the magnetic field. By reconstructing this arc and checking the location of 
candidate electron showers most photon conversions downstream of the vertex detector 
could be eliminated. A comparison of candidate electron energy from pulse height and 
track momentum from bending in the magnetic field could further suppress 
misidentification of hadrons. Finally, an additional level III electron impact parameter 
selection could be made using vertexing information, but implementation of this is as 
yet an unsolved problem. 

Turning now· to muon tagging, UAl experience indicated that muons with PT 
> 5 GeV /c could be selected easily, but that identifying muons with much less than 5 
GeV total momentum was difficult. Because the Beauty mass scale is 5 Ge V, 
imposing such a cut would eliminate most beauty events. Though liquid CRIDs were 
suggested as possible detection devices for central production, muon tagging appeared 
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an attractive option only in the forward-backward range of perhaps 50 to 400 
milliradians where P is large. Muon steel would have to extend at least three meters 
along the beam lines in both directions and thus would determine the transverse scale 
of the experiment. 

To minimize punch-through, which would be a severe problem at the smaller 
angles, frequent pulse-height sampling would be required inside the steel absorber. 
This sampling also could aid in selecting the upstream track corresponding to the 
muon. This latter connection would have to be made as part of the level II trigger, 
as half the pion decay and most of the kaon decay muons could be eliminated with 
track quality cuts in the high-resolution upstream system. A level III impact 
parameter cut would be required for muons as well as electrons, but how to do this is 
currently not understood. 

Despite these reservations, everyone believed that muon detection was essential 
both for tagging and in the study of rare decays. 

2. VERTEXING 

The main impact of vertexing on architecture was the question of whether high-
resolution elements were required inside the beam pipe. Detector outgassing, the need 
to retract detectors during filling, and extracting a half-million lines of information 
through vacuum walls would present serious difficulties for any experiment. However, 
if the vertexing system were placed outside the beam pipe, the distance and 
intervening multiple-scattering material could seriously degrade decay-vertex resolution. 
Discussions with DO, CDF and accelerator people opened the possibility of a beryllium 
beam pipe with less than one inch outer diameter and a wall thickness of 500 to 1000 
microns. Multiple-scattering from such a device is shown in figure 4. 

The uncertainty in impact parameter for a given track is given by 

ox= L(~ ~ ( X )) = 0.022 R P X0 sin(O) Pt ~ ( X s~n(O)) 
0 

15 microns = Pt ~sin(O) 

It appears possible to maintain a resolution of better than 30 microns for most 
tracks with vertex devices mounted external to the beam pipe, though annular rings 
spaced at wide intervals inside the beam pipe might be advantageous for forward-
backward tracks. This, if ~rue, greatly simplifies the Beauty collider experiment. 

A second point about vertexing is that for angles near the beam lines it is 
possible to implement a silicon microstrip vertex system with the 12-18 track samples 
minimally needed to construct track vectors and perform pattern recognition. For the 
bulk of the 41'" solid angle at most four samples are possible. To lowest order, this 
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means that the silicon delivers only a single point with 5-10 micron accuracy while 
pattern recognition falls onto gas detectors, which must furnish 50-100 points with 
resolution ranging from 25-50 microns near the silicon up to 100-150 microns at larger 
radii. They also must have good two-track separation and furnish three views with full 
accuracy in (r,O,;). Further, the local geometry of the gas detector must be engineered 
to permit quick on-line extrapolation into the silicon. 

The gas detector therefore becomes a hybrid whose inner geometry is driven by 
the vertexing system while its outer geometry is dictated by the topology of the 
magnetic field. 

3. DETECTOR OUTER GEOMETRY 

Early in the workshop it became clear that the topology of the magnetic field 
required for momentum analysis of charged tracks would have a decisive impact on the 
outer topology of the detector. All ISAJET studies of beauty decay tracks had 
momentum versus angle distributions as shown in Figure 5. Forward-backward tracks 
have momenta in the tens of Ge V /c range while the bulk of tracks in the central 
region lie below 5 Ge V / c. A typical beauty event is shown in Figure 6. 

Note that the beauty decay tracks are scattered throughout the detector. The 
magnetic field integral therefore must be greater for tracks along than for tracks 
perpendicular to the beam line and must vary smoothly over 41" solid angle. After a 
great deal of discussion, a consensus formed that the geometry of choice was a dipole 
field aligned perpendicularly to the beam lines. Forward-backward tracks would receive 
maximal field integral, while the field integral for central tracks would be decreased by 
the shorter distance of travel in the magnetic field and/or the smaller component of 
field perpendicular to the track, as shown in Figure 7. For most tracks the accuracy 
m OP /P is dominated by multiple scattering. 

Assume that a field of 1 Tesla extends 6 meters along the beam, half of which is 
useful for particles produced at the center of the detector. Assume one meter is 
available transverse to the beam for measuring bending in the magnetic field and that 
sagittas can be measured to an accuracy of 40 microns using multiple-sampling drift 
chambers. Finally, estimate a multiple scattering which varies from 4% of a radiation 
length in the forward direction down to 1 % at 90°. The distance of travel perpendicular 
to the field needed to obtain 6P /P = 1 % and 3% under these assumptions for particles 
following the solid curve of Figure 5 is given in Figure 7. 

Two magnetic-field geometries were considered; the UAl style shown in Figure 2a 
and the cylindrical device with wires parallel to the magnetic field shown in Figure 2b. 

The geometry of Figure 2a has the advantage of easy implementation of full 
stereo, so that decay vertices could be reconstructed in orthogonal views, but has the 
disadvantage of dead regions and perhaps large multiple scattering at the interfaces 
between detectors. The geometry of Figure 2b by taking full advantage of the symmetry 
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of the magnetic field has few dead regions, but precisely measures only one view. 
Despite considerable discussion, no single geometry was preferred by all participants. 

4. PARTICLE IDENTIFICATION 

As discussed in the triggering section, a great deal of attention was paid to 
identification of muons and electrons. ISAJET background studies indicated that if 
misidentification of hadrons as electrons and muons could be kept below a few x 10-4, 
the background from this source to a single-lepton trigger would be acceptable. 
Presentations and information from other working groups indicated that these levels of 
rejection could be achieved for electrons with production angles larger than perhaps 50 
milliradiams and muons with production angles between roughly 50 and 400 milliradians. 

Some of the participants had studied hadron identification and believed f"-K-p 
separation at the two standard-deviation level could be achieved for central tracks using 
100 picosecond time-of-flight and liquid ring-imaging cerenkov counters with track depths 
as short as 20 cm. As shown in the layout of figure 2, 20 cm would present a 
problem only for tracks within a cone of perhaps 45° half angle about the magnetic 
field, for which detector thickness would reduce linearly the field integral available for 
momentum analysis. 

Particle identification for tracks at small angles would require two-stage gas ring-
imaging cerenkov counters occupying roughly 2 meters along the beam line on both 
sides of the central region, as shown in Figure 1. Such a length increases the 
probability for muon decay both of pions and kaons and almost doubles the transverse 
scale of the muon detector. Rejection power versus length, the segmentation required 
(particularly at small angles) and the balance between gas and liquid detectors 
required in-depth study beyond the scope of the workshop. 

5. SUMMARY: 

In summary, a single-electron trigger appears promising, but compromises 
somewhat the tracking volume in the central region. Single-muon identification without 
eliminating most of the beauty decays appears possible only in the forward-backward 
regions along the beam lines. Placing vertex detectors external to the vacuum pipe 
conceptually simplifies the detector and the magnetic geometry of choice is a dipole field 
transverse to the beam lines. Participants disagreed as to whether the gas-detector 
tracking geometry should eliminate dead spots by placing all sense-lines parallel to the 
magnetic field or concentrate more strongly on providing full two-view stereo. Particle 
identification appears possible over most of the solid angle, but may be limited to time-
of-flight in the vicinity of the pole tips and conflicts with the desirability of a short 
drift space for decays in the forward-backward region. 

The prospects for producing and detecting enough beauty to observe strong CP 
violation appear promising and exciting, but further study certainly is required. 
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Figure 1: 

Figure 2: 

Figure 3: 

Figure 4: 

Figure 5: 

Figure 6: 

Figure 7: 

FIGURE CAPTIONS 

Overall detector layout; for clarity the central tracking and particle 
identification have been omitted. 

Geometry of inner tracking and particle-identification devices. 
a) UAl-style tracking geometry in a dipole magnetic field. Refer to 2b for 
the geometry of particle identification apparatus. 
b) Cylindrical gas tracking with wires arranged parallel to the direction of 
the dipole magnetic field. 

Sketch indicating that photons converting after passing through a magnetic 
field would have a large impact parameter if assumed to be electrons 
coming from a Beauty decay. 

Schematic of multiple scattering in the beam pipe. 

Scatter plot for momentum versus angle distribution for charged decay 
tracks from Beauty decays. The solid curve is used as input for the 
momentum resolution versus production angle curves exhibited in Figure 7. 

IASJET-generated beauty decay; all tracks shown are from beauty decays. 

Polar plot showing field integral versus production angle 0. Cu0ves (a)d 
(b), (cb and (d) have be9n generated for ; azimuthal angles of 0 ,45°,60 
and 90 . When ; = 0 , particles are produced in a plane perpendicular 
to the magnetic field. The oP /P = 1 % and 3% curves indicate the 
minimum length of travel perpendicular to a 1 Tesla magnetic field 
required to obtain the stated resolution for particles having the dependence 
of momentum on angle given by the solid curve of Figure 5. A total 
error of 40 microns is assumed for sagittas determined by multiple-sampling 
drift chambers and multiple scattering is assumed to vary from 1% near 
0 =90° up to 4% near zero degree production. 
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B-PHYSICS AT DO 

D. Hedin, T. Kramer 
Northern Illinois University, DeKalb IL 60115 

K. Roberts 
University of California-Riverside, Riverside CA 92521 

This report presents a study of the capabilities of the DO detector to do B-related physics 
by utilizing the presence of a muon both as a trigger and as a tag. The almost complete 
muon coverage plus the fine calorimeter segmentation will allow DO to expand upon the 
B-physics which have been done at UAl with muons1• This report will briefly discuss the 
physics topics and then will present rate calculations from different muon sources along 
with studies on how to separate them based upon their topologies and kinematics. 

I. Physics Issues 

The DO detector should be able to study a wide range of B-physics items both at high 
and low Pt. Among them will be: 
A. B-production cross sections versus x and Pt including separating direct B-jet production 

from gluon splitting (g--+ BB). 
B. Searches for heavy states decaying into B's such as zo --+ bb and H 0 --+ bb. 
C. B0 - B° oscillations through the like-to-unlike sign mu-pair ratio. 
D. CP-violation through the dimuon like sign charge asymmetry and other charge 

a.symmetries. 
E. Searches for reconstructible rare decays such as '¢Ks. 

The first two items will depend upon being able to separate different sources of B-jets 
which will be discussed below. Though a complete study has not been done, by requiring 
both B's to decay leptonically, kinematic cuts may reduce the background from g--+ bb and 
allow zo --+ bb to be observed. Items C-E are essentially exploring loW-Pt events and here 
the crucial items will be trigger rates and backgrounds from 11' /K decay and charm. CP-
violation at DO has been discussed elsewhere:i and only a few comments will be made here. 
Searches for rare B-decays at DO have not been studied but the strategy would probably 
consist of triggering on one B --+ µX decay which then tags the presence of another B in 
the event. Decay channels with leptons and/or Ks's could then be reconstructed. 

The most accessible CP-violating channel will be the like sign dimuon charge asymmetry 
a= (µ+µ+ - µ-µ-)/(µ.+µ+ + µ.-µ-). While this asymmetry is expected to be small, 
statistical limits should be close to current theoretical expectations. For example, an 
integrated luminosity of 1037 cm-:i (5 1038 ) will give about 105 (5 106 ) like-sign dimuon 
events with a 1 sigma statistical error on a of .003 (.0005). Ignoring backgrounds from 
non-B decays (which should be correct to within 1.4), this should be compared to the acp 
from B± B~ decays estimated to be a "few" times 10-3 . AB we cannot separate B± B~ from 
B 0 B 0 decays, a dilution factor of about 3 will reduce our sensitivity. The systematic error 
is hard to estimate at the current time though events such as T--+ µ.+µ.-and'¢--+µ.+µ-
will help in understanding bothµ+/µ- and p/p differences. 

It will probably also be p088ible to look for differences between BB --+ (µ+ X) + (..PX) 
and BB --+ (µ- X) + (..PX) with the ..P's decaying either to electrons or muons (the 
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electron channels should have a higher acceptance and better mass resolution). An 
especially compelling channel is B -+ 't/JKs which is a CP-eigenstate expected to have large 
asymmetries. A rough calculation which sta.rts from a 0. 7 µbarn B -+ µtrigger rate, assigns 
a single muon efficiency of 50%, a combined branching ratio for B-+ (l+z-) + (7r+7r-) of 
5 10-5 and an acceptance/reconstruction efficiency on the 't/JKs of .05 will give 100 events 
for an integrated luminosity of l038cm-:.i. Backgrounds to this channel have yet to be 
estimated. 

II. Muon Rates and Sources 

This study has used three sets of ISAJET events to estimate muon rates and the effects 
of kinematic cuts on separating different muon sources. A large sample of unbiased QCD 
events (> 106 total) were generated with Pt's in the ranges 5-10, 10-20, 20-40, 40-80 and 
80-200 GeV /c. Only events with at least one lepton (electron or muon) were saved. These 
were used as a source for B -+ µX and C -+ µX events. A second sets of events were 
uncut minimum bias events plus uncut QCD jets from the Pt ranges above and were used 
to estimate the decay background. Each ?r or K was assigned a decay and punchthrough 
probability which then multiplied the cross section weight. Finally, a set of QCD events 
with B-+ µX decays forced were used to study dimuon correlations. 

These events were passed through a muon trigger simulator. The Pt dependence of the 
muon trigger has been calculated previously using Monte Carlo3 and a parameterization 
of those distributions were used for this study. The central region can be scaled using Pt 
with a threshold at about 4 GeV /c due to ranging out in the toroid. The forward trigger 
scales more with momentum with its threshold at about 10 GeV /c. This value assumes 
4" drift cells which is true for angles above 11°. A design for the region from 3° - 11° 
utilizing 1" cells is being done by the Serpukhov group. This will allow the raising of the 
Pt threshold in the lower angle region. For now, the trigger acceptance for 4" cells will 
be used for the entire angular region. The Pt distribution before and after applying the 
trigger is shown in Figure 1 with the pseudorapidity given in Figure 2. 
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The cross sections for muon production from QCD sources are given in Table 1 for both 
the total and with muon trigger cuts applied. The relative fraction of muons at a given 
muon Pt from B-decays is given in Figure 3a with the fraction of B's from gluon splitting 
versus all B-events shown in Figure 3b. It is seen that at Ptµ. of 10 GeV /c, 80% of the 
QCD events come from B. 

The muon rate at low Pt (and angles) will be dominated by 11' /K decays in flight. Due 
to both its smaller central region and more absorption material, the rates in DO should 
be appreciably less than those in either UAl or CDF. For now we will use ISAJET to 
determine the decay rates while recognizing that the low-pc region is the place that is 
hardest to calculate. Again, a 5° minimum angle will be assumed, though the minimum 
angle at which DO will be able to trigger can only be determined using the actual detector. 
Figure 4 gives the fraction of decays as a function of Ptµ. assuming no cuts on the event. 
Table 2 summarizes the single muon rates (note that at L = 1030 cm-isec-1 a 1 µb cross 
section corresponds to 1 Hz) and the dimuon rates assuming at least one of the muons 
passed the trigger with the other at least making it through the toroid. 
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Table 1. Muon Sources 

Source Total <1 (µb) Trigger (µb) 
All QCD -+ µ 26.5 3.0 
C-+µ 20.8 - 1.9 
C parton -+ µ 13.6 1.6 
B-+C-+µ 3.1 0.3 
B-+µ 5.3 1.1 
B jet-+µ 2.7 0.8 
g-+B-+µ 1.1 0.2 
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Fi(llH 3b. The fraction of g - B - µ events compared to all 
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Table 2. Muon Trigger Rates 

Source Raw Trigger 
11' /K Decays 500 30 

lµ 
B,C-+ µ 15 3 
B,C-+ µµ .17 

2µ 
B, C-+ µ + 11' /K decay .08 

o,.,. > 5°; rates in µb; no additional cuts 
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ill. Separating Muon Sources 

As eeen above, a Ptµ. cut at about 6 Ge V / c will give a sample which is more than half 
from B-decays. We have looked at enhancing this by decay and kinematic cuts applied to 
single muon events. No attempts to enhance the B-signal using dimuon correlations have 
been made. 

The average angle between the ,.. /K-direction and its decay muon is 6 mrad for those · 
decay muons which pass the trigger. This obviously depends upon the momentum; for 
example it is 2 mrad for Ptµ > 5 GeV /c. The resolutions of the three inner tracking 
chambers are 0.3 mrad, 0. 7 mrad and 0. 7 mrad for the microvertex, central and end 
chamber systems. These resolutions do not include any vertex or matching enhancements. 
We have not yet done a study of how well DO will reject kink events and for now assign a 
kink cut of 2 mrad. This will tend to eliminate low-pt decay events. 

The second series of cuts relies upon the energy deposition in the calorimeter near the 
muon. B-decays should produce both fatter jets and more isolated muons compared to 
C-decays especially at lower-Pt· In both cases, some hadronic activity should be related 
with the muon as opposed to decays which often come from an isolated 1r or K. We have 
looked at this using a perfect detector (no segmentation, resolution or shower size) in order 
to get a first level feeling for the sensitivity we will have. The three requirements we have 
tried are ( "b-cu ts"): 
A. ET(t:..R < .3)/Ptµ. < 1 + .15Ptµ. : Isolation 
B. ET(t:..R < .3)/ ET(t:..R < 1)/Ptµ. < .05 : Jet Width 
C. Ptµ. relative to hadron axis > 0.5 GeV /c 
where the hadron axis in C. is just the sum of all calorimeter energy in a cone of t:..R less 
than 1 about the muon (i.e. no clustering)". Distributions for item B are given in figure 
5 for B, C and 1r /K sources. The relative number of B --+ µ events to the sum of B and C 
with these cuts is shown in Figure 3a and the fraction of decay muons to all muon sources 
with both these cuts and the 2 mrad kink cut is given in Figure 4. Taking these results 
at face value, for Ptµ. > 2 GeV /c plus b-cuts and the kink cut gives a .5 µb b --+ µ cross 
section with about 60% of the muon events coming from B-decays. 
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We also tried to differentiate between direct B production and B's produced by gluon 
splitting. Following earlier studies5, we looked at distributions such as the z = Ptµ./Ptjet, 
the invariant mass of the jet and the ET in a small AR cone compared to a large one. 
None of these gave dramatic differences. By far the greatest separation came from looking 
at the A</>,,,.,,,. and AR,,,.,,,. in dimuon events. Figures 6 and 1 show these distributions for jets 
with Pt between 20 and 40 GeV /c and for Pt's between 80 and 200 GeV /c. The direct B's 
are more back-to-back with those from gluon splitting tending to go in the same direction. 

We would like to thank our DO collaborators P. Grannis, A. Kernan, C. Klopfenstein, 
G. Rahal, D. Smith, T. Trippe and D. Zieminska for their comments on this study. This 
work was supported, in part, by the Department of Energy. 

1. C. Albajar et al., Phys. Lett. 186B, (1987), p. 237 and p. 247. Also, A. Kernan, these 
proceedings. 

2. D. Hedin, DO Note 574 (1987). 
3. D. Green, DO Note 283 (1985); D. Hedin, DO Note 362 (1986). 
4. AR=../ At/>+ 811 is the usual UAl defined parameter. 
5. As an example, see T. Gottschalk, Snowmass-86, 67 (1986). 
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IS THE PP OPTION AT FERMILAB INTERESTING 
FOR AB FACTORY? 

Marcello Mannelli 
Yale University, 
New Haven, CT. 

This note speculates on the possibility of using the Fermilab Tevatron 
ring, in conjunction with the Main ring, as a pp machine, with the specific 
application of a B factory in mind. The general scheme envisaged is the 
following: proton beams are stored in both the Tevatron and the Main Ring, 
with the beam direction reversed in one or the other of the two machines. 
The beams are then made to collide in an appositely built intersection region. 
Assuming, for example, operation of the main ring as a storage device at 200 
Gev1 , and of the Tevatron at 800 Gev, one obtains ../i= 800 Gev, which 
yields a crossection for b production of approximately 10 microbarns. Due 
to the asymmetry of the beam energies, rapidity distributions in the lab are 
shifted by approximately 0.8 units of rapidity with respect to those in the 
c.m. system. 

The motivation for the scheme is, obviously, the quest for comparable 
or higher luminosity than that possible in the upgraded Tevatron collider 
design. If one were extremely optimistic, one might even hope to obtain 
sufficient luminosity with a non-zero crossing angle for the two beams, and 
thus a reduced interaction region. Such a feature could greatly simplify the 
problem of efficient vertex finding and tracking. 

Private comunication with F.Nezrick informed me that a similar scheme 
has, of course, already been considered in Fermilab Proposals #4912 and 
#4933 (circa 1976). The conclusion of both groups was that a luminosity of 
several times 1031 could be obtained, using stacking to increase the intensity 
of the Tevatron beam. This alone would result in about half the yield of B's 
obtained with the 5 x 1031 luminosity envisaged for the upgraded Tevatron. 

The question therefore comes to mind as to whether this is an interest-
ing path to follow, and whether an update to these studies might be use-
ful. Table I is the list of machine parameters assumed in Proposal # 491. 
For_ an analogous scheme, a luminosity estimate of 6 x 1030 was given in 
Proposal # 493. (For these estimates, no proton stacking in the Tevatron 
ring is assumed.) Inspection of the table raises several obvious questions, 
such as: 

• What is the shortest bunch length achievable, and can one design a 
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low beta region to match it? 

(For a given bunch length L11, the lowest useful.Bis :=::: ~· In Table I: 
.B ~ 20 x ~) 

• For a given number of protons in each beam, the time averaged lumi-
nosity is, among other things, a function of: 

- the time required to achieve each beam 
- the lifetime of each beam. 

What scheme optimizes the above, and what is the resulting luminosity? 
Since, presumably, the time needed to achieve proton beams is short 
compared to that needed for preparing p beams, there may exist a 
regime of relatively high intensity, short lived beams, resulting in a 
significantly higher time averaged luminosity than that possible at the 
pp collider. 

REFERENCES. 

1) Operation of the Fermilab accelerator as a proton storage ring 
IEEE Transactions on Nuclear Science, vol.NS-24, # 3, June 1977 

2) Clashing Gigantic Syncrhtrons 
C.M.Ackenbrandt, T .L.Collins,H.E.Fisk,R.P .J ohnson,P .Limon, 
J .Peoples,A. V. Tollestrup,R.L. Walker, and L.M.Lederman 

3) Search For New Phenomena Using Very High Energy pp and pp 
Colliding Beam Devices at Fermilab 
D. Cline,P.Mclntyre,D.D .Reeder ,C.Rubbia and L.Sulak 

Table I - Colliding Bea• Paraaeters 

Main Ring Doubler 

Energy 150 1000 
Intensity 2xlo13 2xlo13 

Interaction 8 2.5 28 

n .14 .28 

ah== av .023 .030 

n ap .0015 .0005 

RF volts/turn l .45(?) 

ap l. lxl0-4 .17xlo-4 

at 9.6 9.6 

Tune shift • 0004 .0010 
90\ interaction length 22 
Luminosity 2.ox1030 
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I. Introduction: 

Summary Of the Fixed Target Architecture Group 
at the Fermilab Beauty Workshop 

J. Sandweiss 
Yale University 

New Haven, CT 06511 

B. Cox 
Fermi National Accelerator Laboratory 

Batavia, IL 60510 

The fixed target approach to high sensitivity B physics has the important advantages of high 
luminosity, limited solid angle for acceptance of the reaction and the B decay products and the 
relatively high momentum of the B and its decay products. The last advantage is important for 
various triggers that have been considered for particular experiments 1 • On the other hand, the fixed 
target af proach has the disadvantage of small signal to background with B production expected to 
be 10- to 10-6 of the total cross section at Fermilab fixed target energies. Therefore, the 
development of suitable experiment architectures and techniques, which allow separation of the B 
signal from the total cross section at both the trigger and analysis stages of a fixed target experiment 
in order to take advantage of the practically unlimited luminosity, is at a premium. 

The broad goals of our workshop efforts were to attempt to answer the following questions: 

I. Can the B signal be reliably separated from the backgrounds in a high rate fixed 
target experiment? 

2. Is there an "ideal" architecture or an optimum strategy for a fixed target B spectrometer? 

Central to both questions is the basic kinematic character of hadronic B production. Therefore, 
various Monte Carlo studies represented an important part of the workshop effort. The 
contribution of M. Purohit2 to this workshop summarizes a number of useful results. 

Question 1 can only be answered properly in the context of the ability of particular detector 
architectures and trigger strategies to separate specific decay modes from their backgrounds. 
Considerable work on this question has been done prior to the workshop by particular experiments 
which aim at obtaining large samples of B's (for example, E771 3 and the P7894). The general 
consensus of the participants in the workshop was that such experiments could be successfully 
executed if properly designed. It was also felt by the participants that the detailed calculation of 
signals and backgrounds was critical in evaluating any experjmental architecture or strategy. A new 
contribution by Kaplan, Peng and Abrams and Stockdale5 carried out at the workshop was the 
calculation of the size of signal for various B two body decay modes relative to backgrounds due to 
the charm decays in the proposed P789 Fermilab experiment. 

With respect to quesp.on 2, no definitive answer was arrived at in the workshop but there 
was some prejudice that there was no ideal apparatus to do all things. This is partly because an 
optimum architecture or strategy is hard to arrive at in the absence of fundamental information 
about the B system such as production cross sections and branching ratios. But, in addition, the 
specificity of experiments which are optimized for particular modes is striking. Indeed, 
fundamentally different architectures may be required for different types of decays or even different 
aspects of B decay. A number of papers contributed to the workshop describe the proposed 
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architectures and some of the key devices they will contain (e.g. the distributed silicon target and 
the ring imaging Cerenkov counter for E771 6). There were interesting new ideas on (particle) 
remote imaging systems for semiclosed architectures by Bjorken, Wehman and Jenson . These 
and related ideas are discussed in somewhat more detail later in this summary. Only after more 
information is obtained about the B system will it become evident whether one optimum generalized 
architecture for B experiments exists. It may well be that the development of several specific 
architectures to study particular final states and different aspects of the B system will the corred 
approach to fixed target B physics. 

Finally, we note that many topics which are critical to the design of a fixed target B · 
spectrometer were covered in other sections of the workshop. These include studies of trigger 
schemes and processors, and data acquisition systems. 

II. Acct(ptances 

The calculations of Purohit and others2•3•4 have several important consequences for fixed 
target B spectrometers. The key factor for determining the required maximum angular acceptance 
for the fixed target B spectrometers is the necessity for detecting all of the decay tracks from B 
decay. For the physics goals of the high sensitivity B experiments such as rare decays and CP 
violation, all of the tracks from a B decay must be detected. For experiments which, in addition, 
propose to detect the second B in the event for purposes of tagging the particle or antiparticle 
nature of the first B, this acceptance must be somewhat larger. However, because of the forward 
throw of the B decays due to the Lorentz boost of fixed target experiments, this acceptance for 
fixed target experiments need not be particularly large (unlike the case for TeV I B events). For 900 
GeV/c proton-nucleon interactions, a maximum acceptance angle of approximately ±200 mr is all 
that is needed for an 80% containment probability (i.e. 80% of all decays will have all tracks from a 
given Bin the acceptance of the apparatus). 

In a similar way, the minimum angle of the B decay products to be detected must be 
determined. The calculations show that particles must be detected down to a few mr for good 
containment efficiency. For example, an acceptance which covers the angular range between 3 and 
200 mr will have about 80% containment efficiency. For a minimum coverage angle of 10 mr this 
drops to 65%. Detailed containment efficiency contours are presented in reference 2 for a range of 
emin and emax· 

III. Backeround Studies 

A major new contribution by Kaplan et. al. 5 at the workshop was the detailed study of the 
backgrounds to two body B decay modes due to charm decays in a semiclosed geometry 
architecture of the proposed Fermilab experiment P789. They conclude that charm backgrounds 
are small compared to the two body (charmless) B decay modes in P789. An interesting insight 
gained from their study is that tuning the B acceptance for 90 degree decay in the B center of mass 
is an important factor in maintaining high B acceptance and low charm (background!) acceptance. It 
is also interesting (although this is a very specific study) that the results from "back of the 
envelope" calculations for these particular two body decay modes have been verified by this 
careful, detailed Monte Carlo study. 

However, although charm is the only real physics background to the two body B decays, 
actual experiments taking into account real resolutions in vertexing, mass measurements, etc., will 
have many other sources of backgrounds in an experiment such as P789. These were qualitatively 
discussed at the workshop but no detailed calculations were carried out. There was a general 
consensus that it would be essential to have sufficiently redundant tracking in the vertex detection 
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so that false tracks will be kept to an acceptably low level. 

As an example of an open architecture experiment, Fermilab experiment E771 was reviewed 
in the course of the workshop and its technique for rejecting background was discussed. This 
experiment plans to detect B's in an open geometry by their J/'11 decay modes. The observation of 
a J/\jl at a secondary vertex is an unambiguous flag that beauty is present. The backgrounds to 
such a study are the directly produced J/'V's from the primary vertex which are badly mismeasured 
and appear to form a secondary vertex. Monte Carlo estimates of the multiple scattering of the 
muons from the J/'11 decays in the E771 silicon tracker (done prior to the workshop by the E771 
experimenters) indicate that a rejection of directly produced J/'V's by several orders of magnitude 
was possible if the observed secondary vertex was required to be more than 50 microns away from 
the primary vertex in the plane transverse to the beam. This requirement is expected to eliminate 
only approximately one half of the real B decays. Therefore, the focus of the experiment on the µ 
pairs from secondary J/'V decays seems likely be a very powerful tool to greatly reduce the 
backgrounds to the B signal. 

The general consensus of the the workshop was that the current round of proposed or 
approved fixed target experiments would cast a great deal of light on the ability of fixed target 
experiments to extract B signals. These experiments will also define more clearly the problems 
which will need solution for high rate, high sensitivity experiments to succeed. These results 
should become available in the near future. 

IV. Architectures 

The possible architectures for a fixed target B spectrometer fall into two broad categories: 

1. Semi-Closed Designs 

These designs "look' at the target with a rather small acceptance which serves to protect 
most of the detector components from the bulk of the radiation from the target. These designs 
permit high interaction rates which ideally, will more than compensate for the limited B acceptance. 
The salient principle on which such detectors must, therefore, work is the selection of a region of 
phase space which is relatively rich in B decays but which avoid most of the particles from the 
average total cross section events. 

In some semi-closed approaches vertex detectors are used in the region close to the target. 
The proposal, P789 is an example of such a design and the problems of the silicon microstrip 
detector (track overlaps, and especially radiation damage ) are major concerns in that approach. At 
the workshop, these problems did not appear to be intractable but considerable work remains to be 
done to verify this. 

Another interesting semi-closed approach was developed by Bjorken and studied in detail 
by Wehman and Jensen. In this approach the charged particles emitted in the target region (direct 
and from downstream decays) are transported and imaged at a downstream location. The imaging 
is momentum dependent so the downstream detector, e.g., the silicon microstrip detector system, 
would have to have an appropriate longitudinal extent. This detector plays the role of the 
"classical" vertex detector and would be followed by a more or less conventional spectrometer to 
measure momentum, identify particles, etc. 

At first sight, one might think that such a scheme would require unrealistic precision in the 
magnet transport and focussing system. A more thoughtful analysis, however, shows that this is 
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not the case and that a calibration procedure can be developed which in effect measures the relevant 
transport properties to adequate precision to permit the "transported" vertex detector to usefully 
identify particles originating downstream of the target (i.e., B decays). 

In comparing the remote imaging design with the conventional semi-closed design, it seems 
that the B yield would be considerably larger for the conventional design. There is a large caveat, 
however, in that it remains to be demonstrated that silicon microstrip detectors can survive and 
work usefully in the intense radiation environment which would be unavoidable at the interesting 
levels of sensitivity. 

One final comment applies to all semi-closed architectures. By design these geometries 
have small (few%) acceptances for B's. Therefore, they have a very small acceptance for what is 
called "tagging". Tagging refers to the determination of some important characteristics of one B 
(e.g., whether it is a Bora B) by studying the decay of the other B. Most CP and mixing studies 
require such knowledge. The semi-closed systems will not be useful for experiments which require 
particle by particle tagging. A strategy for searching for CP violation which may be feasible and 
which does not demand particle by particle tagging depends on the existence of production 
asymmetries (e.g. regions of phase space such as the large Xf region where more B's than B's may 
be produced). This strategy would involve determining wnere these special regions were and 
comparing certain aspects of the B or B decays (such as the time distributions) in these regions 
with the distributions from other regions of phase space. If such a technique for observing CP 
violation is not sensitive enough, then only open geometry spectrometers employing particle by 
particle tagging will be able to look for CP violation. 

2. Open designs 

Open design refers to spectrometer configurations which attempt to measure all tracks in a 
large portion of the forward hemisphere in order to pick up all B decay products. In the case of 
open geometry experiments the vertex detector is arranged for the most part along the beam 
although there are considerable differences in the possible arrangements. There are several 
spectrometers which fall into this general category such as the Tagged Photon Laboratory (E769), 
High Intensity Laboratory (E771 ), and Broad Band Photon Beam (E687) detectors which are either 
studying charm or, in the case of E771, planning to measure beauty production. 

Many of the key technical issues of open geometry designs such as specific trigger 
strategies, design of high rate detectors and design of data acquisition systems are addressed in 
other sessions of the workshop. The intention of these deliberations is the specification of 
strategies and equipment which will allow the contradictory goals of large acceptance, high rates 
and excellent high resolution spectroscopy to be achieved in a high rate environment 

The fixed target architecture group had a considerable discussion of various aspects of 
different open spectrometer designs. The design of E771 which is intended to allow the experiment 
designed to run at rates of up to 107 Hz of 800-925 GeV/c proton-nucleon interactions, as 
mentioned above, was reviewed. This experiment operating at 107 interactions per second for 
running times of several 106 seconds might be expected, after acceptances, efficiencies, and cuts 
are taken into account, to reconstruct several thousand of these decays. Other experiments such as 
P789 might be expected to obtain similar numbers of events if backgrounds are not intractable. 

One of the most important issues in the configuration of such open geometry experiments is 
the coupling between the silicon detector design and the beam configuration. In particular, the use 
of a proton beam allows some latitude in the choices for the design of the silicon detectors for open 
geometry experiments. These issues were discussed in the workshop. For example, in order to 
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minimize localized radiation damage while keeping the amount of silicon detector to be 
instrumented to a minimum, E771 has chosen to operate with a relatively large beam spot 
distributed over the active area of the silicon detector. An alternative configuration would be to 
have a tightly focussed proton beam (simulating as nearly as possible the 10 micron beam radius 
that is expected at the SSC). If that sort of spot size were possible with the Fermilab extracted 
proton beam, then a small aperture could be left for this "needle" beam through a relatively closely 
spaced, economically set of small planes. Unfortunately, even taking a relatively optimistic 
estimate of the emittance of the extracted proton beam, B. Baller has calculated that a 
superconducting quadrupole focussing system could produce a 100 x 180 micron beam (at the 3 o 
point). For a 2.5 cm spacing between the target foil in the silicon tracker and the first measurement 
planes (an appropriate spacing which would allow for the decay of the majority of B's produced in 
900 GeV/c interactions), this spot size would correspond approximately to e\uin=4 mr and 
eY ·n=7.5 mr, already beginning to cut into the containment efficiency. A more real1suc emittance 
wdtProbably produce a considerably larger minimum beam spot leading to an unaccceptable loss of 
B's. 

In the studies performed for the workshop by Purohit2, the optimal disposition of the 
silicon in an open design spectrometer unconstrained by practicality and cost considerations was 
investigated. He points out an ideal solution which minimizes radiation damage to the detector due 
to both the beam and secondaries. In this solution, the planes closest to the target have relatively 
large holes in the detector (i.e. large e · ) and the ones farther away have successively smaller 
holes (i.e. successively smaller eminr.1lfhe layers are also spaced to minimize the effects of 
multiple scattering. 

V. Summazy and Conclusions 

The workshop was very useful in clarifying issues and in educating the participants. The 
following conclusions can be drawn from our deliberations: 

1. The utility of the fixed target approach for high sensitivity B physics continues to appear 
promising and competitive with other possibilities for B experiments. 

2. Both semi-closed and open geometry architectures remain as potentially viable approaches. 

3. The experience of the current round of fixed target experiments will be very important in 
evaluating the potential of fixed target approach to B physics. The results of the present 
experiments should indicate whether a generalized major detector initiative should or can be 
pursued or whether the proper approach is a highly developed set of specialized detectors pursuing 
specific decay modes and/or specific aspects of B decay. 

We conclude with a comment on the organization of this workshop. As was appropriate to 
the stage of knowledge, this workshop was organized along what might be called subsystem lines 
with sessions on triggering, detectors, data acquisition, etc. What is now needed is an integrated 
study building on past work which will consider several designs and strategies in a comparative 
way. Each group working on a particular individual design should include relevant experts on each 
aspect of the detector. In this way a realistic estimate of the potential of each approach can be 
achieved. Hopefully the results of ongoing experiments will inspire the initiatives leading to such 
efforts in the future. 
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ABSTRACT 

A double-arm focussing spectrometer for 2-body B-
decays is examined. The nearest tracking elements are 
~ 30m from the target, and the apparatus is intended 
to run at instantaneous interactions rates of tens of 
GHz. Yields of several thousand detected decays pe4 
mode per experiment at a branching fraction of 10· 
might be attained. 

I. INTRODUCTION 

Every minute the Tevatron operates in fixed-target mode, several million b-
quark pairs are produced. While these are regrettably buried in the beam dumps, 
this simple fact is enough to inspire the most desperate efforts to try to observe 
them. In this contribution, we explore the outer limits of feasibility of the high-rate 
frontier. We are thinking of instantaneous interaction rates large compared to 1 
GHz, perhaps 10-50 GHz. We here uncritically assume that under these 
circumstances 

1) At best only the simplest decay modes of B, AP, etc will be accessible. 
The best candidates include all-charged, low multiplicity modes. 

2) The decay vertex must still be isolated; hence tracking must be done with 
"silicon accuracy". 

3) For reason of radiation damage and pattern recognition problems 
(confusion from many events overlapping in time), no detectors placed 
near the interaction vertex will survive. 

Does simply moving the silicon detectors back compromise resolution? In the 
absence of multiple scattering, detector stations at e.g. distances z and 2z have good 
enough lever-arm to extrapolate accurately a charged particle trajectory to the 
production region. However multiple scattering in the first (upstream) detector 
plane creates an unavoidable "cone of confusion" whose radius, in the absence of 
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any magnetic elements, grows linearly with distance. 
are too far back from the target, the resultant circle 
region will be unacceptably large (Fig la). 

Therefore if the silicon planes 
of confusion in the production 

But it is possible, after all, to see small details with only instruments located 
at large distances away from the object of interest. (The CIA does it all the time.) 
The key lies in focussing. In particular, if there are magnetic focussing lenses 
between the target region and the detectors (with magnification of order unity) then 
the cone of confusion can be focussed as well (Fig 1 b). It follows that 

a) if relative to a given reference ray, there is betatron motion in both 
transverse planes for nearby trajectories (of the same energy), and 

b) if the betatron phase advance from the source to the tracking system is 
approximately a multiple of f' (i.e. there is approximate point-to-point 
focussing) 

then the resolution of the tracking system is, in principle, as good as if it were 
adjacent to the source. The conditions (a) and (b) also appear to be necessary as 
well as sufficient. It must be emphasized that the optical system as a whole need 
not possess absolute linearity; what is needed is validity of a linear approximation 
for betatron motion within the cone of confusion (the size of which is defined by 
multiple scattering; it is typically of millimeter diameter or less) associated with an 
arbitrary reference ray within the detector acceptance. 

A difficulty in satisfying the above criterion in a practical device has to do 
with acceptance, especially momentum acceptance. The dependence of focal length 
on momentum for typical alternating-gradient optical systems is roughly linear. To 
accept a large momentum bite therefore requires a series of mutually compatible 
detector planes configured along the locus of foci. Angular acceptance is also a 
problem, simply because the large-aperture magnets required must also be very 
strong, with field integrals at the coil measured in tens of tesla..-meters. 

Despite such daunting practical problems, it still seems to us worthwhile to 
examine the matters of principle. In what follows we consider a "minimal" 
experiment based on a classic double-arm focussing spectrometer rometr1 which 
would observe two-body hadronic decays, 1 namely Bd + f' + ,.- , K f' +, K K-, pp, 

- K- ,s and Ab+ pf', p . 

Supposing that there exists for xF ~ 0.2-0.3 a production asymmetry 
u(Bd)/u(Bd) ~ 1.1" - 1~, it follows that Bd mixing and even CP violation studies 
in B d + f' + ,.- and pp can be done if large event samples can be acquired. 
Furthermore, the modes Bd + Kf' and Ab + pK- are also promising channels for CP 
violation studies via Penguin-induced branching-ratio asymmetries; note that the 
Ab/Ab production asymmetry is determined by the pf'-/pf'+ modes acquired 
concurrently. In addition, accurate Bd/B /Ab lifetime comparisons would be an 
interesting byproduct of this program. T~us the physics of such a limited set of 
decays is not at all uninteresting. 
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II. SPECTROMETER LAYOUT AND BASIC OPTICS 

We choose, with minimal attention to optimization, the spectrometer 
configuration shown in Fig. 2. Each arm consists of a FODO channel of 6 
quadrupole magnets; the parameters are listed in Table I. 6 cm x 6 cm silicon 
microstrip tracking stations, spaced 3 m apart, are located in an array starting 35 
m from the target and ending 60 m away. The target is a string of small tungsten 
wires 50-100µ in diameter, 3 mm in length, spaced 5 cm apart. A low fJ final 
focus for the incident beam is a reasonable match to this target geometry. We 
assume the region between target and tracking elements is evacuated. Downstream 
from the silicon stations may be placed conventional spectrometer elements to 
provide momentum verification and/ or particle identification. 

The axes of the spectrometer arms are 26 mrad from the beam, with central 
momentum of 100 GeV, implying an acceptance centered at xF "' 0.25. The 
angular acceptance of each arm is assumed to be a 28 mrad x 32 mrad rectangle. 
With this geometry, it is 'trai~htforward to estimate the idealized yield; we find it 
to be, assuming 3 x 10· bb produced per interacting primary, and neglecting 
inevitable losses due to tracking efficiencies, vertex cuts, etc. 

B + h+h- into acceptance 
primary interaction 

(2.1) 

where (B/b) "' 0.3 is the fraction of h's which gadronize to the species ip, question. 
An experiment running at 50 GHz for 2 x 10 live seconds yields 10 primary 
interactions. At a branching ratio of 10·4 this implies about ten thousand B-decay 
pairs per experiment per decay mode accepted into the apparatus. 

The basic idea for extracting a signal from the enormous background is an 
impact parameter trigger: 

i) Assuming for the moment a point target, the trajectory of a secondary 
particle emergent from the target is characterized by 3 parameters (two 
production angles and the momentum). The silicon tracking system 
measures four parameters x,y, x' = dx/ds, y' = dy/ds. Hence there is 
one constraint which we write 

F(x,y,x',y') = 0 (2.2) 

ii) Each track which is detected in the downstream silicon system is 
processed on-line. The map function F is computed (on line) for each 
such track; indeed the parameters determining F are determined and 
updated in real-time from the target-associated background. 

iii) Tracks from the B-decays of interest will be characterized by non-zero 
values of the map function F. Only tracks having the appropriate range 
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of F values are retained; of order 1% of input track candidates (per arm) 
may be kept. 

iv) The candidates from one spectrometer arm are put in coincidence with 
candidates from the other arm. 

v) The information from surviving candidates is further processed (a la 
ACP?) to check for opposite charge, appropriate mass, a common decay 
vertex in the fiducial region and acceptable decay kinematics, etc. 

vi) The accepted candidates are written onto tape. 

The singles rate in each arm can be estimated from existing data2 to be 6 x 
10·3 • (Ap/p) tracks per interacting proton. Even at 50 GHz primary interaction 
rate, this implies a 10-100 MHz target-associated singles rate per arm. After the 
impact-parameter cut (iii) and the coincidence requirement (iv), the accidental pair 
rate is ~ 10 kHz, suggesting that indeed these pair data can be processed via ACP 
or other means and reduced to an output rate that can be written onto tape. The 
crux problem is no doubt the first step of extracting the track coordinates and 
computing the map function. This is discussed in a separate contribution by one of 

3 us. 

In these estimates, we have assumed that singles-rates are dominated by the 
charged particles produced in the target. Backgrounds from energetic neutral 
hadrons, photon conversions, etc have been estimated and appear small (~ 1 MHz). 
More difficult are contributions of slow-neutron and soft-photon albedo from ~howers 
in adjacent magnet yokes, etc. Scaling from reported E288 experience gives 
grounds for cautious optimism, although a beam test is probably required to be fully 
convincing. 

III. REMOTE-IMAGING OPTICS 

We first consider tracks starting in the target with coordinates 
x0=0,xp' ,y 0=0,y 0', Ap/p which traverse a spectrometer arm and register in two 
measurmg stations with coordinates xl'y 1; x2,y 2. As discussed in the previous 
section, there is one constraint on these coordinates; i.e. there exists a function 
F(xl'yl'x2'y2) ("map" function) that is equal to zero. In principle this function can 
be computed from field maps; in practice the final determination will be empirical. 
In order to assess the feasibility of such a procedure, candidate tracks were 
propagated through the spectrometer using the tracking program TURTLE. 4 These 
data were then used to estimate the map function F, using a polynomial function 
with coefficients to be fitted from the data. In what follows are presented 
histograms of these approximations for the tracks coming from a finite, but small 
target and again for the case of the B meson produced in a finite, but small target 
and decaying downstream into two pions. Various levels of 12 pole content in the 
quadrupole field were included in order to simulate the most important non-
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linearities that might be expected in quadrupoles with the strength that is necessary 
for this application. 

A layout of the two spectrometer arms is shown in Figure 2. Both arms are 
identical in their optics. Each includes a number of coordinate measuring devices--
presumed to be silicon strip detectors. Each detector Jocation shown in the figure is 
taken to measure x and y in an unambiguous fashion. The quadrupoles have been 
taken to be 1 meter in length, for convenience in making calculations, and the 
spectrometer parameters are listed in Table 1. 

After invoking the symmetry of quadrupoles,6 the most general polynomial term 
in the map function is: 

where p1 + p2 must be odd and p3 + p4 must be odd. The value n=p 1 + p2 
+p3 +p 4 is the order of the term. Table 2 exhibits the 60 terms up to order 6. 
Of these, four are of order 2 and eight are of order 4. Were the optics perfectly 
linear, only terms of order 2 would be present. 

Two distributions of the map function that result from the calculations are 
shown in Figure 3. The inset shows the distribution that results from using tracks 
that originate in the target--taken to be a single target 3mm long, 50 microns in 
diameter. The quadrupoles have an assumed 10% duodecapole content. The 
distribution below the insert is that for B + 2 pions (details are given below). It 
can be seen that the map function distribution is very much broadened by the 
decay process. 

The calculation that produced the distributions shown in Figure 3 was done 
using the innards of the program TURTLE to trace rays, but with modifications 
made so that B decay could be incorporated and so that the CERN histogramming 
package HBOOK could be used. Intermediate files were used, as necessary, to save 
results for a later program. For Figure 3, terms up to order 6 were included in 
the polynomial approximation to the map function. The coefficient of the term x2 * y 1 was fixed to be 1; the other 59 were determined by a least squares fit to the 
hypothesis that the sum of the 60 polynomial terms be zero. The data set used 
for this fit consisted of 1554 rays traced from the 3 mm, 50 micron target to 
assumed detector stations at z=42 (xl'y 1) and z=45 meters (x2,y2). For these 1554 
rays, the values for the maxima of the absolute values of x', y' and /J.p/p were 
chosen to be 16 mr, 14 mr, and :t 30% respectively. The input distribution was an 
ellipsoid in phase space, of the modified type discussed in the TURTLE description. 

The B meson decay was simulated by fixing the B momentum to be 200 
Gev / c, but choosing its transverse momentum according to the distribution function 
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with a being (2.3 Gev/c)2. The distribution was cut off at Pt = 3.5 Gev/c. The 
azimuthal angle of the transverse momentum vector was chosen at random. The B 
decay point was chosen with an exponential distribution, with c'f" = .033 cm. The 
decay was taken as isotropic in the reference frame where the B was at rest. 
The particular decay channel simulated was B .. f' + ,.-• The cos8 distribution ( 8 
is the polar angle) was limited to ± .3 in order to limit the range of dp/p to ± 
.3, since that has been estimated as the range of acceptance of the spectrometer. 
The azimuthal angle was limited to -1.2 to 1.2 radians, since the spectrometer 
acceptance was close to zero at those extremes. The two decay particles were 
treated slightly differently, since they go through separate arms of the two-armed 
spectrometer (see Fig. 2). The spectrometer arms view the target at an angle of 26 
milliradians. The tracking through each spectrometer arm was done relative to its 
optic axis--in a local coordinate system. Each particle was first tracked from the 
decay point backwards to z=O in the local system in order to begin the 
spectrometer ray tracing from a common point at the longitudinal center of the 
target. The target diameter was taken to be SO microns. The effect of 
transverse target size was included in calculating the effective displacement of the 
ray at z=O. 

Figures 4a-d show the x-y distributions of the impact parameters of the tracks 
of the pions resulting from the B decay, after extrapolating them back to the 
longitudinal center of the target. The distributions are kept separate for each of 
the spectrometer arms. Figures 4c &d show the result of imposing the condition 
that the B decay occur at least 8 mm from the center of the target. 

The effect of increasing the duodecapole content in the quadrupoles from 10 to 
20% is shown in Figure Sc. It is not a significant effect, compared to the width of 
the distrib¥tion of the map function for B decay--seen with the same scale, in 
Figure Sd. The zone of confusion where the map function cannot distinguish 
random tracks coming directly from the target and those tracks due to B decay, 
includes about S% of the B decay events (neglecting other effects due to multiple 
scattering, single scattering, pion and kaon decay, and hard-to-anticipate tails on 
distributions that could further enlarge the confusion zone). The distribution of 
Figure Sa changes to that of Figure Sb when the order 6 terms are left out; this 
indicates the need for the order 6 terms. 

The importance of each of the 60 terms in the order 6 approximation to the 
map function was studied, in order to judge whether it was easily concluded that 
some terms could be dropped out. For each ray tracked through the system, the 
contribution of each of the 60 terms in the "map" function was ranked on a scale 
of 1 to 60. A scatter plot was made of the ranking each term had for each event. 
This scatter plot showed a large spread in ranking for each term; the conclusion 
was that it wouldn't be easy to pick terms to drop. 

The distributions that have been discussed in this section do not include the 
effects of multiple scattering in any material, pion and kaon decay, or single 
scattering. It is possible to study such effects, but the emphasis here was to study 
the behaviour of approximations to the map function without including other effects. 
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The ray tracing that was done did take into account quadrupole apertures, but 
ignored detector apertures. The effect of detector apertures was studied; from that 
study it was concluded that the discussion of the behaviour of the map function was 
best done without including their effects. It is clear that there needs to be 
optimization with respect to acceptance of the spectrometer parameters used in this 
study. 

IV. OFF-LINE PROBLEMS IN EXTRACTING A SIGNAL 

Even presuming success of the online data acquisition system in achieving 
rejection factors sufficient to write out events into permanent storage, there remains 
a formidable problem in extracting the signal from background in the off-line 
analysis. 

At the very least, a careful Monte-Carlo study of all imaginable background 
sources is required in order to get some feeling for the true nature of the 
difficulties; even that arguably falls short of the real situation that would ensue. 
Evidently such an analysis has not been carried out. Here we sketch some rough 
estimates of what may perhaps be the most serious intrinsic problem. Unstable 
particle decays will provide candidate B-decay tracks; random coincidence in time 
and chance intersections in the B-decay fiducial volume of such tracks produce an 
irreducible background. 

We guess that hadrons from K and A decays are the most serious background 
sources. Charm decays seem, at back-of-the-envelope level, more benign; the typical 
impact parameters are considerably smaller than for 2-body B-decays, and the high 
PT of candidate tracks demands a high pT for the parent charmed hadron, hence 
some extra suppression. 

Specializing mainly to strange particle decays, we proceed as follows: 

i) The probability P that an observed hadron originating from a strange-
particle decay has projected impact parameter (at the target plane) less 
than r is linear in r: P( <r)=r/R. 

We estimate from straightforward geometry that 

1.6 cm K + 'I' + 

R = 
0.6-cm As + p + • 
0.3 cm I:+ + p + • 
(60p D + .) + K + • . 

We expect these sources to be the leading contributors. 

ii) The probability that an observed high-pT hadron originated from a weak 
decay, irrespective of impact parameter vaiue, is estimated to be 
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r+ from K's/hadron N 0.9~ 
~ from A's/hadron N 1.~4 (K from D's/hadron N 2x10 ) 

iii) As seen by the spectrometer, the fiducial region for B-decays (0. 7 to 2.5 
mean lives) projected onto the target plane is roughly circular, with 
radius "' lmm. This allows, together with estimates (i) and (ii), an 
estimate of the fraction of track pairs which penetrate the fiducial region 
and which possess a candidate vertex from which a reconstructed parent 
B momentum points back to the target. 

Tracks with minimum possible impact parameter greater than 2.5 mm are 
completely rejected. After this cut, we estimate N 30% of the double-decay 
background events will have acceptable candidate vertices within the fiducial B-decay 
volume. For such events one can reconstruct the locus of possible source-points in 
the target plane of the candidate parent which are consistent with the momentum 
constraints on the secondary tracks. This locus is a line-segment in the target 
plane, with a roughly linear distribution of impact-parameters b out to a maxim~m 
of 1-2 mm. We cut at b < 70µ, giving a rejection of ~ (70µ/1 mm)2 "' 5 x 10· . 

When all this is put together, we find that the fraction f of accidental pair 
triggers containing an acceptable secondary vertex candidate due to strange-particle 
decay is roughly 10·9 aii)a(j), where the sp!:_cies-dependent parameters a(i) are 
estimated to be 1.4 for r , 8 for p, and 4 for p. 

A mass cut might bring the fractl~n f down a factor N 300, yielding typical 
~kgrounds per random pair N 3 x \0. a(i)aO). At a 50 MHz singles rate at 2 x 
10 sec/expt there are of order 101 dihadrons per experiment accepted into the 
spectrometer. This gives N 300 a(i)a(j) backgr~und events under a signal, an 
amount comparable to the signal (assuming a 10· branching fraction). Since the 
above estimate is clearly order of magnitude at best, the conclusion is neither good 
nor bad news. A serious simulation will be essential. 

V. CONCLUDING REMARKS 

The results of this study indicate that the remote-imaging idea may in principle 
work. However the spectrometer and experiment w8 have explored appears to do 
only about as well (on paper) as the letter of intent for proposal P789 of Kaplan 
et. al. does (on paper). This latter initiative represents a relatively modest upgrade 
of an existing facility, while a remote-imaging spectrometer would be a very costly 
device, built from scratch, using an unproven technique. 

To do better with remote-imaging at Fermilab energies most likely involves an 
architecture with an acceptance in solid angle and/or momentum bite competitive 
with that of P789. And it may be that it is better to consider the idea only in 
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the context of multi-Te V beams such as will eventually be available at UNK. As 
the energy scale increases, the required magnet apertures decrease and signal-to-noise 
increases; hence the overall problems rapidly become more manageable. 

In either case, crucial issues for further work include more study of the remote-
imaging optics, realistic Monte Carlo simulations of signal and especially 
backgrounds, detailed study of the front-end electronics and data acquisition system, 
and finally a design study of the large-aperture, very high-field magnets required. 
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TABLE 1 

Spectrometer Parameters 

Length Radius of Field at 
meters Aperture Aperture 

(cm) (tesla) 

Drift 10 

Ql 1 7.5 3.8 

Drift 2 

Q2 1 15 -7.5 

Drift 3 

Q3 1 15 7.5 

Drift 5 

Q4 1 30 -15 

Drift 6 

Q5 1 30 15 

Drift 7 

Q6 1 30 -15 

Drift 8.5 

Station 1 0 sample 
measuring 

Drift 3 pair 

Station 2 0 
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Bottom Acceptance, Trigger Efficiency and Resolut1on 
at Fermilab fixed target experiments 

M. V. Purohit 

Fermi National Accelerator Laboratory,* 
Batavia, Illinois, USA 

Abstract 

We present results on the acceptance, trigger efficiencies and resolutions expected for 
bottom events produced by a 900 GeV proton beam on a fixed target. Also examined is 
the question of a central hole in such a detector, its impact on acceptance and radiation 
damage. 

FIXED TARGET BOTTOM PHYSICS 
S.everal groups working at Fermilab's fixed target program are trying to obtain sam-

ples of bottom events or will attempt to do so in the near futurel,2,3. Fermilab's major 
advantage is the high rate and high momentum at which bottom is produced at the fixed 
target program. However, the large background to signal ratio makes any bottom experi-
ment very difficult. Here we shall examine the easier questions of acceptance and efficiency 
while leaving the question of adequate background reduction for the future. 

GEOMETRIC ACCEPTANCE 
Most experimenters are considering few-body channels of B-meson decay, viz. 2-, 3-, 

4-, 5- and 6-body decays into charged tracks with no additional neutrals. This choice 
reduces the experiment to tracking, momentum measurement and particle identification 
while covering most physics issues including CP violation (if it were detectable). Typically, 
experiments are limited in geometric acceptance by the maximum angle covered, e.g., by 
the last plane of Silicon. In figure 1 we show the geometric acceptance for n-body decays, 
assuming the Lund model of decays. The acceptance depends somewhat on the particular 
mode under consideration, this is illustrated by comparison with figure lb. Figure lb also 
shows 4 and 5 body modes, but only for B0 -+ lJf11"+11"- and B- -+ '1f11"+11"-11"- with the lJf 
always decaying into µ+ µ-. 

Some investigators have considered the possibility of a hole in their detector to allow 
the high intensity beam particles to pass through. This naturally means some minimum 
angle of coverage and we illustrate the effects of such a hole on the acceptance in fig. le. 
As before, the acceptance is a function of the exact mode under consideration - figure 
ld is the acceptance for B0 -+ 11"+11"- and B- -+ 11"+11"-11"-. In order to investigate the 
entire range of possible apertures, we show in figures 2a and 2b the 2- and 3-body decay 

*Operated by the Universities Research Association, Inc. under contract with the 
United States Department of Energy. 
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acceptances for B0 -+ 11"+11"- and B- -+ 11"+11"-11"- as contours of acceptance in a space of 
minimum and maximum angles. 

EFFECT OF A HOLE IN THE APPARATUS 
It is almost a given t:P,at any major bottom experiment will have planes of silicon 

strips (or pixels) as a vertex detector. These detectors are expected to withstand radiation 
damage at the level of D=1014 particles/ cm2 • The intensity of produced particles falls off 
as the distance R from the beam line increases, independent of the distance z from the 
target. If there are 3 particles per unit of rapidity, the flux is given by 

Particle.s/cm2 = 3
R 2 211" 

Thus an anticipated integrated luminosity of Lo leads to a minimum radius from the beam 
of 

R=·{3f; v 2tl5 
For instance, if 1 0 =1014 particles/cm2 , R=0.7 cm. The value of R sets the minimum angle 
covered. 

The requirement of optimizing the effect of intrinsic spatial resolution on the angular 
resolution implies that the distance of any plane to its next downstream plane must equal 
its distance to the target. Hence, the ith plane is at a distance Zi=z02i-l from the target. 
Coupled with the requirement that every track go through at least 3 stations of silicon, we 
arrive at the additional relations: 

T=3R 
where T is the transverse dimension of the station and R is the size of the hole and 

zo ~ 4R 

Furthermore, the momentum of a particle is determined by the first plane it hits, assuming 
a < PT > of 350 Me V / c2 • This in turn leads to a minimum transverse spatial resolution at 
the target due to multiple scattering in the first silicon station. Assuming a 1 % radiation 
length for each station leads to 

Zif:,.(J = 43µmR 

where R is in cm. Clearly this is too large and creates a problem for background reduction. 
Note however that bottom meson decay tracks have a much larger PT and a Monte Carlo 
simulation shows that the vertex spatial resolution of such tracks for a typical detector is 
only of order of 5-lOµm, i.e., quite acceptable. 

TRIGGERS 
Any fixed target bottom experiment must achieve a large background rejection at the 

trigger stage itself, of the order of 100 - 10000 or more, depending on data acquisition 
and off-line computing capabilities. A back-of-the-envelope calculation (borne out by a 
detailed Monte Carlo) of the background from strange decays is enough to show that not 
more tha a factor of 50 can be achieved from a perfect vertex trigger that triggers on every 
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event which has a secondary vertex in the B decay region. More information about the 
vertex must be used to achieve additional rejection. At the lower level, multiplicity jump 
and ET triggers have been proposed. Figure 3 shows the efficiencies of these triggers (if 
they were perfect) for minimum bias and bottom events. Clearly, these triggers may be 
relied on for the first factor of 50 - 100 or so with high bottom efficiency. Both triggers 
are plagued by problems, including secondary interactions, nuclear fragments and the A 1.5 

rise of high-ET events. 

ACKNOWLEDGEMENTS 
Several members of the fixed target working group made useful comments and these 

are gratefully acknowledged. Particularly useful were insights from J. D. Bjorken, R. J. Mor-
rison and J. Sandweiss. The Monte Carlo work made extensive use of the Lund Monte 
Carlo4. A. J. Slaughter is to be commended for organizing the conference. This work was 
supported by the U. S. Department of Energy. 

REFERENCES 
1. P791, A letter of intent from the Fermilab Tagged Photon Collaboration, for a bottom 

experiment at the TPS at Fermilab. 
2. P771, "A Proposal to study Beauty Production ... ", High Intensity Lab. at Fermilab. 
3. P789, "A Proposal to measure the Production and Decay into Two-Body Modes of 

B-Quark Mesons and Baryons", E605/772 Collaboration at Fermilab. 
4. Sj0strand, T., LU TP 85-10, University of Lund, Sweden. 

-297-



2-BODY DECILES 3-BODY DECILES 500 500 
J ' 11""-+n-,,.--,r-1- -rr - ' i ' 
I ' 

i 
i ' ' j ' 

! ' i ' 400 ' 400 

J 
' I ' i ' ' ' i : 
' I i ' ' ' I ' I i ' 

I I : j ' E300 I 
I .... 00 

~ ~ 
C'I /j C'I c: c: 
0 _,.,.. 0 

~00 ~00 
:::::E :::::E 

100 100 1=------

-J. -2. -1. 0. -J. -2. -1. 0. 
LOG10(Min- angle) (R) LOG10(Min· angle) (R) 

Figure 2. The acceptance of a detector with a central hole. The contours are for every 10th 
percentile. a) and b) are for 2- and 3-body decays into pions respectively. 

1. 

0.8 : 
' 

0.6 
b z w 
C3 
G: u.. 
W0.'4-

0.2 

o. o. 

' ' I 
' I 
I 
I 
I 
I 

~ 

MULTIPLICITY JUMP e 

' -.... 

BOTTOM 

----- MINBIAS 

. 1 . 1 . 
MULTIPLICITY JUMP 

1. 

' I 
I 

0.8 I 
I 
I . 
I 
I 

~ 
' :a: 

0.6 ~ 

b :;: z ' 
w =-= C3 \ 
G: ::m: 
u.. 
W0.'4-

0.2 

BOTTOM 
MINBIAS 

b 
Figure 3.- Multiplicity jump and ET. trigger efficiencies with perfect triggers for minimum 

bias and bottom events. 

-298-



BO 

c 60 
Cl> 
E c: ·c; ...... 
c: 
0 
u 40 
~ 

20 

Containment vs. 

Lu.NJ) '.DECA'l5 

100 200 300 400 
Mox· angle (mr) 

I2-BODY 
:f 3-BODY 

J: 4-BOOY 

J:s-aooY 
J:ll-BOOY 

500 600 
a. 

Containment vs. eMIN 100,...... ........... IE!i;:--~~~~~---"~~~-, 

BO 

c 60 
Cl> 
E c: 
] 
c: 
0 
u 40 
~ 

20 

LuN'.J) 'DEC.A'fS 

I2-BODV 
:f3-BODY 

:! 4-BODY 

J:5-90DY 
J:11-aoov 

-3. -2. -1. 
LOG, 0~Min. angle) (r) 

0. 

Containment vs. 81.W< 
100.--~~~~~~~~~~_..::;::..::!..~~-, 

BO 

c 60 
Cl> 
E c: 
] 
c: 
0 
u ~o 
~ 

20 

"f' Tl"+ TT- , 'If TC"+ -rr- 1T -

-+- p-+,..,.-

100 200 300 400 
Mox· angle (mr) 

J: 4-BODY 

J:s-oooY 

500 600 

b 
Containment vs. eMIN 100 ...................... -==--~~~~~---'::!.!.!..~~~ 

BO 

c 60 
Cl> 
E c: 
] 
c: 
0 
u 40 
~ 

20 

I2-BODV 
J:3-BODY 

-J. -2. -1. 
LOG,0(Min· angle) (r) 

0. 

cl 
Figure 1. Containment of bottom decay products. a) and c) are for the Lund model of 

bottom decays, while b) and d) are for the modes mentioned in the text. 

-299-



BACKGROUNDS TO THE DETECTION 

OF TWO-BODY HADRONIC B DECAYS 

Daniel M. Kaplan 
Northern Illinois University 

DeKalb, IL 60115 

Jen-Chieh Peng 
Los Alamos National Laboratory 

P.O.Box 1663 
Los Alamos, NM 87545 

Gerald S. Abrams 
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We consider backgrounds to the detection of the two-body hadronic decay modes of 
neutral B mesons and baryons. The largest background is due to the correlated production 
of pairs of high-PT hadrons in the target, but this can be adequately rejected provided 
the experimental apparatus has sufficient resolution in mass and decay vertex1 • Another 
possible source of background arises from the production and decay of charmed and strange 
particles. Since these particles can travel considerable distances before decaying, they can 
give rise to backgrounds which may not be rejectable by means of a vertex cut. We have 
simulated several backgrounds from charm, and we find them to be small compared to the 
expected level of signal. To illustrate the issues involved, we use the proposed Fermilab 
E789 spectrometer1 as an example. 

We have simulated the production and subsequent decay to two or three hadrons of pairs 
of charged D-mesons. Events in which only a single charged hadron per D is detected by 
the spectrometer can mimic two-hadron decays of Bs, if the invariant mass of the resulting 
pair is equal to the mass of the B. Since the first E789 silicon plane is about 1 m from 
the target, any D decay containing a charged hadron might contribute. Since the D-pair 
cross-section2 is over 1000 times as large as as the B cross-section3 (16 µb vs. 10 nb), and 
relevant D branching ratios4 are over 100 times as large as those of the B-meson two-body 
modes5 , it is clear that these processes must be considered in some detail. 
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We first simulated charged-D-pair production in 800-Ge V proton-nucleon collisions 
followed by the two-body decay of each D into a neutral kaon plus a charged pion. Our 
simulation used measured2 800-GeV D production distributions and assumed that each 
D event contained a second D uncorrelated in momentum or direction with the first 6 . 

For each D pair, the program calculated the invariant mass of the resulting pion pair, 
the distance ("zvertex") from the target to the plane at which the pion tracks are closest· 
together, and the track separation in that plane ("rcloae"). (We assumed that, as in E789, 
the target is short compared to the B decay length.) To improve the statistical precision 
of the sample, we considered all pion pairs in the mass bin 5.0 < m < 5.4 GeV to be B 
candidates, even though a high-resolution experiment such as the proposed Fermilab E789 
would make a much tighter mass cut, say of 5 MeV width. 

We then simulated three-body decays of charged-D pairs, using the same assumptions 
and procedures as described above for the two-body case. Figure 1 shows distributions vs. 
mass, Zvertex, and Tcloae of the resulting pion pairs. (The distributions for the two-body 
case are similar). 

The results of these simulations are summarized in Table I: 

Two-body Three-body 

Events thrown: 107 107 

Events with 5 < m < 5.4 Ge V 76798 60328 
and Zverte:c > 5mm 4561 1751 
and Tcloae < lOOµm 1313 505 

Events accepted by E789: 
5 < m < 5.4 GeV 16 1 

Table I. 

These data determine the probability (per D-pair) of producing a pion pair which looks 
like a B-meson decay and the probability (per pion pair in the B mass region) of the pair 
being accepted by the E789 spectrometer. We apply plausible vertex and track separation 
cuts as shown in Table I. Certain correction factors enter these calculations due to measures 
taken in the Monte Carlo program to increase the statistical precision of the results: 1) As 
mentioned above, we took the B mass region to be 5 < m < 5.4 GeV. For a spectrometer 
having 2.5 MeV r.m.s. mass resolution, the B mass region would be taken as 5 MeV 
wide, so only 1 in 80 of the events in the 400 Me V mass bin should be considered a B 
candidate. 2) To increase the number of events accepted by the spectrometer, each event 
was thrown in azimuth such that one pion pointed approximately at the upper spectrometer 
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aperture, represented as a rectangle covering 15 to 60 mr in vertical angle by +26 mr in 
horizontal angle (angles being referenced to the beam axis). The thrown azimuthal range 
was thus 25% of 271", so for calculating acceptance each event thrown represents four D-
pairs produced. 3) The event was counted as accepted by the spectrometer if the upper 
pion pointed at the upper aperture and the lower pion pointed at the lower aperture, even 
though half the time the pions would be deflected the wrong way in the first analyzing-
magnet and thus lost. So the actual acceptance is an additional factor of two smaller. 

The resulting probabilities are thus: 

Two-body Three-body 
Probability of D-pair faking B decay: 

(1.64 + 0.05) x 10-6 (6.3 + 0.3) x 10-7 

Probability event accepted by E789: 
(2.6 + 0. 7) x 10-5 (2.1 + 2.1) x 10-6 

Table II. 

To compare the resulting level of background to the B signal, we need to take account 
of the cross-sections and branching ratios, and also of the combinatorics of the various 
charged-D three-body decay modes7• We assume a charged-D cross-section2 of (16.5 
+ 3.5) µb, giving a D-pair cross-section of (8.25 + 1.75) µb, and a branching ratio to 
K7r of (3.2 + 0. 7)% 4 • We thus find a background level of (13.8 + 5.2) fb, to be compared 
with the assumed B cross-section3 times branching ratio5 of 10 nb x 10-4 • Thus the 
background-to-signal ratio is (1.38 + 0.52) x 10-2 , not a significant problem. 

The three-body case is more complicated since some D -+ K7r7r decay modes contain 
two charged pions, either of which might participate in a "fake-B" pair. Using the K7r7r 

branching ratios of Reference 4, we find a composite branching ratio for a charged-D pair 
to give a 7r+7r- of 0.081 + 0.016. The resulting background level is (0.42 + 0.12) pb, and 
the background-to-signal ratio is 0.42 + 0.12. Since we have considered only a few of the 
possible contributing channels, this must be taken as a lower limit on the background, thus 
it represents a potentially serious problem for a two-body B-decay experiment. However, 
the E789 acceptances given in Table II are quite small, whereas the E789 B acceptance 
is 2% 1 • So the background-to-signal for E789 is reduced to a comfortable (4.4 + 4.6) x 
10-5 , and the contribution due to two-body D decays to (1.8 + 0.8) x 10-5 • This level 
of background will not be a problem even if the contributions due to additional channels 
(other decays of charged D mesons as well as decays of neutral8 Ds and other charmed 
particles) increase it by three orders of magnitude. 
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To understand why these backgrounds have such small acceptances compared to the 
signal, we have examined some events in detail. The 5-Ge V background events have 
large longitudinal-momentum asymmetries in the laboratory frame, leading to a "decay-
angle" distribution in the pion-pair rest frame which is very strongly peaked forward and 
backward. However, the acceptance of the spectrometer is concentrated near decay angles 
of goo. The decay of B mesons is of course isotropic in decay angle. Experiments having -
acceptance away from goo may thus have to contend with substantial charm background. 

NOTES 

1. FNAL Proposal 78g (revised), January 1g88. 
2. LEBC-EHS Collaboration, as reported in I. D. Leedom, "Hadroproduction of 

Heavy Flavors," Fermilab TM-13g6, April 1g86, and S. Reucroft, "Hadroproduction 
Characteristics of Charm and Beauty," 6th International Conference on Physics in 
Collision, Chicago, 1g86. 

3. R. K. Ellis and C. Quigg, "A Pinacoteca of Cross Sections for Hadroproduction of 
Heavy Quarks," Fermilab preprint FN-445, January 1g87; E. L. Berger, "Dynamics of 
Bottom Quark Production in Hadron Collisions," Argonne preprint ANL-HEP-PR-87-
go, August 1g87. Since b quarks are produced in pairs, we have here multiplied Berger's 
5 nb estimated cross-section by 2. 

4. J. Adler et al., SLAC-PUB-42gl (lg87). (We have added together the statistical and 
systematic errors.) 

5. J. D. Bjorken, "Rare B-Decays: Experimental Prospects and Problems," International 
Symposium for the Fourth Family of Quarks and Leptons, UCLA, February 26-28, 
1g87; also, J. D. Bjorken, notes from High-Rate B-Physics Working Group, Fermilab, 
August 1gs1. 

6. We generate D mesons according to E (d3u/dp3 ) = A exp(-PF) (1 - lxFl) 6 • The 
available data are consistent with little or no dynamical correlation between the two Ds 
in D-pair events. As an extreme case, we have also tried assuming completely-correlated 
(D-pair momentum= 0 in CMS) production. We then find (for the three-body case) 
background/signal= 0.27 + 0.08 and, into the E78g acceptance, (1.7 + 0.5) x 10-3 , 

7. Note that we do not consider here the decay of one D into two hadrons and the other 
D into three hadrons, as this would require a separate simulation. 

8. Due to their shorter lifetimes, neutral Ds contribute negligible background compared to 
charged Ds, since pion pairs from neutral D decay are much more strongly suppressed 
by the Zverte:r: cut. (For example, the Monte Carlo gives a factor 25 suppression for 
three-body decays of neutral-D pairs with respect to those of charged Ds.) 
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FIXED TARGET PHYSICS AT HIGH RATES* 

December 14, 1987 

K.J. Foley 

Brookhaven National Laboratory 

It became apparent to me during the discussions of doing Physics at 
Gigahertz interaction rates that it would considerably simplify matters if one 
could be sure which "hit" is associated with which event. This can presumably 
be achieved for tracking chambers, if the beam is large, by measurement of the 
production vertex, but doesn't seem possible for Calorimeters, etc., which 
have poor angular resolution. I understand that the standard Tevatron beam 
has a narrow bunch structure with a 20ns period, making it difficult to "tag" 
hits by time when there are many interactions per bunch. One should therefore 
consider the possibility of debunching the beam for these high-rate 
experiments. Many elements have resolving times of a nanosecond or less, even 
though they might require longer integration time for good resolution, so one 
is dealing with effective tagging at rates approaching a Gigahertz. I recog-
nize that a structureless beam would remove the preknowledge of when one 
should gate the equipment, but I suspect that one could devise a pipeline data 
collection scheme to hold the data until one knows where to look for the 
relevant hits. 

With this approach one would, at the very least, get an extra "handle" to 
sort out complicated events, and considerably reduce combinatoric back-
grounds. I understand 1 that the natural debunching time of the machine is 
quite short once the RF is turned off, and that debunching was considered for 
the 400 GeV machine. I suggest that the feasibility of debunching the Teva-
tron beam be examined since it would simplify experiments using extremely high 
interaction rates. 

References 
1 J.D. Bjerken, private communication. 

* Research carried out under the auspices of the U.S. Department of Energy 
under Contract No. DE-AC02-76CH00016. 
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Introduction 

The cross section for b-production is larger at Fermilab than at any other existing or 
planned accelerator, except the SSC. However, the challenge to make Fermilab a "b-factory" 
rests, in large part, on the difficulty of achieving precise tracking and vertex detection. 

At the onset of our meetings, we were faced with the hard decision of focusing our effort 
enough to make some progress during the few days available. We chose to concentrate on the 
colliding beam option for studying b-physics. This decision was based in part on the interests of 
the participants and in part because of the relatively greater progress that has been made in 
fixed-target experiments compared to hadron colliders. In fact, new impetus to study b-
physics at hadron colliders has come from the success of fixed target experiments at both CERN 
and Fermilab in studying charm physics. Furthermore, whereas the first generation of open-b 
fixed-target experiments are taking data, the first generation of hadron collider b-
experiments are in the design stage. Many of the presentations made to our group were relevant 
to both collider and fixed target experiments and covered a number of detector devices including 
the radial drift chamber1 (J. Huth), scintillating fibers2 (V. P. Kenny), the WA84 Sci-Fi 
active target3 (D. R. 0. Morrison), and the pad-plane readout for the E665 RICH counter4 (S. 
Dhawan). Monte Carlo studies of vertex detection were presented for CDF5 (J. Huth) and oos 
(D. Smith). 

The design of detectors for studying b-physics at a hadron collider has been explored in 
previous studies for the SSC7 and the Tevatron8,9. In this workshop, we wish to augment and 
build on the existing work. The b-collider experiment requires vertex detection and 3-
momentum measurement over as large as possible a range of pseudo-rapidity, 11· To illustrate 
this point, the expected pseudo-rapidity distribution of the tracks from the decay so~1t-1t+, 
based on a Monte Carlo simulation, is shown in Figure 1. This distribution immediately suggests 
that large acceptance will require measurement of {polar) track angles over the 
range 2 • 90 degrees. This presents a challenge both for vertexing and 3-momentum 
measurement. 
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Vertexjng Oyeryjew 

The purpose of vertexing is to identify which tracks come from the primary interaction 
and which come from charm and bottom decays. To make this association requires detectors with 
spatial resolution much less than a few hundred microns. Semiconductor microstructured 
detectors, such as silicon microstrips, are ideally suited for this purpose. They can make single 
point measurements with RMS resolution of a few microns, they provide signals with rise · 
times less than a few nanoseconds, and they provide two-track resolution on the order of tens of 
microns. No other particle detector can match all of these properties, and for this reason, 
semiconductor detectors have been the universal choice in the design of vertex detectors for 
hadron colliders, and the choice in the design presented here. 

An important issue in vertexing is whether or not it is necessary to find the vertex 
positions in 3 or 2 dimensions. Figure 2, from D. MacFarlane's talk 1 o at this workshop shows 
a 2-dimensional view of the vertex region for a bb event at SLC. This picture strongly suggests 
that the 3rd dimension would be very useful in resolving the many vertex ambiguities. 
However, different strategies are being employed by different groups. At e+e- machines, 
ARGUS and SLD will have three dimensional vertexing, while CLEO has, and MARK II will have, 
2-dimensional vertexing. J. Huth performed a Monte Carlo simulation5 for CDF showing that 
the number of tracks incorrectly assigned to a secondary vertex is reduced by a factor of 8 to 1 O 
when information from a second view (r-z) is added to the first view (r-<j>). In the existing 
designs7,8,9 for b-detectors at hadron colliders, 3-dimensional vertexing has been chosen. In 
this paper, we also take the view that 3-dimensional vertexing is desirable for a b-
detector at a hadron collider. 

Vertex Detection Devices 

Every practical 3-dimensional vertexing scheme that we considered utilized silicon 
microstrip detectors (SMD's). Although pixel detectors are in the early stages of development, 
the two track resolution of these devices is far better than required for a TeV b-collider 
experiment, where typically less than a few hundred particles are distributed over several 
hundred thousand strips. The high track densities that require pixel devices are more likely to 
occur in high-Pt jets containing heavy quarks. However, the cross-section for these events is 
negligible compared to the total b cross-section. Existing SMD's have typical active areas of 
5X5 cm2, and can be made with strips on both surfaces of the wafer ("double-sided 
silicon").11 SM D's with strip spacings as small as 1 o µm have been fabricated, although 25, or 
50 µm spacings are typical. Small quantities (tens) of SMD's are now fabricated commercially 
at a cost of a few dollars per strip. VLSI readout chips have typical production costs of only a 
few cents per channe14. 

Low power (-2mw/channel) integrated circuit readout chips can be fabricated using 
CMOS technology. There are now three such devices 11, 12, 13 

Deyjce Name 

"MPI chip" 
MXI (Microplex) 
&IX 

Institution 

Max Planck Institute (Munich) 
Rutherford Appleton Lab (U.K.) 
Lawrence Berkeley Lab 

Primary Application 

Aleph (LEP) 
Delphi (LEP) 
CDF (TeV I) 

Double-sided silicon microstrips with CMOS readout have already been tested and work 11 . 
Although all of the above chips allow for readout of the pulse height on each strip, there could be 
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advantages to a 1-bit (yes/no) readout, particularly to reduce the number of bytes required to 
encode one event. On the other hand, pulse height information improves the spatial resolution, 
helps to identify e+e- pairs, and provides some correlation between strips on opposite sides of 
the wafer. 

Whereas SMD's can tolerate megarad radiation doses, the current generation of CMOS 
chips can survive only tens of kilorads. However, at the luminosities expected at the Tevatron 
(< 5 X 1031 cm-2sec-1) radiation damage to either the SMD's or the CMOS chips is not expected 
to be a problem. 

The mounting structure which holds the silicon wafers, readout chips, and 1/0 lines 
must not increase the total mass of the vertex detector assembly much beyond that of the wafers 
and chips, yet the overall assembly must have mechanical stability on the order of microns. 
Furthermore, the assembly must allow for cooling, for example, using forced air at 55 deg. F. 
This is a challenging mechanical problem that must be addressed in the future. Test beam 
studies of vertex detector prototypes will be a crucial step towards building a full scale vertex 
detector. 

Vertex Detector Geometry 

Having established the essential features of the vertex detector planes, we can consider 
how these many wafers must be assembled into a geometry which meets the goals set out in the 
introduction. To measure tracks with polar angles near 90° requires a geometry approximating 
cylindrical shells concentric with the beam line, whereas the measurement of tracks near 0° 
requires a number of annular disks concentric with the beam line and varying in distance from 
the center of the interaction region. Both of these geometries will be discussed, below, in 
further detail. In the region near the Intersection envelope, the two types of geometries would 
have to be combined to give full angular coverage. The mechanical implementation of a combined 
geometry is more difficult than either one alone, since orthogonally oriented planes would be 
close together. The length of the region with combined geometry is proportional to the 
longitudinal RMS width of the intersection envelope, O"z. In the present configuration of the 
Tevatron, O"z - 35 cm. If the luminosity upgrade forced O"z ~ 60 cm, as was discussed by F. 
Nez rick 14 at this workshop, this would present a serious problem for the b-detector. On the 
other hand, development of a much smaller O"z would significantly improve the design. 

For 1111<1, the most effective geometry is that of a barrel. A typical arrangement is 
shown in Figure 3. It Is assumed that double-sided silicon Is used, with strips on opposite sides 
measuring orthogonal coordinates. Because of the large number of channels (a "few" hundred 
thousand I), only 2 or 3 layers are envisioned. Thus, the vertex detector, at least for small 
rapidity, does not do pattern recognition; it supplies a few high accuracy points very close 
(centimeters) to the beam. 

For the barrel, there is no advantage in putting silicon inside the beam pipe since, for 
each layer of silicon, LR-.003, whereas for the beryllium beam pipe, LR-.001. However, the 
material in the silicon can be expected to cause problems for small angle tracks which traverse 
more material as the polar angle grows smaller, as shown in figure 4(a). The error due to 
multiple scattering Is given by, 

R ~(XO" 
c;(o) a Pt -\j ~ 
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where R is the inner radius of the Si barrel, X0 is the radiation length of the silicon, Pt is the 
transverse momentum of the particle, and e is the polar angle of the particle. Independent 
studies for CDF5 and oos show that cr(o)<-20 µm for 1111<3, where o is the impact parameter 
(in the r-<1> plane) to the primary vertex for single tracks. 

Although multiple scattering does not dominate the vertex resolution of the <1>-measuring 
strips of the barrel for 1111<3, there is a serious problem with the barrel silicon detectors for 
small angle tracks. As e decreases, the phi strips get a larger signal, as but the z-strips get a 
smaller signal since the track passes through less material in a given strip as shown in Figure 
4(b). This will lower the detection efficiency and, in addition, a large number of contiguous 
strips will have hits, causing a pattern recognition problem: hit clusters from nearby tracks 
will overlap. However, the signal never gets smaller than that in the limiting case, as shown in 
Figure 4(c), where the signal-to-noise ratio, S/N, ~ (S/N)/6 for 300µm thickness and 50 µm 
pitch. Such a signal level is just beyond the capability of the present-day CMOS chips. But, 
unless pixel detectors were utilized, the overlap problem would prevent a barrel geometry 
from working well for 1111>1. 

The practical solution for detecting small angle tracks is to use a planar design, an 
example of which is shown in Figure 5. The individual silicon planes are annuli with orthogonal 
strips on opposite sides. The pattern can be repeated as far as necessary along the beam pipe. 
There is. an advantage in putting a planar vertex detector inside the beam pipe, since small angle 
tracks pass through more material in the beam pipe than in the silicon. Whether or not the 
extra effort of making a grooved beam pipe or "Roman Pot" (as shown in Figure 6) is justified 
by the improvement in vertex resolution is not yet determined. Furthermore, good acceptance 
may require a "combined" planar/barrel geometry. Such schemes could still be incorporated 
"inside" the beam pipe as shown in Figure 6. At distances far from the interaction envelope, the 
spacing of the planes along z should be logarithmic, whereas, in or near the interaction 
envelope, the spacing must be uniform, and of the order of the beam pipe radius. 

The performance of the various geometrical schemes must be quantitatively 
evaluated. We propose a simulation with hit digitization, track and vertex fitting, but not 
pattern recognition, to study the decays 90~1nc+ and so~'l'<I>· 'l'~e-e+, <t>~K-K+, produced in 
1 TeV PP collisions. For a given vertex geometry, the "vertex efficiency" can be found by 
imposing a cut on the distribution of S/dS, where S is the vertex separation, and dS is the error 
in vertex separation (due to multiple scattering and detector resolution). For a given geometry, 
the vertex efficiency will be a function of 11· One can then optimize and compare the efficiencies 
of planar, barrel, and combined geometries. The effect of the vertex detector material on mass 
resolution can also be studied. A realistic simulation should include the effects of the readout 
electronics and mounting material, as well. 

Tracking Oyeryjew 

Pattern recognition and momentum measurement are not provided by the vertex detector 
discussed above. These functions must be performed by a detector which begins tracking at a 
radius of -5 cm. The tracking detector must have have low mass to obtain momentum resolution 
of approx 25 Mev or better, and it must provide enough measurements (-100) along a particle 
trajectory for good pattern recognition. The geometrical layout of these detectors in a suitable 
magnetic geometry is a non-trivial design problem. A dipole field has been proposed in a 
previous design study9 and by the Collider Architecture group at this workshop. A solenoid 
magnet sandwiched between two dipoles is discussed in another designs. J. Sandweiss and M. 
Strovink, at this workshop, proposed an integrated design for a solenoid/dipole magnet. The 
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acceptance and momentum resolution of these various schemes has not yet been compared in a 
quantitative way. Such a comparison, from a calculation or simulation study, is necessary to 
evaluate whether the increased complexity of a solenoid-dipole magnet is justified. Other 
important design issues concern the magnetic field strength and volume that is required, and 
whether conventional or super-conducting magnets should be used. 

Tracking Detectors 

A detector which can operate in magnetic fields and provide pattern recognition and 
momentum measurement is the drift chamber. All of the following types of drift chamber are 
candidates: "conventional", jet, radial, and straw tube. We also discussed alternative tracking 
detectors such as PWC's with pad readout and scintillating fibers. Presentations were made 
detailing some of these detectors, but unfortunately, some of the most promising designs extant 
for high rate, high resolution drift chambers were not presented at this workshop. For the 
detectors that were presented in talks to our group, the possible application for the b-collider 
experiment is briefly summarized below. 

S. Dhawan reviewed the new pad-readout chamber4 used in conjunction with the E665 
RICH counter. There are 10800 3.75 X 12 mm anode pads and 2 mm wire cathodes. This 
provides excellent two-track separation, and we considered whether this type of chamber could 
be adapted for use in a multi-plane momentum hodoscope. However, the amount of material per 
plane, including the pad electronics, would preclude such an application. Nonetheless, the 
implementation of the readout for this device is proof of the feasibility of using large numbers 
of inexpensive, low-noise VLSI amplifiers. 

John Huth presented his design1 ,8 for a radial drift chamber using di-methyl-ether. 
The principle is illustrated In Figure 7. Pickup wires sense the transverse position in the cell 
for a given "time slice". The maximum drift time over a 1 cm cell is 200 ns and the sampling 
speed is 50 MHz. The expected resolution is 30 µm/time sample. With 1 oo samples, a track 
resolution of -3 µm is achievable, in principle. The z-coordinate is measured with anode pads 
and is expected to be -500 µm per pad. One limitation of this type of chamber might be the 
large amount of information per event that must be written to tape. 

To improve the z-measurement, scintillating fibers may be useful in a barrel geometry. 
The status of scintillating fibers was reviewed by P. Kenney2. The use of a barrel geometry 
fiber system in UA2 with -60K 1 mm diameter fibers is encouraging. Because LR=.0024 for 
every 1 mm layer, not many layers can be used. For comparison, the CLEO II drift chamber has 
LR - 0.01 oo for the entire device I 

The use of existing types of cylindrical and planar drift chambers, including straw 
tubes, was not addressed in our group and this must be done in the future. 

Trackjng Geometry 

The arrangement of tracking planes to optimize the acceptance and momentum resolution 
of the experiment is a critical design issue. Only a few pertinent points are summarized below. 

Tracking at a small radius is difficult because of 2-track resolution. For R=5cm and 
wire pitch of 2mm, there are only -150 wires. If a single barrel covered a large bite in 
rapidity, the occupancy would be high, -50% for all 11. Also, a barrel covering 1111<3 would be 
-±4 meters long. Possibly, the barrel could be "segmented" in z to alleviate the occupancy 
problem, although the barriers would have to be low mass. A more plausible solution is a 
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central barrel with a "clean" transition to a planar geometry, as shown in Figure 8. To make 
such a clean transition an end plate is required with low mass, yet high strength. Also, the 
electronics must be low mass - VLSI could help here. The barrel/planar geometry would be 
compatible with different magnetic field schemes. 

pattern Becognjtjoo 

There have been many different pattern recognition algorithms used in tracking -
detectors. Although some do have advantages, there seems to be no "best" way of solving the 
problem. More importantly, the physics extracted from a given detector depends much more on 
the hardware than the particular track reconstruction algorithm used. Generally, the hardware 
is designed before the software. This raises the question of whether the pattern recognition 
software should enter into the hardware design at all. An important question (at least for the 
tracking chambers under discussion), is how well the (few) high resolution silicon 
measurements can be matched with the (many) lower resolution wire measurements, especially 
given the relatively large amount of material in a silicon detector. Some algorithms might use 
the silicon points as pattern recognition points, whereas others will first find a track, then 
match it to the silicon points. 

Execution speed is important, but often a fast algorithm is used for first pass event 
filtering, with a slower, more complete, algorithm for full event reconstruction. The first pass 
filter may even be part of the triggering process. The number of measurements is obviously a 
factor in reconstruction time and efficiency, but again is not a fundamental constraint on any 
one algorithm. Since a key feature of a b-physics detector is the ability to detect vertices, a 
reconstruction algorithm should not have any bias on the track coming from a primary vertex. 
This sounds obvious, but the implementation in practice is rather more subtle. 

The conclusion is that the hardware design is challenging enough already, that there are 
no overriding track reconstruction considerations that seriously affect the design. Especially 
with the falling cost of computing power, the order of priorities should be: decide on the 
essential physics, design a detector to meet those goals, then design the software. 

Vertex Fjodjng 

Details of vertex finding were hardly addressed in this workshop. Once the primary 
tracks have been found, this seems to be purely a software question. The desired vertex 
resolution or separation clearly defines what the detector point resolution has to be, but once 
this has been done, the mechanics of finding vertices seem to be an independent problem. The 
question was raised whether a secondary vertex could be used in a trigger, but no specifics were 
presented in our group. However, in a paper submitted to this workshop, Dell'Orso and 
Bistori15 propose a VLSI-based, massively parallel implementation of a pattern recognition 
algorithm that might be adapted for use in a vertex trigger at a collider. M. Sokoloff1 6 
proposed a vertex trigger for a fixed-target experiment that might also be adapted for the 
collider. 

Software Librarjes 

Thanks to the efforts of A. J. Slaughter, N. Lockyer, L. Roberts and others, we have both 
Pythia and lsajet linked to Geant on the Fermilab Vax cluster. This "package" can be used as a 
model and starting point for those wishing to begin simulation studies. We want to emphasize 
that detector devices and geometries must be evaluated in a quantitative way to make design 
decisions for a b-physics detector. 
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Although the details of reconstruction algorithms do not seem to enter into detector 
design (at least at the first level), this does not mean that they are not important. There may 
very well be significant differences in efficiency, bias, speed etc. for different algorithms in a 
given geometry. Furthermore, track reconstruction software is one of the most time consuming 
parts of the offline software of an experiment. It therefore seems useful to be able to run 
benchmarks for a particular algorithm in a standardized environment, before too much time is 
invested in tailoring an algorithm to the specific details and problems. To do this, it would be 
useful to organize a library of track reconstruction programs, by collecting the software from 
different experiments. There obviously have to be interface standards for geometry, calibration 
data, raw data and track output. There are obviously differences with data structures and 
machine dependence as well, but none of these are insurmountable problems. It will clearly 
take thought and organization to do this, but the tracking group strongly supported the concept. 

Conclusjons 

A rough design for the vertexing component of a b-collider detector now exists. The 
next logical step is to optimize the parameters of the geometrical layout and the determine the 
acceptance for b-decays that is achieved with the optimal design. A Monte Carlo simulation 
could accomplish these goals. A detailed proposal must now be made for the tracking detector and 
geometry, including the magnetic field, which is compatible with the vertex detector design. The 
construction and testing of small scale prototype detectors will be necessary before 
construction of a costly, full scale b-collider detector is begun. 

Although the technical challenge of building the full scale b-detector is considerable, it 
is a challenge worthy of the great physics that may be discovered in the properties of the b-
quark. 
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Figure 1. Distribution of pseudo-rapidity for tracks from the decay 
produced in 2 TeV PP collisions, based on a simulation using Pythia. 
courtesy of L. Roberts, Fermilab. 
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Figure 2. Simulation of bb event at the SLC showing two orthogonal projections of the 
vertex region. Figure by W. Hoffman, presented at this conference by D. MacFarlane. 
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Figure 3. Geometry of barrel vertex detector. 
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Fjgure 4. Effect of angle of incidence on the silicon detector. (a) Variation of 
scattering length with angle of incidence. (b) Increase of cluster size with angle 
of incidence. (c) Limiting case for the worst signal-to-noise ratio. 
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Figure 6. Schemes for putting silicon detectors "inside" a vacuum pipe. (a) deep groove, 
(b) "Roman Pot". 
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Fjgure 7. Geometry and electric field map for a cell in the radial drift chamber. Figure 
courtesy of J. Huth, Fermilab. 
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Figure 8. A quadrant of a cylindrical wire chamber and the transition to planar geometry. All 
dimensions given can be considered parameters. 
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SIMULATION STUDY FOR A SILICON VERTEX DETECTOR IN EXPERIMENT D0 
by 

Darrel Smith 
University of California, Riverside 

Intro<luction 
Silicon vertex detectors are being proposed in collider experiments to improve the tagging 

and reconstruction efficiency of heavy quark (b/c) decays. Collider experiments such as MARK 
Il, CDF, and DELPID are incorporating silicon vertex detectors close to the interaction region. 
The location of silicon detectors around the beam pipe in collider experiments imposes severe 
space and accessibility restrictions. It is interesting to note that each of the experiments 
mentioned above has developed, or is developing, its own readout chip in order to multiplex the 
many tens of thousands of data lines from the silicon detectors. 

We are also investigating the possibility of using silicon detectors to tag heavy quark 
decays in the D0 experiment. The following is a preliminary report of our simulation studies. 
The observation of high PT muons in collider events has been shown to provide a good signature 
of heavy quark production11l. Our ability to use the D0 muon detector to trigger muons down to 
low P-r will be useful in isolating heavy quark decays. In this simulation, we used two 
geometries to cover the central and forward pseudorapidity ranges. 

Simulation 
In D0 it is possible to measure the momentum and energy of muons and electrons 

respectively. A toroidal magnetic field near the muon chambers makes it possible to measure the 
momentum of charged tracks passing through the muon chambers. It is also possible to measure 
the energy of isolated electrons in the calorimeter. Since (1) the isolation requirement for muons . 
is not as stringent as those for electrons and (2) the muon trigger can measure tracks at low Pr's, 
the following study looks at the semi-leptonic decays of hadrons containing b/c quarks decaying 
into muons. 

For this study, a sample of ISAJETl2l two-jet events were generated at a center-of-mass 
energy of 2 TeV. The two-jet events were r~~µired to pass the D0 muon trigger simulator 
described in another paper in these proceedingsl J. The muon trigger simulator required muons 
with momentum greater than 4 and 10 GeV in the central and forward regions respectively. A 
subset of events containing (1) b6/ce jets with Pr in the range of 20-40 GeV/c and (2) a muon 
passing the muon trigger simulator were used in the analysis which follows. A sample of 459 
events was obtained. The muons passing the muon trigger simulator were from semi-leptonic 
decays of hadrons containing b/c quarks (e.g. b~cµv). The b/c vertices were also displaced 
from the production vertex according to their respective lifetimes. 

These events were then input to the simulation package, D0GEANT. The GEANTl4l 
program simulates the interactions that particles undergo from the time they are produced to the 
point where they leave the detector. The physics processes include multiple scattering, dE/dx 
loss, bremmstrahlung, decays (excluding b/c decays), and pair production. As charged particles 
interacted with the beam pipe and the silicon detectors, the origin of each tracks was preserved 
(i.e. whether it came from the primary or b/c vertex). 

The simulation programs also included the physical dimensions of the beam and the beam 
pipe. A beryllium _beam pipe with a radius of 2.667 cm was used in the simulation. The 
dimensions of the beam in the simulation were crtrans = 65µ (x,y plane) and along= 30 cm (z-
direction). 

The D0 detector does not have a magnetic field near the central detector and vertex detector, 
thus, allowing low momentum tracks to be included in the reconstructed vertex. The multiple 
scattering from low momentum tracks results in a vertex resolution larger than the beam spot. 
Since the beam spot is a well-defined position (i.e. constant in time), the production vertices in 
GEANT were smeared in the transverse plane consistent with the beam spot (cr-65µ), instead of 
using the reconstructed vertex. 

-321-



Geometry 
Two different silicon detectors were introduced into the GEANT program; one for the 

central region and another for the forward region. Figure 1 shows the relative orientation of the 
central and forward geometries. The rapidity coverage of the combined detectors was ±3.5. The 
measured rapidity coverage is discussed later in the analysis. 

In the central region, four concentric silicon layers were positioned around the beam pipe _ 
(figures 1,2). Each silicon detector was 300µ thick. The readout strips ran longitudinally (in 
the beam direction, z) and were equally spaced by 50µ. Nine layers of silicon were positioned 
on both sides of the central silicon detector to observe tracks in the forward rapidity region. The 
readout strips on the forward detectors were concentric circles also spaced by 50µ. Figure 1 
shows the forward silicon detectors positioned every 10 cm from 35 to 115 cm in z. 

The impact parameters measured by the central silicon detector were measured in the x-y 
plane perpendicular to the beam. In the forward silicon detector, the impact parameters were 
measured in the r-z plane, the plane containing the track and vertex. 

-/ Forward Silicon _ .,_ 

p -c@HH@HI ~@UU@o 
.-p 

Central Silicon 

Figure 1. Orientation of the central and forward silicon detectors 

Table 1 describes the position of the central and forward silicon detectors. 

Dimensions of the silicon detector 
Central 

Length ±30cm 
Radial Position 

Forward 
Inner/Outer Radius 
Longitudinal Position (z) 

ri = 3.15 cm 
r3= 7.07 cm 

rz = 3.58 cm 
r4 = 7.53 cm 

rinner = 2.7 cm router= 7.6 cm 
±35 cm, ±45 cm, .... , ±115 cm 

Table 1 

Figure 2 shows the charged tracks of a typical ISAJET event as they pass through the central 
silicon layers. 

Irackin~ 
No track-finding was done in the silicon detector simulation. It should be emphasized that 

the silicon detector is not meant to be a tracking device in the sense that one expects to do track-
finding. Instead, tr~ks are found in tracking chambers outside the silicon vertex detector to 
determine roads in which to find hits in the silicon detector. Th~ hits in the silicon detector can 
be used to improve the extrapolation of the tracks already found[ . 

The hits were recorded for each track as they were generated in GEANT. These hits took 
into account the multiple scattering and secondary interactions. The hits were then smeared by 
±10µ in the direction perpendicular to the readout strips. A resolution of 10µ represents a typical 
resolution using the weighted average of three adjacent hits for an isolated track. Since the 
simulation program "knows" which hit belongs to a particular track, the question of ambiguous 
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hits was not addressed, however, approximately 3% of the gaps between adjacent hits in the first 
central silicon detector were within 100µ. 
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Figure 2. Charged tracks passing through the central silicon layers in D0GEANT 

Analysis 
To calculate impact parameters, a minimum of 4 points/track were required. Straight-line 

fits were used for both geometries. Figures 3(a,b) show the impact parameters for all tracks, and 
all tracks with P'r > 4 GeV/c in the central silicon detector. 
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Figure 3. Impact parameters for charged particles traversing the central silicon detector 

In figure 3a (no P'f _Cut), tracks from the primary vertex are observed to have large impact 
parameters overwhelming any possibility of isolating tracks from b/c decays. Figure 3b shows 
the impact parameters for charged tracks which pass a P'r cut of 4 Ge V /c. This effectively 
removes most of the tracks with large impact parameter from the primary vertex due to multiple 
scattering. The most notable effect observed between figures 3a and 3b is that the number of 
tracks from the b/c vertices dominates at large impact parameters when a PT cut is imposed. 
Tracks with impact parameters greater than 150µ are observed to come from b/c vertices 95% of 
the time. Figure 3b shows the impact parameter resolution one would expect for tracks coming 
from the primary vertex with P'r > 4 GeV/c. This distribution has an rms of 50-60µ. The impact 
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parameters shown in figures 3(a,b) also include the 1t/K decays in flight. It was observed that 
none of the muons from decays in flight of primary tracks would have passed the muon trigger 
simulator. This is expected since the tracks outside of the b/c jet production have a soft P-r 
distribution similar to minimum bias tracks. 

The impact parameters for tracks in the forward silicon detectors are shown in figures 
4(a,b). In these figures, no smearing was introduced in the z direction, however, an uncertainty 

104 BO 
All Tracks Forward Silicon Detector (a) PT> 2 GeV/c (b) 
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Figure 4. Impact parameters for charged particles traversing the forward silicon detectors 

1 

of approximately 1-2 mm is anticipated in the vertex fit in the z-direction. In the forward. 
detectors the rapidity coverage is centered around 3 (fig 5), therefore, the uncertainty in the z 
direction (1-2 mm) contributes a corresponding error in the impact parameter (ob) of 100-200µ. 
Figures 4(a,b) shows the impact parameters for (a) all tracks, and (b) all tracks with PT > 2 
GeV/c. If an impact parameter cut of 150µ is made, 80% of the tracks are observed to come 
from b/c decays. 

The pseudorapidity range covered by the central and forward detectors is smeared by the 
longitudinal beam position (±30 cm). Figure 5a shows the pseudorapidity of muons (from 216 
events) passing through the central silicon detector. This talces into account the uncertainty in the 
longitudinal beam position described above. Figure 5a shows that the central silicon detector 
covers a pseudorapidity range from -2.5 to +2.5. Figure 5b shows that the pseudorapidity 
coverage in the forward direction is centered at 13± 0.41. 

A factor which directly influences the error on the impact parameters is the geometry of the 
beam pipe. The error in impact parameter due to multiple coulomb scatter at fixed PT is 
proportional to ..J t/sin0 where t is the beam pipe thickness. This is a substantial error at forward 
angles (e.g. 8b = 3.4 mm at rt=3 and Pr= 4 GeV/c). Beam pipe geometries which minimize the 
amount of material traversed by a track are clearly desirable. Alternatively, one may consider the 
use of Roman pots as in elastic scattering measurements at the CERN and Fennilab colliders. 
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Figure 5. Pseudorapidity distribution of muons "seen" by the central and forward silicon 
detectors 

Conclusion 

4 

Even though the results are preliminary, we can see that there is a possibility of identifying 
muons coming from the semi-leptonic decays of heavy quarks in the D0 experiment. The next 
step is to use the track information from the central and vertex chambers in D0 to determine the . 
efficiency by which the "correct" hits can be selected in the silicon vertex detector. The large 
impact parameters due to multiple scattering in the forward direction suggests that we should 
investigate other beam pipe geometries (i.e. something different than a straight pipe). 
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The capability of a detector to study B physics depends on the ability to 
identify and reconstruct leptons in the central detector. In this report we 
study the efficiency of connecting a muon track from the muon detector (MU) 
through the central drift chamber (CDC) and vertex detector (VTX). We also 
estimate the abi I ity to distinguish muons originating in heavy particle decays 
from muons coming from the main vertex. 

Events Sample, Detector Simulation, and Tracking Parameters 

We have used a set of QCD two-jet ISAJET events containing a muon, 
satisfying a simulated DO muon trigger. More detai I on the Monte Carlo sample 
can be found in a separate report by Hedin et al [1]. Reference [1] also 
contains a discussion of B quark physics and an estimate of rates and 
backgrounds of B physics signals for DO detector. 

For this tracking study the ISAJET events were passed through the DO 
detector simulation program DOGEANT to simulate the response of the VTX and 
CDC. The VTX and CDC are cylindrical layers of jet type drift chambers with 
sense wires along the beam direction z and with the drift direction roughly 
perpendicular to the tracks. The VTX has three layers lying between a radius 
of 3 and 17 cm while the CDC has four layers lying between 50 and 75 cm. Each 
layer has 32 phi sectors except the innermost VTX layer which has 16. Each VTX 
phi sector has eight sense wires with charge division readout for z. Helical 
cathode strips in the VTX give an independent z measurement. ~he CDC phi 
sectors each have seven sense wires and use delay I ines to measure the z 
coordinate. 

The simulation included the inert material of the beryllium beam pipe and 
the transition radiation detector (TRD) that I ies between the VTX and the CDC 
as wel I as that of the CDC and VTX themselves. Effects of multiple Coulomb 
scattering, interactions and decay of long lived particles, finite resolution, 
and detector inefficiency were taken into account. The fol lowing realistic 
assumptions based on test data or conservative estimates were made for the 
efficiencies and resolutions. For the efficiency studies, the measured VTX two 
hit resolution function was used [2]. Conservative guesses were made for the 
requirements for a good track. 
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+----------------------------------------------------------------------+ 
I I I VTX I VTX I 
I Chamber Parameters I CDC I Sense Wiresl z-strip I 

1----------------------------------------------------------------------1 
I Global efficiency I 0.95 I 0.97 I 0.90 I 

I two hit r-ph i reso I ut ion (mm) I 2 I 0. 7 I 5 I 
I two hit drift time separation (ns) I 50 I 84 I 600 I 

I single hit resolution (mm) I 0.2 I 0.05 I unused I 

I drift velocity (microns/ns) I 38 I 8.4 I 8.4 I 

1----------------------------------------------------------------------1 
I I I I I 
I Tracking Parameters I I I I 

1----------------------------------------------------------------------1 
I hits/wires for good track in layer I 4/7 I 5/8 I I 

I good/total layers for good track I 3/4 I 2/3 I 3/5 I 

+----------------------------------------------------------------------+ 

Efficiency to Track Muon through Central Detector 

For each muon we defined a one sigma road coming from the MU back through 
the calorimeter toward the CDC to represent the effect of the multiple Coulomb 
scattering in the calorimeter and MU iron toroid. We estimated the efficiency 
for reconstructing the muon track in the CDC and the probabi I ity for an 
unambiguous match. The CDC track was then projected using a three sigma m.C.s. 
road into the center of the transition radiation detector (TRD) for matching_ 
with VTX tracks. We estimated the reconstruction efficiency in the VTX and the 
probab i I i ty for an unambiguous VTX track match. In· the above procedure we 
assumed that the road from the MU into the calorimeter was centered on the 
ISAJET muon (i.e. extrapolated from the vertex) rather than on the muon after 
m.C.s. through the calorimeter because it was too time consuming to simulate 
the calorimetry. We have included a 68% efficiency for the MU--> CDC match. 

The track multiplicities and efficiencies for each step are as fol lows: 

+----------------------------------------------------------------------------+ 
I Two jet event pT range (GeV/c) I 80-200 I 40-80 I 20-40 
1----------------------------------------1-----------1-----------1-----------
1 Multiplicity in CDC I 53 I 37 I 29 
I Approximate multiplicity in VTX I 106 I 74 I 58 
1----------------------------------------1-----------1-----------1-----------
1 MU--> CDC match (1 sigma road) I .68 I .68 I .68 
I CDC efficiency I .80+-.04 I .88+-.04 I 1.00+-.02 
I CDC match unambiguous (1 track in road) I . 89+-. 04 I . 86+-. 05 I . 88+-. 05 
I VTX efficiency I .51+-.07 I .45+-.08 I .78+-.07 
I VTX match unambiguous (1 track in road) I 1.00+-.03 I 1.00+-.05 I 1.00+-.03 
1---------------:------------------------1-----------1-----------1-----------
1 Combined efficiency (product of above) I .25+-.04 I .23+-.04 I .47+-.05 
+----------------------------------------------------------------------------+ 

These muon efficiencies are from a low statistics study. The low VTX 
efficiency for the 40-80 GeV sample may be a statistical fluctuation. A study 
of the efficiencies for al I tracks from this sample agrees with the above 
values except for this value which appears to be several sigma low. 

-328-



No effort has been made to optimize the road widths and tracking criteria to 
improve the efficiency. The one sigma road width for the MU --> CDC match 
should probably be increased to optimize the number of unambiguous matches. 
The VTX efficiencies are the dominant factor as is expected since the VTX 
covers a pseudorapidity range of about +-2, about twice that of the CDC. In 
addition, the VTX assumptions made here are pessimistic with respect to the two 
track resolution of the z-strips (in the absence of proof of performance) so a 
good charge division measurement is needed for the z projection of the track. 

We could get a significant increase in efficiency by not requiring z 
information in the VTX but requ1r1ng only the r-phi projection. This 1s 
because the r-phi measurement uses the leading edge of the pulse so that only 
tracks ahead of the measured pulse interfere, whereas charge division z 
measurements use the pulse area and thus tracks ahead or behind the measured 
track interfere, effectively doubling the two track resolution. 

Impact parameter studies with the Vertex Chamber 

In order to assess the feasibi I ity of identifying muons coming from heavy 
particle decays we did track reconstruction in the VTX and compared 
distributions of impact parameter for primary tracks with those of tracks 
coming from decay of particles containing a b or c quark. We used al I charged 
particle tracks to increase statistics. 

For this study we used a sample of two-jets events in the pT range 40-80 
GeV/c. Figure 1 shows the impact parameter distribution of al I tracks coming. 
from the primary vertex and from b/c decays. The distribution for tracks 
coming from the primary vertex (sol id I ine) is normalized to unity. The 
distribution of tracks coming from b/c decays ( dashed I ine) is normalized so 
that the maximum bin contents are equal in both distributions. The two 
distributions are very similar, largely due to the error introduced by the 
multiple Coulomb scattering in the Tevatron beam pipe and in the material 
between the layers of the chamber. In Figure 2 we compare the same impact 
parameter distributions for tracks with pT > 2 GeV/c. The number of tracks in 
this plot from the primary vertex and from the b/c decays is 264 and 155, 
respectively. We find that for impact parameter greater than 400 microns more 
than 90% of tracks come from the decay vertex. 

Conclusion and Acknowledgement 

This pre I iminary study shows that the DO detector can track muons from B 
decay with an efficiency of at least 50% and probably significantly better for 
pT 20-40 GeV jet events. For tracks whose momentum can be measured in DO 
(muons and isolated tracks) cuts on pT and impact parameter can yield a 
relatively pure s~mple of events with heavy particle decays. 

This work was supported in part by the Department of Energy, Contract Nos. 
DE-AC03-76SF00098 (LBL) and DE-AC02-84ER40125 (Indiana) and the National 
Science Foundation, Agreement Nos. PHYSS-15529 (LBL) and PHY84-12725 (SUNY). 
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SCIFI: SCINTILLATING OPTICAL FIBER DETECTORS FOR HIGH-SENSITIVITY 
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Sumnary 

High-sensitivity B-9hysics, particularly CP-invariance physics where 
data samples of 10 - 10 tagged 8° - B0 pairs will eventually be required, 
will place severe demands on detector design, particularly in the area of 
vertex detection, tracking, and calorimetry. Recent developments in the use 
of scintillating optical fibers, the so-called SCIFI technology, are 
summarized, and the current "problem areas", mainly in materials and read-
out, are briefly discussed. 

sc;fi Detectors 

The typical scintillating fiber consists of a core of scintillating 
glass or plastic surrounded by a thin cladding of material with lower 
refractive index. To limit halo and cross-talk, a coating of aluminum or 
other appropriate extra-mural absorber (EMA) is generally applied. 
Depending on the intended applications, the individual fibers are then 
bonded into a 3-dimensional matrix {active target) or thin sheets for 
tracking arrays and calorimetry. 

There is a growing body of literature available ~n the materials which 
have been studied for SciFi detector applications. -l For active targets, 
the glass which has received the most attention is the GSl cerium glass with 
Corning 687 cladding and EMA coating, generally aluminized at one end to 
enhance light output. For targets as well as for tracking and calorimetry 
applications, there has been extensive use of plastic fibers, the most 
common of which is polystyrene with a single fluorescent solute of Butyl-PBD 
and polymethyl methacrylate (PMMA) cladding. groperties of these two 
materials are compared in the following table1 : 

Material Property Glass Plastic 

Density {g/cc) 2.79 1.032 
Interaction Length {A/p,cm) 10 79 
Radiation Length {cm) 8.9 42.4 
Conversion Length {cm) 11.4 54.5 
dE/dx (min in 1 cm)(MeV) 3.8 1. 72 

*Permanent address: University of Notre Dame 
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Fluorescence Efficiency/Anthracene 
Fluorescent Emission Peak (nm) 
Absorption Maximum (nm) 
Refractive Index: Core 
Refractive Index: Cladding 

0.25 
390 
360 

1.56 
1.457 

0.65 
390 
330 

1.58 
1. 50 

Plastics generally have a longer attenuation length and shorter fluorescence 
lifetime while glasses tend to be more radiation hard and less prone to 
cross-talk, but these properties depend on the exact formulation of the 
materials and the details for the fiber drawing process. 

SciFI Vertex Detectors as Active Targets 

In fixed-target Beauty experiments there is need for high resolution 
(tens of µm or less) vertex detectors, and active targets of scintillating 
optical fibers have been developed for both the Fermilab E-687 (wide-band 
photon beam) and CERN WA-84 (OMEGA spectrometer) experiments. 

In the detector designed5 for the Fermilab E-687 experiment (the active 
target is scheduled for at least some operation during the current running 
period), some 10 individual fibers, 30 µm in diameter, are fused into a 
target matrix 12 mm x 20 mm x 15 mm with the fibers aligned transverse to 
the beam direction. A typical interaction vertex (early test beam results) 
is shown in Figure 1. The target is optically coupled to a multistage image 
intensifier system, with overall gain approximately 106 • The image 
intensifier system consists of a 25/46 mm Gen-I image expander with PIS 
phosphor, followed by two 40 mm Gen-I stages with P24 phosphor and a Gen-I 
stage with P20 phosphor, followed by a X2 reducing taper and either (a) a 
25 mm SIT/VIDICON Camera or (b) a 28 mm Amperex 88XQ VIDICON Camera preceded 
by an additional Gen-I intensifier stage with P20 phosphor. The optimal 
resolutions given for (a) and (b) are 16.5 line pairs/mm and 18.9 line 
pairs/mm respectively. (In some tests, a CCO camera was used to view the 
last image phosphor.) 

The video signal is read into a Video Data Acquisition System (VOAS) 6 
consisting of flash AOC, data compaction and packing, FIFO memory, and 
control processor. In practice, the image is held on the phosphor screen 
preceding the last image intensifier stage pending a trigger decision; if 
the event is of interest it is gated through the last stage, normally OFF 
("Dark field" operation), and into VOAS. 

The overall E-687 experiment arrangement of active target together with 
downstream silicon microstrips is shown in Figure 2. The data acquisition 
flow through the image intensification stages, the camera, and

6
VOAS is shown 

in Figure 3. Test results indicate that the dot size after 10 image 
intensification is of the order of 40 µm. Single track resolution and two-
track resolution are ap9roximately 18 µm and 70 µm respectively. The 
active target developed for the WA-84 CERN 8-particle experiment uses a 
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matrix of 1-mm plastic fibers coupled to a multistage image intensifier 
viewed by a CCD camera, in much the same arrangement as described above. 
There are two principal differences: (a) In the CERN arrangement, the 
fibers in the target are arrayed parallel to the beam rather than 
transverse, in order to optimize the measurement of impact parameters for B-
particl e decays. (The transverse arrangement, on the other hand, preserves 
the order of primary and secondary decay vertices which may be important in 
the case of multiple decays in a heavy background.) (b) In the CERN CCD 
arrangement, introduced by J.P. Fabre, the multichannel plate which 
constitutes the last image intensifier stage is always "on", open to image 
transmission to the CCD camera ("Bright Field" operation). The CCD's 
themselves are on continuous FAST CLEAR, utilizing the anti-blooming drain 
feature of the CCD's used, unless gated off by a suitable trigger, after 
which the CCD's are read out serially. Fast clear of the CCD image zone 
requires approximately 1 µs; triggered read-out of the event of interest 
requires 5-10 ms, depending on the frequency of the shift register clock 
employed. 

SciFi for Tracking and Calorimetry 

Tracking and calorimetry applications of scintillating optical fibers 
for B-particle physics will require fibers joined at the edges into 
continuous ribbons or sheets. The most extensive use to date of layers of 
scintillating fibers fgr particle tracking has been the Cambridge-Saclay-
CERN-Orsay development , 9 for the CERN UA2 Upgrade at the SppS Collider. 
Stereo projection is used to obtain 30 reconstruction in a tracking section 
of their compact cylindrical detector, which is followed by a Pb-converter 
"preshower" section used to distinguish and identify electromagnetically-
showering particles. The detector uses a total of 60,000 BPBD-doped 
polystyrene fibers (150 km total length), 1 mm in diameter, optically clad 
and aluminized. The attenuation length in these BPBD-polystyrene fibers is 
approximately 1.6 m. 

This new UA2 cylindrical SciFi detector is built with 38.8 cm inner 
radius, 44.0 cm outer radius, and the 24 layers of fibers have an active 
length of 2.1 m along the beam axis. The fiber layers are arranged in 
stereo triplets, 6 x 3 • 18 layers for tracking, followed by 1.5 radiation 
lengths of Pb and 2 x 3 = 6 fiber layers for the preshower detector. The 
light output of the 60,000 fibers is read out, amplified, and converted into 
electronic signals which are multiplexed and digitized by a common data 
acquisition system, similar in concept to those described above except that 
an ALEPH event-builder (68020 processor) is used to buffer data from 32 
digitizers for r.ead-out and to perform calibration and monitoring. 

Prototype tests indicate that the position resolution in the tracking 
part of the UA2 detector is O. 3.5 mm for a single fiber layer and less than 
0.20 mm for tracks. The angular resolution is 13 mrad. The efficiency of a 
single fiber to detect minimum ionizing particle varies from 91% to 99%, 
depending on position and angle of incidence. In the preshower part of the 
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SciFi detector, the response for 40 GeV electrons is 20x higher then for 
pions, providing a high rejection factor for pions while preserving a good 
detection efficiency for electrons. Results from the first full-scale test 
with ACOL, now underway, will be of considerable interest. 

Elsewhere, a SciFi tracking array has been designed by the University 
of Bergen, Norway group for a small-angle trigger f~f t~e gELPHI detector at 
LEP. A number of groups are designing calorimeters - ,l using alternate 
Pb-SciFi layers for various experiments. The JETSET collaboration at CERN's 
LEAR will build an EM calorimeter using scintillating polystyrene fibers 
embedded in grooved lead foils, 18 ~8diation lengths in depth, for their gas 
jet experiment. Bross and Anderson will soon test a prototype compact 
calorimeter, using a laminate of 500 µm scintillating plastic fibers and 
lead sheets, 1n the wide-band photon beam al Fermilab. Similar devices have 
been studied1 at CERN and Saclay. Wigmans 4 and his collaborators have 
proposed a "spaghetti calorimeter" built of 1 mm scintillating plastic 
fibers (parallel to the beam axis) set in grooved Pb plates, which is 
expected to have exceptional energy resolution: a/E approximated 30%//f 
for hadrons, 15%/.)tfor electr~ns t~iFi detectors for both tracking and 
calorimetry have been proposed 5-iG, for the SSC/LHC class of detectors, 
where as in the case of 8-physics there is a prime need for spatial 
resolµtion, speed, and radiation hardness. 

Problem Areas Remaining 

To fully realize the potential of SciFi detectors for Beauty physics as 
well as for the coming generation of high luminosity hadron-hadron 
colliders, further development is needed primarily in two areas: better 
materials for scintillating fibers, and faster read-out. In the case of the 
fibers themselves, work is needed in both the scintillating materials and in 
the procedures used in cladding and drawing the fibers. Ruchti and his 
collaborators1- 5 have made the most extensive tests of scintillating 
glasses. They have measured the emission and absorption properties of a 
variety of compositions of cerium, terbium, praseodymium, and neodymium 
glasses, had the most promising glasses clad and drawn testing various 
techniques, and studied the suitability of the resulting fiber arrays for 
detector use. The fiber-drawing procedures themselves must be c~rried out 
with considerable precision: in the case of the GSl glass, a Ce + -silicate 
glass composition, for example, one must prevent transition to the 4+ 
{strongly absorbing) valence state while avoiding oxidation, impurity, and 
vitrification problems. Scintillating glasses tend to be radiation-hard 
{the so-called "NRL" cerium glass, for example, was originally developed for 
high radiation level "glovebox" windows), but they are not exceptionally 
fast (flourescence decay times are typically in the range of tens of 
ns ~~~few µs). As noted by Ruchti and also by C. Fisher and J. Kirkby at 
CERN, the principal limitation of scintillating glasses at present appears 
to be the trade off required between quantum efficiency and attenuation 
length. If the optical attenuation length of fibers of scintillating glass 
cannot be improved beyond the present value of - 10 cm, their principal 
application will continue to be limited to active targets. 
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The properties of scintillating plastic f{Ber~ ~b ~grious types have 
been studied extensively by a number of groups - ' - • Scintjllator 
light output is bright and intrinsically fast {~few ns), the attenuation 
length long {~ 1 m), and except for for acrylics, these scintillators are 
reasonably radiation hard (up to - 1 Mrad). However, the long mean free 
path (mfp) for wave shifting in conventionally-doped scintillating plastics 
(eg - 1% PBP as primary activator with - 0.01% POPOP as wave shifter in a 
polystyrene-base scintillating fiber gives a mfp o 200 µm) presents a 
crosstalk problem when the fibers are narrow, and this limits fiber diameter 
and hence resolution. There remains room for considerable improvement as 
regards increased light output, shorter decay time, longer attenuation 
length, better resolution, better radiation resistance, and better 
dimensional uniformity in the final scintillating fiber product. 

Although we tend to think of scintillating plastics as a mature 
technology, there have been major advances in molecular engineering in 
recent years and it is now possible to "custom design" {at least in 
principle) plastic scintillators with the desired properties. Progress has 
been reported on an improved wave-length shifter (brighter, more r~giation 
resistant) for polystyrene by A. Bross and D. Anderson at ~ermilab and for 
PVT plastics by S. Majewski and his colleagues at Florida2 • A more 
effective and more radiation resistant plastic cladding (polyvinyl acetate) 
has been introduced by the CERN-Saclay collaboration. W. R. Binns and J. W. 
Epstein at Washington Un!v~rsity {St. Louis) together with S. Reucroft at 
Northeastern University2 ' 4 have studied the problem of dimensional 
uniformity of fibers and have proposed procedures to improve the quality of 
the fiber drawing process. 

The greatest need for improvement is in the development of faster read-
out for SciFi detectors. The response and recove7y times characteristic of 
the first-generation active target applications5 ' are too slow by orders of 
magnitude when high bunch rate accelerator operation is planned for high 
statistics B-physics or other high-luminosity experiments. Position-
sensitive photomultiplier tubes (PSPM) are one promising solution. In the 
PSPM the axial electron cascade "remembers" the incident photon position on 
the photocathode surface, and a segmented anode at the final stage provides 
independent read-out corresponding to the different photocathode surface 
positions. In one test, an 88-anode PSPM with a 38 mm diam. photocathode 
has been coupled to a 40 mm x 40 mm matrix of 1 mm diam. scintillating 
plastic fibers~~A measured resolution of 2.6 mm {FWHM) was obtained when a 
magnetic field of 500 Gauss was applied along the axis of the tube. With no 
applied field the resolution was - 6 mm (FWHM). PSPM tubes offer the 
advantages of~ 20 ns integration times, low noise, high gain (several x 
106), robust performance and familiarity of operation. Further resolution 
improvement is expected with the appearance of PSPM's with more finely 
segmented anode structures. 
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Other re~g-out schemes have been discussed, including vac~~m 
phototetrodes , a multi-anode microchannel array {MAMA) tube -24 , and a 
proximity-focused-p~gtodiode-plus-microchannel-plate image intensifier with 
new, fast phosphors . A hybrid photodiode (HPO} consisting of an ordinary 
PM photocathode coupled with an anode made of a planar junction, f~lly 
depletablr semiconductor diode (e.g. a silicon photodiode} has been 
described 6, which promises to be radiation hard and extremely fast ( < 1 ns 
rise time). Application of the "solid i;ate photomultiplier," a solid-state 
device bfsed on impurity-band detection to SciFi read-out has been 
proposed . Silicon pixel detectors such as those being developed by S. 
Parker and O. Nygren, as discussed at the 1987 Workshop on Experiments, 
De!ectors, and Experime~t Areas for the Supercollider, Berkeley, CA., with -
10 pixel, 100 x 100 µm in size, in a 1 cm x 1 cm area device, read out by 
radiation-hard JFET or MOSFET electronics, may be an ultimate solution. 

Conclusion 

Within the short space of - 5 years, SciFi technology has matured to 
the point where scintillating fiber planes have been installed in presently-
operating detectors for tracking applications and scintillating-fiber active 
targets are being tested as decay vertex detectors in running experiments. 
Extensive use of SciFi for calorimetry is planned. To the extent that 
physicists push the capability of a technology only so far as is needed for 
their current experiment (the active target read-out for Fermilab E-687 and 
CERN WA-84 is no faster than required for their present triggers, for 
example) it remains for new physics such as high-statistics, high-
sensitivity B-physics to challenge the technology of SciFi detectors and 
push it beyond where it stands today. 

Figure Captions 

Fig. 1. Interaction of a 70 GeV pion as seen in a test of a - 10 cm x 15 cm 
active target. 

Fig. 2. E-687 experiment arrangement showing the location of the active 
target. 

Fig. 3. Data acquisition scheme for the E-687 active target. 
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ABSTRACT 

The working group explored the feasibility of building a trigger and an elec-
tronics and data acquisition system for both collider and fixed target experiments. 
There appears to be no fundamental technical limitation arising from either the 
rate or the amount of data for a collider experiment. The fixed target experiments 
will likely require a much higher rate because of the smaller cross section. Rates 
up to one event per RF bucket (50 MHz) appear to be feasible. Higher rates de-
pend on the details of the particular experiment and trigger. Several ideas were 
presented on multiplicity jump and impact parameter triggers for fixed target 
experiments. 

INTRODUCTION 

The rare nature of beauty production and the rare nature of its interesting decays will 
pose challenges for the trigger and data acquisition electronics of a beauty experiment at 
either the Collider or in the fixed target program. Beauty production is only four parts 
in ten thousand of the inelastic cross section at the collider and only three parts in ten 
million of the inelastic cross section in fixed target experiments. The decay modes of 
interest have branching ratios of 10-4 or less. Taking into account the inefficiencies of 
tagging and reconstruction, a total of as many as 1014 to 1017 hadronic interactions is 
necessary to produce sufficient statistics to study rare beauty decays or CP violation in the 
B-meson system. High interaction rates are necessary to produce this many interactions. 
Table I summarizes some of the relevant numbers discussed for fixed target and collider 
experiments. 

Table I. Summary of typical rates for high sensitivity beauty experiments. 
Type of Inelastic Interaction o-(bb) bb Production 

Experiment Rate o-(lnelastlc) Rate 

Fixed Target 107 Hz 3 x 10-1 3 Hz 
Open Geometry 

Fixed Target 109 Hz 3 x 10-1 300 Hz 
Closed Geometry 

Fixed Target 5 x 1010 Hz 3 x 10-7 1.5 x 104 Hz 
Remote Imaging 

Collider 5 x 104 Hz 4 x 10-4 20 Hz 
.C = 1030 cm-2 sec-1 

Collider 2.5 x 106 Hz 4 x 10-4 103 Hz 
.C = 5 x 1031 cm-2 sec-1 

-344-



The trigger for such an experiment must be extremely effective to reduce these rates to 
manageable levels. In addition, it must be efficient since the maximum available produc-
tion rates are limited by either available luminosity or practical detector considerations. 
The trigger must also select events at high speed to keep pace with the high interaction 
rate. Since the ideal trigger is completely unbiased, the trigger is limited in the selec-
tion criteria which can be used. Interaction rates higher than 108 Hz will produce more 
than one interaction per bucket. Consequently, the trigger will possess a sophisticated 
multi-level architecture with large amounts of processing power. The data acquisition 
system will need to provide large amounts of buffering during the trigger process and 
also be capable of providing large amounts of data to the trigger processors at high rates. 
The data acquisition system may be required to write data to tape or other mass storage 
media at very high rates so final event selection can be done off line. 

The general problems of the trigger and data acquisition system for these beauty 
experiments are similar in nature to the problems of triggering and acquiring data at the 
SSC. At the SSC, interaction rates are 108 , and many of the processes of interest have 
rates of a few per second. At the SSC, beauty production is still only about four parts 
in a thousand. A workshop was held at Fermilab in November 1985 in order to study 
triggering and data acquisition at the SSC.1 Many of the solutions and conclusions of that 
workshop are valid for high-rate beauty experiments. The problems of data acquisition. 
are particularly similar in the two cases. For triggering, however, an important difference 
between the general-purpose SSC experiment discussed at that workshop and the beauty 
experiments considered here is that total transverse energy and missing transverse mo-
mentum triggers, useful at the SSC and easy to form, will not be powerful for beauty 
experiments. Consequently, beauty triggers will generally need to be more sophisticated. 
Indeed, the difficulty of extracting a beauty signal off line will be mirrored in the difficulty 
of triggering on line. 

Although the problems of triggering on beauty events, particularly in an unbiased 
fashion, and of acquiring data from these events are formidable in either fixed target 
or collider experiments, sophisticated tools exist for confronting the task. The Working 
Group on Triggers and Data Acquisition concentrated on considering existing and emerg-
ing trigger techniques and electronics as tools in forming the trigger selection. Detailed 
trigger criteria, and recipes for combining criteria, were not discussed in depth. Some 
focus was placed on techniques suitable for vertexing and tracking in the trigger since 
these will be important selection criteria in any experiment. Lepton identification, a sim-
ilarly important selection criterion, was not considered extensively since it was studied by 
the particle identification working group.2 Architectures for trigger and data acquisition 
systems were also discussed. 

This summary report will review the discussions of the working group. The presen-
tation attempts to be generic, not discussing differences between experiments, although 
important differences between the fixed target and collider cases are noted. Some of 
the trigger and data acquisition tools are discussed, and examples of applications are 
presented. A number of excellent individual contributions to these proceedings, which 
are based on presentations made to the working group, are referenced by this summary 
rather than duplicate their content here. 
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OVERVIEW OF TRIGGER SYSTEMS FOR B QUARKS 

Typical Triggers 

A number of possible triggers can be used for B physics. Table II contains a sam- -
ple listing. For some of the triggers in the table, crude estimates of the rejections they 
provide and of their efficiency in tagging beauty events are also given. These triggers 
select event characteristics which enhance the proportion of beauty events. All but mul-
tiplicity jump can be used in both collider and fixed target experiments. The first five 
triggers each select a different basic event topology or characteristic and would normally 
be used as separate, parallel triggers rather than in combination. These triggers use event 
characteristics that can be measured without the silicon tracking system. The last three 
triggers are directly related to the detection of B decays some distance from the primary 
vertex. Since vertex aspects of the event are independent of the first five, it is possi-
ble to use them in combination with the other triggers. A common feature of all eight 
triggers is that they require at least some tracking information. The need for tracking 
in the trigger is in contrast to triggers in some collider experiments which require only 
calorimetric information. In fact, for beauty physics only very loose overall transverse 
energy or missing transverse momentum criteria can be applied without seriously decreas-
ing the efficiency for beauty detection. This is because beauty production, particularly 
at the collider, does not arise from the highest energy interactions of the constituents. 

Table II. Sample b tags and rough estimates of rejection and efficiency. 

Trigger Rejection b Efficiency 

A single lepton at high Pt 1000 25% 

A number of particles at high Pt 

Di-leptons at high mass 105 0 107 Hz 10-3 
104 a 108 Hz 

Di-hadrons at high mass 

Multi-hadrons at high mass 

A track with large impact parameter 25 50% 
. 

Multiple vertices 

A multiplicity jump downstream of the target 10 33% 
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As discussed in a later section, these different triggers require different time scales. For 
instance, a multiplicity jump trigger can be performed faster than reconstructing multiple 
vertices, and a single lepton at high Pt can in most cases be selected faster than di-leptons 
at high mass. These different triggers are also affected differently by multiple interactions 
per bucket. For instance, multiplicity jump triggers may become confused; whereas, 
triggers which find rare high Pt leptons may not be as affected. In choosing to use some 
of these triggers, the bias of the criterion, as well as the efficiency, rejection and speed, 
must be considered. This consideration was beyond the scope of our working group. 

Detector Systems 

For the sake of discussion of trigger and data acquisition systems, the typical detector 
for either a collider experiment or a fixed target experiment is illustrated in Fig. 1. The 
detector components are similar in the two cases, although the geometries are different. 
Starting at the beampipe or target there is a very high resolution tracking system, usually 
with silicon strips. The next layer is conventional tracking with wire chambers. Outside 
the tracking, or perhaps integrated with it, is the particle identification system. This 
system uses techniques such as transition radiation detection or Cerenkov ring imaging. 
Electromagnetic and hadronic calorimetry and muon detectors complete the standard 
detector. Not every experiment would look like this detector; for example, the wire 
chambers might be combined with the particle identification system. Although the com-
ponent subsystems of the detector are similar in the fixed target and collider cases, the 
channel counts and response times of the components are different. Order-of-magnitude 
estimates of the number of channels and response times for these two types of high-rate 
experiments are given in Table III. 

I 
I 
I 

I 
I 

Muon Detectors: 

Calorimeter 

Particle ID 

Wire Chamber Tracking 

: Silicon Strip !_ _____________ _ -------- --------
5-88 6025A1 

Fig. 1. Generic detector used for data acquisition design. 
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Table III. Parameters for typical beauty detectors. 

System Collider Fixed Target 

Channels Response Channels Response 

Silicon 105 200 ns 104 18 ns 

Wire Chambers 105 200 ns 104 18 ns 

Particle ID 104 200 ns 104 18 ns 

Calorimeter 105 200 ns 105 18 ns 

Muon Detectors 104 >200 ns 103 >18 ns 

This typical detector is not novel; however, trigger considerations demand that com-
ponent response times be reasonably prompt in the collider case and quite fast in the 
fixed target case. Such response times may challenge detector and front-end electronics 
designs with respect to collecting charge from the detector in a short time. Particularly 
in the case of silicon tracking detectors, noise performance of the electronics will limit 
achievable response times. Prompt response times, along with general segmentation con-
siderations for beauty reconstruction, also lead to large channel counts which will demand 
large bandwidth in the data acquisition system. These bandwidth considerations are true 
for the data path to the trigger processors as well as the data path to tape; however, the 
bandwidth problems are generally no more severe than those considered for the SSC.3 

Life History of a B Trigger 

Data from each detector component becomes available to the trigger at a different 
time. Likewise, individual trigger criteria built from the detector data are ready at 
various times, and some of these criteria are dependent on others as increasingly complex 
criteria are constructed. The time history of a typical trigger decision is illustrated in 
Fig. 2. The time history stretches from the one nanosecond scale to as long as one second 
between writing out events. The Fermilab fixed target program has a natural cycle of 
18.8 nanoseconds corresponding to the time between RF buckets. The collider has a 
minimum time between crossings of 200 nanoseconds. 

The multiplicity jump trigger can be implemented using differences in pulse height 
between layers of silicon and can be available very quickly, possibly in less than ten 
nanoseconds with very fast electronics. Digital information on hit cells in silicon vertex 
detectors and smalt-cell drift chambers will be available in tens of nanoseconds. Energy 
clusters in the calorimeter should be available in less than about 100 nanoseconds for 
any technology that will work at the high event rates of the B physics program. These 
trigger criteria can be used by fast Level 1 triggers. 
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Time History of a Recorded Event 
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Fig. 2. Schematic diagram of the time structure of an accepted event for a fixed 
target or collider experiment. 

Chamber hits and local track segments and slopes will be available in approximately 
two microseconds. This task may be performed by electronics on the chambers. The track 
segments can be ordered in decreasing Pt to speed track finding. Fast track processing 
should give full tracks within 10 to 20 microseconds. This information can be combined 
with information from the particle identification or the silicon tracking at that time. The 
tracks can also be combined to form invariant masses at about 200 microseconds. These 
tasks will be performed by the Level 2 trigger. 

By approximately one millisecond it is possible to start full event reconstruction. The 
Level 3 trigger can process these events to further reduce the trigger rate to acceptable 
output rates. For a typical fixed target experiment, events must be written to tape or 
other mass storage medium at about 100 milliseconds. For the collider, events will be 
written at about o~e-half to one per second. 

These considerations define the needs for local data storage and event buffering. All 
data must be stored locally for about five microseconds. The data will then be moved 
to and held in buffers for the full event reconstruction. We expect that data from all 
detector components will be in full event buffers by approximately one millisecond. 
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Single Lepton at High Pt Trigger 
As an example of the manner in which trigger criteria are combined in the trigger 

selection process, consider the case of a trigger on a single electron at high Pt in a collider 
experiment. The first criterion to be applied is that an energy cluster in the calorimeter 
exceeds some threshold. The trigger then requires that some track segment in the outer 
layer of tracking be associated with the energy cluster. These criteria can be applied -
within the first few microseconds and could provide a rejection factor of about a thousand. 
The track segment will then be linked with the inner layers of tracking into a track, and 
its momentum will be determined. This momentum must then match the energy of 
the cluster. This requirement could provide an additional rejection factor of about five. 
Finally, the electron identification can be confirmed by associating information from the 
particle identification system with the track. The particle identification system should 
provide an additional rejection factor of about ten. 

Overall, this trigger provides a rejection factor of 5 x 104 and takes between 50 and 500 
microseconds. The first step identifies charged electromagnetic showers while rejecting 
most hadron showers. The second step, which matches momentum to energy, eliminates 
overlapping charged and neutral pions. The third step uses the particle identification to 
reject hadron showers that fake an electromagnetic shower. More about the criteria uti-
lized to identify a high Pt electron are discussed in the report of the Particle Identification 
Working Group. 2 The trigger can be further enhanced be looking at impact parameter 
or vertex multiplicity. 

TRIGGER LEVELS 

The trigger for a beauty experiment would consist of three levels, as is now typical of 
many experiments. The first level, or Level 1, would use prompt data from the detector. 
It would employ fast electronics in a manner designed to minimize buffering. Techniques 
used would include analog summation and thresholds as well as extensive use of memory 
look-up. The second level, Level 2, would have more processing time available. It could 
use recursive and serial processing. Less parallel hardware would be needed. It most 
likely would employ a specialized processor to do rudimentary tracking and vertexing. 
The third level, Level 3, would have still more processing time available. It would make 
use of an array of general-purpose microprocessors for convenience and flexibility. It 
might in some cases do complete event reconstruction. 

The division of the trigger system into three levels is arbitrary, and is done here for 
the sake of discussion; fewer or more levels may be used. Moreover, the allocation of tasks 
among levels is rather arbitrary. For example, the division of work between a Level 3 
and a Level 2 processor is very dependent on the technology used for Level 2. Some 
experiments might not have a Level 3 trigger and record all the Level 2 triggers using 
the new, high-speed data recorders. Even in this case, however, the equivalent of Level 3 
will exist off line. 
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First Level Triggers 
For fixed target experiments there was considerable discussion of multiplicity jump 

and impact parameter triggers. The increased number of particles from b decays relative 
to c decays should allow good multiplicity jump triggers. The basic idea of a multiplicity 
jump trigger is to use the increase in the number of tracks in an event from a B decay 
as a trigger. This is done by placing a silicon plane very close to the target (or using 
the silicon itself as a target), measuring the multiplicity before the B decay and then 
downstream of the decay. This measurement can be done either by comparing pulse 
heights from the various planes and triggering on a large increase in pulse height or by 
counting the number of strips hit in the various planes and looking for an increase. The 
pulse height trigger can probably be done in 10 nsec or so. W. Selove estimated that 
a typical B event will have a pair of B mesons which will increase the average charged 
particle multiplicity by about ten particles in 1 or 2 inches downstream of the primary 
vertex. 

D. Potter described experiments done using pulse height measurements from 14 x 
14 mm2 silicon wafers without strips. He and N. Reay estimated that a rejection factor as 
high as 50 with a 30% efficiency might be achieved. In his contribution to the Workshop, 
W. Selove4 lists several backgrounds for this method. Among these are 1) the Landau tail 
on the pulse height spectrum, 2) nuclear interactions in the downstream silicon planes,. 
3) large angle tracks which miss the downstream planes and 4) amplifier noise. He 
describes a method of combining the analog method with digital track counting to reduce 
these backgrounds. 

Impact parameter triggers are implemented by measuring tracks and determining if 
some of the tracks miss the primary vertex by a certain minimum amount (the impact 
parameter). A closely related trigger looks for more than one vertex. Impact parameter 
triggers are quite powerful. WA82 found that the minimum bias background was reduced 
by a factor of 25 while the acceptance for charm remained at 50%. M. Sokoloff,5 in a 
paper in these proceedings, describes a study using minimum bias events from E691 and 
a Monte Carlo which shows that an impact parameter has about a 20 to 1 rejection factor 
and a 75% acceptance. 

The difficulty in an impact parameter trigger is doing the calculations fast enough. 
During the workshop, S. Amendolia described a method of building a content addressable 
memory. This technique is described in more detail in the paper by M. Dell 'Orso and 
L. Ristori6 in these proceedings. He gave an example of a four-plane, 1024 strip per 
plane silicon detector. The content addressable memory is composed of a matrix of 10-
bit memory cells each connected to a vertical bus and a horizontal bus. The vertical 
height of the matrix is at least equal to the number of strips in the detector (1024 is 
the minimum but it is likely to be much more), and the horizontal width is equal to the 
number of planes of detectors (four in this case). This arrangement is shown in Fig. 7 of 
Ref. 6. A hit from each plane is placed on the four vertical busses. Ha match is found 
with one of the memory cells, it raises a line indicating a match. Hall four cells on a 
horizontal bus raise their lines, then a track has been found. S. Amendolia estimated 
that the four-plane system described above would require 107 patterns and would fit into 
five FASTBUS crates. This system can be extended slightly to give the vertex position 
in a thin target. The presence of two different vertex positions would then indicate a 
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decay and an impact parameter can be extracted. This system is, in principle, capable of 
making a. decision in one clock cycle. Because of cost, it may be necessary to subdivide 
the system in a way that reduces the chip count but takes several clock cycles. With 
clock times comparable to the 18.8 nsec bucket spacing, this system could not function 
alone at a 53 MHz rate. 

An interesting possibility is using an analog multiplicity jump trigger to reduce the 
trigger rate from one every 18.8 nsec to one every 200 nsec or so. This would give enough 
time to apply a content addressable memory method to estimate the impact parameter. 
This combination might reduce the event rate by a factor of 50 to 100 and still have good 
acceptance. 

Because of the different geometry of collider experiments, information from silicon 
tracking is more difficult to use in first level triggers at the Collider. On the other hand, 
lepton triggers, as discussed in the section Single Lepton at High Pt Trigger, are possible 
in the Collider. In addition, some loose cuts on the sum of Pt or identification of a single 
track with Pt above about 1 GeV may provide sufficient rate reduction at Level 1 for a 
more sophisticated Level 2 trigger.7 

Most people agreed that the Level 1 processor is some type of special-purpose elec-
tronics that would use the raw data directly from the detector. Since this trigger is likely 
to take longer than the time between buckets or beam crossings, it must be pipelined and. 
the data stored until the trigger decision is complete. The trigger decision must be made 
as soon as possible to minimize the amount of front-end buffer storage. A fixed target 
experiment sees interactions at about ten times the collider rate; however, the compact-
ness and the favorable geometry of a fixed target experiment, as well as the possibility of 
a multiplicity jump trigger, allow a faster Level 1 decision. For instance, the multiplicity 
jump trigger might reduce the fixed target trigger rate to about the same as the Collider 
crossing rate. Consequently, the amount of front-end storage per channel may be similar 
for the two detectors. 

Second Level Triggers 

Second level triggers will play a critical role in beauty experiments due to dependence 
on tracking and on vertexing for beauty triggers. The rejection available at the first level 
without tracking is insufficient, and software processing at the third level cannot han-
dle the rates. Typically, a second level trigger uses specialized hardware processors to 
perform, in a fast and usually approximate fashion, tasks that are normally performed 
as part of event reconstruction and selection off line. For example, second level triggers 
frequently reconstruct charged tracks and compute invariant masses. R. Crittendon and 
A. Dzierba described at the workshop such a trigger used by E672. Second level triggers 
can also associate particle identification information with tracks. They often have the 
flexibility to combine information from detector components with different geometries. 
They may also refine decisions performed by the first level trigger, for instance, by im-
proving the definition of track segments and of energy clusters. Since the input rate to the 
second level processors has been reduced by the first level trigger, the second level trigger 
processors can utilize more sophisticated hardware tools than first level processors. The 
input rate, however, still does not give second level processors sufficient time to use fully 
programmable microprocessors. 
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An example of a second level trigger is the CDF fast track-finding processor, described 
at the workshop by L. Gladney. This processor is typical in that it uses a combination 
of serial and parallel processing to achieve adequate processing times without excessive 
amounts of electronics. The segment finding step is performed by sequentially comparing 
mask patterns to patterns of chamber hits within a cell for all cells in parallel. This 
technique finds track segments in fixed time, independent of the complexity of the event. 
The time required depends on the number of masks, which also determines the minimum 
momentum of the search. In CDF the search is limited to momentum above 3 GeV, and 
takes about five microseconds. The segment finding is of a nature that could be integrated 
into the front-end electronics of a cell and placed directly on the chamber. Linking of 
segments into tracks involves bringing together the segments from all cells and requires 
from 300 nsec to 100 microseconds depending on the complexity of the event. This 
processor is discussed in more detail in a separate contribution to these proceedings.a 
That discussion also describes some of the concerns and limitations in constructing a 
track-finding processor. 

Another example of a second level trigger processor discussed by the working group 
is the Data Driven Pipelined Processor used by E690 at Fermilab. This technique, pi-
oneered by Knapp, Sippach and collaborators, was presented by E. Hartouni at this 
workshop.9 This processor aggressively uses familiar techniques to achieve a very high 
trigger throughput. The E690 processor fully reconstructs tracks in four bending views 
at a rate of 105 per second. It was recently used to reconstruct 109 events off line in a 
six-week period. 

The pipelined structure of the E690 processor increases throughput by allocating 
sequential elements in the processing decision to separate processors. Each processor can 
then be highly specialized for its particular element in the process. The pipeline utilizes 
parallel processing in order to avoid bottlenecks. If an element in the process requires 
more time and cannot be decomposed into pipelined subelements, parallel processors are 
used to shorten the time required. The structure is data-driven to efficiently make use of 
the processors in the pipeline. This means that processors are followed and preceded in 
the pipeline by buffers. The result of one step in the pipeline is put into a buffer where 
the next processor in the pipeline can take it out as soon as the processor is ready for 
more data. This intermediate buffering smooths irregularities in data rates and helps 
keep processors fully employed. The extremely high performance of the E690 processor 
results from the thoughtful use of these techniques to eliminate bottlenecks and efficiently 
use processors. Additional throughput is available using further parallelism. 

The E690 processor characterizes an approach to the problem of constructing a hard-
ware machine for a second level trigger. The structure is flexible and to a large extent 
programmable; however, the large throughput is a product of understanding the track-
ing problem completely before the running of the experiment so the processor can be 
configured in the most efficient way. 

Technologies have improved since the development of the processors described above. 
For example, larger and faster memory chips and the content addressable memories al-
ready discussed will provide second level processors with more power. In addition, field 
programmable logic and semi-custom gate arrays will become standard tools in these 
processors. Custom chips using predefined arithmetic cells are now used in high-energy 
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physics.10 These can be used as building blocks in the next generation of specialized pro-
cessors of the E690 variety. Digital signal processors (DSP's) will also be incorporated 
into processing elements, as they are currently for DELPHI.11 These very fast processors 
can also be built into building blocks in an E690-style processor. Transputers will also 
be interesting tools. Basically, high speed computational tools are available in a size and 
a price which allows them to be used in a massively parallel approach to the processing 
problem. 

In fact, new high-performance digital signal processor chips expected within a year 
may offer the possibility of a new approach to second level triggers. This possibility 
was discussed by E. Barsotti12 at the workshop. He described an array of DSP-based 
processors capable of performing general-purpose computing. These processors could 
make trigger decisions on separate events in parallel, as Level 3 processor farms do. For 
example, 250 processors in 63 FASTBUS modules might handle rates of 5 x 105 into 
Level 2 by performing 5000 to 10,000 floating point operations each in 500 microseconds 
per event. Data transfer and buffering aspects of such a system are formidable; however, 
they are manageable, as discussed in Ref. 12. 

A spectrum of solutions to the problems of second level triggering are possible, ranging 
from specialized circuits to general-purpose processors. The best solution will probably 
be either processor chips built into a system with a specialized architecture, or specialized 
circuits added as "hardware subroutines" to general-purpose microprocessors. 

Third Level Triggers 

Third level triggers are typically characterized by the use of general-purpose pro-
cessors and by the fact that the data from the entire detector is available. The use of 
an array (or "farm") of fully parallel general-purpose microprocessors provides a flexible 
environment in which trigger cuts are easy to implement, including sophisticated event 
topology cuts. This environment is capable of evolving as experience accumulates and as 
the experiment accepts increasing data rates. In addition, information generated by the 
trigger process, such as track parameters, could be readily used to reduce the quantity 
of data per event. 

Discussions of third level triggers for future experiments are usually vague, as were 
such discussions at this workshop. Nonetheless, some general observations can be made. 
Such discussions are vague because third level triggers are, in principle, powerful and fully 
flexible in that they are composed of processors programmable in high-level languages. 
Harnessing this power will be crucial to high-rate beauty experiments since the overall 
trigger rejection and efficiency demand very sophisticated event selection. On the other 
hand, the total CPU power available on a "farm" of third level processors is limited 
by practical numbers of processors and by data throughput available into the farm. To 
make efficient use of third level processors in available time, trigger strategies will have 
to be carefully refined. In many cases, nearly the full off line reconstruction and event 
selection will need to be performed on line. Moreover, in experiments with high rates 
into the third level, the third-level decision process will also need to be tiered, to reject 
events as quickly as possible. In practice, rejections obtained by third-level processing 
to date have not been high. For instance, J. Appel reported that in one Fermilab fixed 
target experiment a trigger algorithm which executed in 30 to 40 milliseconds on an ACP 
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processor13 while performing vertexing using three layers of silicon strips provided only 
a factor two enrichment in the charm sample. On the other hand, if the physics can 
be pulled from the data off line in finite time, then the off-line processing power can, in 
principle, be put on line to make the event selection there. The challenge is to craft a set 
of efficient and effective selection criteria in advance of data-taking, so that they can be 
used on line before data is written to tape. 

In constructing a third level trigger, some of the strategies used in developing first 
and second level triggers can be employed. For instance, pipelining, buffering and parallel 
processing are applicable in a third level trigger which itself is multi-tiered. Moreover, 
specialized fast hardware co-processors can be used for certain CPU-intensive, specific 
tasks. In fact, the data-driven pipelined processor approach characterized by E690 is 
not restricted to the second level trigger. Software and general-purpose processors can 
be a logical part of this approach. On the other hand, as the power of commercial 
microprocessors evolves, efficient use of processing power may become less of an issue. 

DATA ACQUISITION 

Overview 

A general model of data flow through the data acquisition system is shown in Fig. 3. 
This model describes the data acquisition system of either a fixed target or a collider 
experiment. The data is buffered in levels as the multi-level trigger decision is made. 
After each level of the trigger decision, the data is transferred from one buffer level to 
the next. The data rate is reduced at each level because only accepted event candidates 
are transferred. The data can be further reduced by processing, such as zero suppression 
and local cluster definition, or even local track segment finding. Such processing occurs 
in parallel with the trigger decisions and may include some of the processing used in the 
trigger. 

As the data is reduced, it is channeled onto fewer and fewer data paths. Ultimately, 
the data converges onto less than about ten high-speed digital links which carry the 
data from portions of the detector into Level 3 buffers where the full event is assembled. 
The Level 3 trigger processors, as they perform event analysis for sophisticated trigger 
decisions, can also perform further data reduction. Finally, the data is written to a 
mass storage medium. Potential bottlenecks arise within the data acquisition process, 
such as into Level 3, where the practical number of parallel busses is limited, and such 
as onto mass storage. These points may ultimately determine the degree by which the 
trigger must reduce the interaction rate; however, the demands on the trigger are eased 
if adequate data reduction can be performed prior to the bottlenecks. 

The data rates posed by beauty experiments either at the Collider or in the fixed 
target program are less than, but similar to, the rates expected by a large SSC detector. 
A fixed target experiment will have about one-half as much data at the front end as a 
Collider experiment, but will have a comparable amount of data in reduced form. The 
rate of event writing to mass storage will probably be higher in a fixed target experiment 

· than at the Collider. 
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Fig. 3. Schematic diagram of a trigger and data acquisition system for either a 
collider or a fixed target experiment. 
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Data acquisition systems can be constructed to handle these rates. An example 
of such a system was described at the workshop by Barsotti, Bowden, Gonzalez and 
Swoboda.12 This system is capable of very high performance. It includes front-end elec-
tronics composed of two types of custom VLSI circuits. The first is "microplex-like" and 
performs scanning, digitization and buffering for 64 channels. The second performs data 
compaction and is used to form a pipeline of data compaction which channels the data _ 
into progressively fewer data paths. High-rate fiber-optic data transmission transfers the 
data from the front end to Level 2 and Level 3 arrays of processors. The system provides 
architectures for moving data from a number of parallel but different data paths into 
another number of parallel processors. See Ref. 12 for a more thorough discussion of this 
system. 

Front-End Electronics 

The open geometry of fixed target experiments makes the front-end electronics system 
much easier to design. There is typically lots of space transverse to the beam direction 
for mounting amplifiers, cables, and so on. Also, the small beam size and the strong 
forward opening angles make small planar detectors very practical; there is no need to 
try to resemble a sphere. On the other hand, the demand for very high rates is a severe 
constraint. A maximum event rate for fixed target experiments is very dependent on the 
type oftrigger. Once one gets more than one event per RF bucket, however, the problems 
of triggering increase substantially because of accidentals. 

We assumed that the high event rates from either a fixed target or a collider exper-
iment will require a pipelined trigger which implies that all the data must be stored in 
the front end for several events. Because of the large number of channels and, at least in 
the collider case, small space, some form of custom chip will be required. In a contribu-
tion to this workshop, R. VanBerg14 discusses the motivation for custom front-end chips 
and some considerations in the design of the chips. He also sketches block diagrams of 
chips for readout of silicon strips in fixed target and in collider experiments as illustra-
tive examples of front-end electronics for any detector component. There was a general 
consensus that it is now quite feasible to design custom analog chips that will meet the 
bandwidth and density requirements for either fixed target or collider experiments. These 
front end chips are expected to have some form of capacitor storage (microplex chip). 
This could either be pipelined storage with one capacitor per clock step or some sort of 
data driven system where a signal above a threshold is tagged with the appropriate time 
stamp. There was also some difference of opinion on when to digitize the data. One 
view is to keep data in analog form as long as possible and to make as many trigger 
decisions as possible before digitizing the data. The argument for this view is that the 
circuits are simpler and thus lower cost both in money and power. This point of view is 
discussed in R. VanBerg's paper. 14 The other view is to convert to digital signals as early 
as feasible and do most of the buffering and processing in the digital world. The basic 
arguments for this is that the driving force in the industrial world is digital processing 
and so there will be a large choice of commercially available, high-speed parts for data 
transmission and signal processing. E. Barsotti et al.12 describe a large digital system 
for a colliding beam detector which leans in this direction. They suggest a microplex-like 
chip with a built in fl.ash ADC for the front-end data storage which would be followed 
by a data compaction {zero suppression) chip. These two chips would form a pipeline 
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system capable of processing data at a rate of a few hundred nanoseconds per pipelined 
stage. At the end of the pipeline, the data would be locally stored in memory. After 
the Level 2 trigger, the data would be transmitted over wide-band fiber optic cables to a 
microprocessor farm. The use of fiber optics substantially reduces the space needed for 
cables and also gives good noise immunity. 

Conclusions 

The general conclusion of the Working Group was that a system for triggering and 
data acquisition is feasible either for a fixed target experiment at 50 MHz or at a collider 
with a few hundred nanosecond crossing interval. In either case, such a system could 
be based upon existing approaches and is similar to models developed for the SSC. The 
system would of necessity be aggressive in its application of existing and emerging tech-
niques. For instance, some number of custom VLSI circuits may need to be built, but 
they do not seem to be beyond current technology. New electronics technologies can be 
used to increase the power of familiar triggering techniques. No estimate of the quantity 
of either development or circuitry was made; however, these most likely match reasonably 
with the scope of an ambitious beauty experiment. 

A fixed target experiment or a collider experiment each offers its own advantages. A 
fixed target experiment offers a geometry which makes tracking, and particularly vertex-
ing, easier at the trigger level and which also makes a multiplicity jump trigger feasible. 
The geometry also offers practical advantages for packaging of front-end electronics. More 
than one interaction per RF bucket in a fixed target experiment excludes certain triggers 
and compounds rejection problems, and more than a few interactions per bucket may be 
feasible for only a few specific triggers. In the Collider, interaction rates are at lea.st one, 
and perhaps three, orders of magnitude lower, and rejection requirements are about three 
orders of magnitude less. In some sense the trigger seems easier in the fixed target case; 
however, probably not enough easier to produce the rejection needed by a fixed target 
experiment. In either case, future studies must identify the physics criteria on which to 
select events in order that specific triggers on these criteria, and complete trigger systems, 
can be studied. The ability to distinguish beauty events from background in sufficient 
numbers is of course a prerequisite to the study of beauty physics. It was the sentiment 
or spirit of the_ Working Group that, if this distinction can be made, hardware can be 
developed to make the distinction at the trigger level. 
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Abstract 
A readout scheme for the reirote imaging spectrometer is outlined. 

First a sinplified system for a small spectrometer is developed in 
some detail. 'Ihe changes necessary to uwrade this sinple model to 
facilitate a larger area spectrometer and to facilitate the processing 
of multiple tracks per microbunch are discussed. 'Ihe object of this 
exercise is to de:rronstrate the viability of reirote imaging vis-a-vie 
the electronic readout and processirg. 

1 Introduction 
It has been suggested that some of the problems asscx:iated with the 

high fluxes necessary to study 'b' physics may be circumvented, or at 
least mitigated, if the vertex detector spectrometer is re:rrote from the 
production target. 1'Ihis spectrorne~ is discussed in some detail in the 
articles by Bjerken and by Wehrnan in these proceedings. 

'Ihe spectrometer would consist of a mnnber of 'sub-spectrometers, 
(subsequently referred to as spectrometers) each in turn consisting of 
detector stations ( nominally 3 ) • 'Ihe spectrometer would yield two 
pairs of points ( x1 , 'li; x2 ! Y2 ) at the front and rear of the 
spectrometer. 'Ih~ parameters are ~en used to calculate the Map 
Function ( see article by A. Wehrnan ) Real-time limits inposed on this 
map function from the two spectrometer ann.s would then be used to select 
events with vertices away from the production target - the 'b' 
signature. 

It is the object of this discussion to suggest a readout and 
processing scheme that will facilitate acceptirg and processing an event 
in each microbunch ( every 18 nsec ) . For reasons of time and space, 
the system to be discussed here will be for a 'small' spectrometer which 
is able to process one hit per microbunch. 'Ihe m:difications necessary 
to build a large high resolution system and necessary to process 
multiple events per microbunch will be discussed briefly at various 
points in the discussion. In this discussion, 'spectrometer' will refer 
to the detector in one ann. Of course, two arms are necessary to detect 
the two particles from an interesting event. 

Spectrometer 
'Ihe spectrometer in each ann of the full two-body spectrometer 

consists of a number of overlapping spectrometers, each with a momentum 
acceptance of 10%. Each spectrometer consists of 3 readout stations. 
Each read~ station consists of three (or 4 ) planes of Si detectors 
about 6 an • 'Ihese three detectors are: one ( or preferably 2 ) 
rectangular Si pad arrays with coarse resolution; and an 'x' and a 'y' 
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array of high resolution Si strips. 'Ihe high resolution strips would be 
at say 25 micron spacing. 'Ihe rectangular pads would 'cover' between 32 
ard 128 of the fine strips. 'Ihe layout of the detector and of a station 
is shown in figure 1 (for a small spect.roneter, see below ) . 

In the readout scheme outline1 below, a track (or tracks) would be 
fourrl both views using the pads. A maxi1llum of one track passing through 
a particular set of pads would be accepted. In the multiple track 
scheme, it would be possible to accept multiple tracks only if the 
tracks occur in distinct sets of pads. ( A particular pad may be 
involved. in nore than one 'pad-track': see the example tracks in fig 1. 
) '!his limitation is inposed to simplify the pattern recognition 
pr00len. With this limitation, there is no multiple trazk ambiguity 
prclJlen within the one set of pads ( an area of a few mm ) , i.e. , there 
is no multiple track problen in the high resolution track finding. This 
limitations not considered. serious. 

Small Spectrometer 
For pw:poses of discussion, consider a set of detectors with 8 x 8 

pads ( one set only ) with each pad being 'backed up' by 8 high 
resolution strips. As shown in fig. 1, each station thus consists of 64 
pads ard 2 x 8 x 8 = 128 fine strips. 'Ihe data is assumed to be in 
digital fonn on cables arriving from detector electronics at each 
station. Readout schemes for Si detectors are discussed elsewhere, as 
well as in these proceedings. 

'Ihe first step in processing is to detennine if there is a track in 
the pads. See Figure 2. 'Ihis step will take a few clock cycles ( 1 
clock = the microbunch time of 18 nsec ) • D..lring this time, the data 
fram the high resolution strips 'waits' in the cables. 

'Ihe pads are assumed to be arrayed in rows (x) ard columns (y) . 
'Ihe first step in processing is fonn the 'or' of the 'Y' pads to 
detennine the presence of hits in 'x', ard then to encode ( using 
priority encoders ) the 'x' addresses of the hits. '!his encoding is 
done sinul taneously in the three stations. ( 'Ihe data from the pads must 
be sarrpled., ard then be allowed to contirrue through cables to the 'y' 
encod.i.rg ard track finding.) 'Ihese 'x' pad hits are then tested to see 
if they fonn a straight line within the resolution of the pads. Note 
that it is often necessary to accept either of two 'x' pads as the 
conf~ hit. 'Ibis possibility is allowed for in the downloaded 
lookup table (or hard-wired look-up table). '!his facility is 
represented by the two comparators in figure 2. If no track is found in 
this view, th~ event is dropped. If a track is fourrl in 'x', the 'y' 
pad arrays in which the track was fourrl are encoded. ard searched. for a 
track usin3' exactly the same algorithm ard hardware as described above. 
'Ihe differences in the 'x' and 'Y' schemes are noted. by the differences 
in the box arourrl the input for station n+2 ard the box to the right in 
figure 2. Again, if the track is not fourrl in this view, the event is 
drq;p:d. Note that as only the appropriate 'Y' columns are searched, 
once a pad-track is found, it is fully correlated in x-y. 
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If a track has been found in both views, the clusters of high 
resolution strips associated with the rc:M am column pads are encoded is 
added to obtain a position. 'Ihese high resolution mnnbers are then used 
to detennine the presence of a track. 'Ihe logic is essentially the same 
as that for the pad track finding shown in figure 2. Note that once a 
track has been confinned in each view, it is not really necessary to do 
a least squares fit, as the resolution of the track parameters would not 
be significantly improved. Note also that if the mnnber of wires behind 
each pad is equal to the nmnber of pads, the enccxti.ng hardware in the 
high resolution section is the~ as in the pad section. This scheme 
can be continued in a full scale system, thus simplifying and expediting 
the design am construction. If the rec:x'.)nstruction of a high 
resolution track is successful in each view, the event is kept, and the 
event is passed on to be saved am further processed. othei:wise this 
spectrometer element reports nothirg out. 

In order to accept events at a rate of one per microburst, it is 
necessa:ry to pipeline this scheme. Input data am results of 
calculations must be buffered at each clock time so that a new event may 
enter. 'Ihis buffering am timing scheme is as follCMS. 

At the first stage, when the columns are 'or'ed am encoded, and 
the encoded addresses of the pads are stored in registers. Even with a 
large system, it is relatively easy to carry out this step in 18 nsec, 
as the 'or' functions require about 1 nsec/gate, am the priority 
encoders with latches are quite fast. (MC10H165 for exa:rrple require 
about 2.5 nsec. A 64 bit priority encoder scheme is presented in the 
Mororola 'Mecl Device Delta' harrlbook ). 'Ihese rc:M addresses must be 
propagated through the full system. DJ.ring the next clock cycle, the 
lookup table is interrogated am the results buffered. At a third clock 
p.tl.se, the results of the lookup table are c::onpared with the confirming 
plane buffer am a decision is made to proceed or reject the event. 
Delta is always passed forward into a new register to make room for the 
next event. 

If the event is kept, at the fourth clock p.tl.se, the appropriate 
columns 'y' columns are selected am encoded. ( Again, an exa:rrple of a 
64 bit data selector, appropriate to a full sized system of 64 x 64 
pads, is shown in the above mentioned Mororola ha:rrlbook. ) These 
encoded addresses are processed in the ~ system as above. ( nCM up 
to 6 clock cycles ) At this point, again assunrl..rq that the event is to 
be kept, the 'x' am 'y' pad addresses fran the 3 stations that fonn a 
pad-track are available. 'Ihe process of finli.rg high resolution tracks 
can then proceed in parallel in the two views, as the x-y correlation is 
already assured by the pad-tracks • 

. 
Note that if nW.tiple tracks are to be allowed in a spectrometer, 

considerable extra hardware must be added. At each successive stage of 
track searchirg, the full pad image must be available. 'Ihe first set of 
pads used in a track must be turned off, am the encoding cycle started 
again. 'Ihe 'y' search is even IOC>re canplex, as at that point, events 
with possible ghost solutions would have to be rejected. Multiple track 
finli.rg will not be further considered in this brief discussion. 
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calculating the Map Function 
Once the track firrl.ing is complete ( values of X , Y ; X 2, Yn+2 ; 

generally noted here an::l in ref. 2 as X,, Y., ; X..,, y 2 ; R~:·EPava~able ) , the 
track parameters are passed on to the mp Func£.ion logic. Depending 
upon the rates of the output of track firrling, it may be appropriate to 
multiplex this part of the spectrcm;ter, as it is probably going to be 
~ive! '!he function to be calculated is a surn of terms of the 
type: pl p2 p3 p4 

Ci Xl. . Yi. ~ Y2 ; pl+p2 odd, p3+p4 odd where the order of 
the tunCtion is n where 

n = pl + p2 + p3 + p4. For n = 6, there are 59 terms! and of course 
59 Ci. 

'!he map function to sixth order consists of three sets of tenns: , 
the secorrl order ( 3 of the 10 possible secorrl order terms enter), 19 
fourth order, arrl 39 sixth order. It is therefore logical to pipeline 
the calculation in this order. At each stage of the pipeline 
calculation, a set of terms of the type c.~Fb. must be calculated, where 
each of the F's at a particular stage are1 :tUnCtions of two of the F's 
calculated at the previous stage (X1 ... are the 0th stage ) . These 
functions are probably best done by lookup table, as it is then easy to 
generate rrore complex functions than simple multiplies. ( At very 
least, constants must be included.. ) '!he contribution to the map would 
then be the sum of terms contributing to the map function from the 
previous stage(s), plus terms fran the current stage. One stage of this 
calculation is outlined in Figure 3. 

Each pipeline step might have 10 such multiply units. All 
possible secorrl order terms would then be calculated in one unit. 
(Only 3 of the secorrl order terms are needed in the map function, but 
others are needed in the higher order terms.) Two multiply units would 
be needed in parallel to do the fourth order calculation, and 4 would be 
used to calculate the sixth order terms. 11 input adders would be 
necessary to accumulate the sums as the calculation proceeds through the 
pipeline. '!he merrories for these calculations, are in the most naive 
m:xlel, very large: about 2M words each or about 20M words per 10 
multiplier unit!. Seven of these units would be required for the full 
system. 'lhe 'WOrd size for each unit depen:::1s on the accuracy needed, and 
that of c:x:1.lrSe sets the size of the next stage of merrory. The 
estimation of 2M 'WOrds per multiply unit assumes that the inputs to the 
units would be 11 bit words ( approximately the number of address bits 
to specify a high resolution Si strip ) '!here are of course a number 
of ways to :reQuce the amount of logic :necessary. For example, partial 
prcducts may be calculated arrl sununed to f onn higher precision products 
( a technique used in mL-E766, arrl to be used in the FNAL-E690 hardware 
processor ) . Sane of the calculations may be eliminated based on a 
detailed analysis of the terms in the map. 
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In oroer to monitor, calibrate, an:i dCMnload constants, it is of 
course necessacy to have this system controlled by an:i monitored by a 
o::ircp.rter. 'Ihis connection is not shown in figures 2 an:i 3. It is 
assunai that a number of events can be passed to this on-line computer 
in real time for continuous real-time nonitoring an:i calibration. 
Mjusted tables of constants can be reloaded durin:J the time between 
beam spills, or at appropriate intervals. 

Also not included in this discussion is the hardware to 
correlate the tracks found in the two arms of the spectrometer. 
'Ihis correlation would be carried out in another intelligent 
device usin:J the outputs of the map calculator from each of the 
spectrometer arms. 

Conclusions 
It is possible to construct a system to accept an:i process an event 

per microbunch. The track finding is quite straightfo:rward. The map 
calculations, if indeed of oroer 60 terns are needed, arrl if the terms 
must be canpletely general, is an expensive project in terns of the 
anount of hardware. This expense may be mitigated by multiplexing to 
reduce the number of map calculators per spectrometer arm, and possibly 
by judicious formulation of the map calculation. 

I am indebted to Bjerken arrl Wehman for detailed discussions of 
this prqx:isal. This work supported by NSF grant number 11052 ( 
University of Mass.) 

1) " A Minimal Experiment" by Bjerken, Transparencies available 
at this workshop. See also the article in these proceedings. 
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B PHYSICS .•. DIGITAL TRIGGERS & DATA ACQUISITION 
USING NEW MICROPLEX & DATA COMPACTION ICs, 

MANY PARALLEL MATH PROCESSORS, & 
FIBER OPTICS TO FAST DIGIT AL TRIGGERS 

& HIGHER LEVEL FARMS 

E. Barsotti, M. Bowden, H. Gonzalez and C. Swoboda 
Fennilab 

Batavia, Illinois USA 

Summarv 
This paper gives a systems engineering approach to solving the triggering and data 

acquisition problems in a B physics experiment. A strong emphasis is put both on using 
standard busses, data transmission techniques, etc. wherever possible and on minimizing 
'special' electronics built with combinatorial and, at best, minimally programmable logic. The 
increased use of buffering and parallel processing using high-level language programmable 
processors at various levels of the experiment is strongly recommended. 

The following notes give suggestions for: 
1. A new microplex-like IC containing F ADCs and scanning and buffering logic. 
2. A new data compaction IC which orders good channels (i.e., addresses and, 

if present, digitized F ADC data) into blocks of memory to be fed into a di!Ptal fast 
trigger array of math processors and subsequently into higher level processing 
farms. 

3. A digital few-microsecond trigger system using an array of math 
processors. 

4. High-rate data transmission into both the fast trigger processor array and a 
higher level farm using fiber-optic cables ... a technology which surpasses 
copper cables in performance already even though it is in its infancy. 

5. International standards efforts for very high-speed point to point and point 
to multiple points data transmission via fiber-optic cables. 

6. Present and near future processing capabilities in high level farms. 

The Problem 
Figure 1 is a very simple description of the triggering and data acquisition problem in a B 

physics collider experiment. Note the several gigabyte per second (GB/s) data rate into the fast 
trigger math processor array or an even higher data rate from the 'new microplex-like ICs' into 
the first column of new data compaction ICs. Note also that we are using highly parallel 
digital, not analog, methods for fast triggering. Math processors can do floating point Ax + B 
calculations in 30 to 60 nanoseconds. Figure 1 assumes a factor of five reduction by a fast 
analog Level 1 trigger. 

New Readout & Data Compactjon ICs 
Figure 2 shows how new microplex-like ICs and new data compaction ICs are used to 

form a pipelined multiple stage readout and data compaction subsystem capable of pipelining at 
rates of a few hundred nanoseconds per pipeline stage. Note that each pipeline stage reduces 
the maximum stored data by a factor of two. It is estimated that less than one tenth of the 
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160,000 channels of data are hit. The output of this logic is several data compaction I Cs each 
containing ordered sets of good channel data (i.e., addresses and, if present, digitized FADC 
data). This data is used as input to the fast trigger math processor array and, if accepted by the 
fast trigger, as eventual input to the high level processing fann. 

Each new microplex-like IC has two identical sections, each having one FADC, as shown 
in Figure 3 which scan analog-compared inputs internally at 200MHz or 500MHz rates. When 
a good hit is detected, an FADC conversion is done. For good hits the scan rate is slower. We 
have been told FADCs can be integrated into digital ICs. We do not know details at this time. 
It is possible that this one new design can be used for both yes/no only data and data requiring 
a digitized analog value. 

Each new data compaction IC also has two identical sections and, in fact, has much the 
same circuitry as the new microplex-like IC as shown in Figure 3. The scanning rate of each 
section need only be of the order of 40MHz. Ordered sets of addresses and, if present, FADC 
data are the inputs and outputs of these ICs. Note that each data compaction ICs can only store 
one half of its possible input number of data channels~ We thought this might be acceptable 
given that less than one tenth of the inputs result in hit channels. Modifications to this factor of 
two scheme should be straightforward. Here again we need additional input from physicists. 

Fjber-Optjc Data Transmjssjon 
The FASTBUS Standards Committee has begun work specifying a standard fiber-optic 

high-speed data transmission point to point (or to multiple point) link. Similar efforts are 
starting in ESONE, a European standards body, and within the IEEE. Communication 
between these organizations will take place hopefully leading to one standard. 

The transmission of data from front-end data acquisition systems to fast trigger math 
processor arrays or processor fanns using fiber-optic cable is possible at rates exceeding 100 
MBytes /sec. At 100 MBytes/sec the bit transmission rate on the fiber must be approximately 
one Gigabit/sec. Efficient use of the fiber bandwidth therefore requires that data be applied to 
the optical transmission system at approximately one byte every 10 ns. The feasibility of 
feeding and removing data from an optical system at this rate is possible but will be costly. 
Today a lGHz optical link alone costs approximately $12,000. The development costs of 
high-speed buffering, data encoding, data transmission, and data recovery must be added to 
the optical component costs. 

A more realistic approach would be to use VLSI chips presently available to format and 
transmit data over fiber-optic cable. As the technology advances, the commercial development 
of VLSI chips that allow higher data rates to be injected and removed from the optical link will 
become available. As these devices become available, the implementation costs will drop. 

This approach is presently under consideration by the FASTBUS Standards Committee 
and by others, both in the United States and Europe. In particular, the use of AMD Supemet 
chips to implement 12.5 MByte optical links is planned. These chips are available today. They 
provide data encoding, data serialization, data recovery and limited error checking. When 
connected to optical transmitters and receivers, these chips provide transparent point-to-point 
data transmission links. 

Figure 4 depicts single and multiple fiber, point-to-point links using the AMD Supemet 
chips which could be used to transmit data from 12.5 to 50 MBytes/sec. Higher data 
transmission rates can be accomodated by increasing the number of fiber links. The application 
of this technology to an experiment would take the form shown at the bottom of Figure 4. 
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Data from FASTBUS, CAMAC, VME, and detector mounted electronics could be transmitted 
over standardized optical links to memory modules. Present technology would allow the 
fiberoptic cable to be daisy-chained to additional memory modules thereby allowing data from a 
single front-end system to be transmitted to multiple memory modules. This data could then be 
read by processor farms for further analysis. 

The implementation of the data transmitter is shown in Figure 5. Parallel data from a 
readout device is fed in parallel to the optical transmitter. The data is transmitted serially to a 
module implemented as shown in Figure 6. This module accepts data from four different 
sources or 4 fibers from a single device and multiplexes 32 bit data words onto a FASTBUS 
backplane. The transmission of data from front-end equipment over fiber-optic cable provides 
a high bandwidth media for future data transmission rate upgrades and excellent electrical 
isolation between the detector and the data acquisition system. 

Data Routini: Into Leyel 3 
A major goal in a high throughput data acquisition system is to maintain parallel data paths 

at all levels. The Event Building function in particular, must be implemented in parallel. This 
can easily be accomplished, as shown in figure 7, with an array of dual-ported event 
memories. Scattered data from the preceding level is transmitted in parallel over standard point 
to point serial links to a single row of event memories. A processor in that row builds the 
event by reading the event memories sequentially. By balancing the number of processor rows 
with input data links, the full input bandwidth is preserved. The number of processors in each 
row depends on the average event processing time. 

With current technology fiber-optic encoders and standard busses, a throughput of 40 
MBytes/sec per data link is typical. A system with a memory array of 20 X 20 modules (1 
crate by 20 rows) can therefore move approximately 800 MBytes/sec. A rate of only 80 
MBytes/sec is initially required for the B physics data acquisition system. 

Data Boutin&: Into Leyel 2 
While the dual-ported event memory architecture is very flexible, it suffers from two 

limitations which make it less feasible for Level 2 data rates. First, the memory array size can 
expand in proportion to the square of the data rate, which limits the practical system size to a 
less than 1 GByte/sec. Secondly, the use of a standard backplane in the horizontal datapath 
limits processor I/O. Both of these problems can be partially offset in a higher level 
processing system by the arrangement in Figure 8. In the case of Level 2 however, this is still 
insufficient. A FASTBUS crate can hold as many as 200 processors, resulting in I/O 
contention if the average processing time is less than 16 msec per 3.2 KByte sub-event 
(assumes 10% of the nominal event size used in the Level 2 trigger) Additional processor 
crates in the horizontal datapath only worsen the situation. For simplicity in calculation, 
assume a Level 2 event processing time of 512 µsec. Each processor then takes data at a rate 
of 6.25 MBytes/sec. Using-current technology, this rate can be supplied using 1 fiber-optic 
cable per VME processor board or 4 cables per FASTBUS board. In the future, one 
fiber-optic cable per FASTBUS board is expected. 

This alternate architecture (for data rates above 1 Gbyte/sec) is shown in Figure 9. All 
data transmission is via serial links in a packet switching network. In the simplest approach, 
the network is nothing more than a parallel N-bit circular shifter. Between each packet time 
slot, the outputs are rotated one position to perform the Event Building function. Multiple 
events must be buffered in the sending and receiving processors in order to fully utilize the 
network. With 100 Mbps links, a throughput of 1.6 GBytes/sec requires 128 serial channels 
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which is comparable to 40 standard parallel backplanes. Since multiple serial links can be 
routed to each processor crate or board, the backplane bandwidth restriction is eliminated. This 
approach requires synchronization of data packets between processing levels in contrast to the 
dual port memory architecture which is loosely coupled through a Data Flow Control Network 
(standard LAN). 

A more flexible packet switch (used in telephone data switching networks) can be built 
using bitonic sorting elements. This network is self-routing but requires clocking of the node 
control logic which reduces the data rate to less than 50 Mbps per channel. It is also less 
deterministic. 

Math Processor Arrays and Processor Farms 
Several single chip Digital Signal Processors optimized for high throughput floating point 

calculations will be introduced in 1988, with performance in the 7-15 MW (MegaWhetstone) 
range. By comparison, the VAX 780 and first generation ACP modules are 1 MW machines. 
This means that performance levels of at least 15 VAX equivalents on a VME board and 50-60 
VAX equivalents on a FASTBUS board are possible at a cost of about $200 per MW. 
Performance should double again within the time-frame of this detector. 

System performance versus number of crates is shown in Figure 7 for the Level 3 
architecture. Processing power would remain the same, but at higher potential data rates, in a 
fully serial packet network of similar siz.e. 

Original estimates for Level 3 data rates are modest ( < 80 MBytes/sec) and can be handled 
by a system with 2 or 3 processor rows. Processing times as high as 1 second per event have 
been suggested (1000 events/sec= 1000 processors= 6 FASTBUS crates= 30 VME crates= 
$2 million). 

The data rate into Level 2 is substantially higher, between 1 and 2 GBytes/sec. Assuming 
a half million events/sec and -500 µsec/event requires 250 processors. A specialized Level 2 
processor is unlikely to provide any cost or performance advantages. 500 µsec of processor 
time is sufficient for approximately 5-10,000 floating point operations. 
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B Physics ..... The Problem 

Data rate: <= 160,000 bits/400nsec. 
(50GB/s) 

Data rate: Approx. 32KB/2usec 
(16GB/s). 

Data rate : 10% of 32KB for Level 2 decision. 
10% of 16GB/s=l.6GB/s. 

Data rate: 32KB/event X 2.5MHz/1000 
events/second=80MB/s 

Level 2 Trigger 
(2usec average 

..---------~ decision time, 

- Fast analog and/or digital 
logic reduces trigger rates 
by a factor of 5 to 0.5MHz. 

-400 nanoseconds (2.5MHz) 
per pipelined stage 

-Hit channels and their 
digitized analog data 

-Expandable for more input 
channels 

-Level 1 output rate=500kHz 
-160,000 channels 
-2.5 MHz raw rate 
-New faster VLSI IC like 
the microplex IC but 
with FADCs within 
the IC 

Mem.Jry 

-Stores addresses and 
digitized analog data 
of hit channels 

-Stores several times 
more events than is 
accumulated in the time 
it takes one Level 2 
processor to accept or 
reject an event. 
(assume 500usec) 

-Size: >32KB/2usec X 
500uscc=8MB. 

Level 2 Trigger 

e.g. DSPs) 

Level 3 

-Use banks of DSPs or other math processors 
-Processors do floating point or integer math 
-Instruction cycle times of 30-60 nsec 
-One instruction minimally can do Ax + B. 
-Assume 500usec for Level 2 decision this 
requires 250 processors. 

Figure 1 
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B Physics ... Front-End Trigger Logic 

New microplex-like !Cs 
(2500 !Cs for 160,000 channels) 
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(00 ... 00lXXXXXX) 
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(digital) 

1250 !Cs for .LE. 80,000 channels 

I 
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Data Compaction !Cs 
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625 !Cs for .LE. 
40,000 channels 

/ 
(00 ... 0XXXXXXXX) 

To additional 
Data Compaction 
IC columns 

-double-buffered Additional -""-.&--__;..i .. 

-< < 400nsec{mternal scan Address Lines 
including converting 'good' 
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-200 MHz internal scan rate (hit channels) 
-daisy-chaining signals for readout 
-inputs: 

... 64 analog signals From addresses 

... external scan clock 00 ... 0lXXXXXXX 
... output enable 
... maximum number of hits allowed 
... threshold 
... reset 
... etc. 

-outputs: 
... FADCdata 
... channel address (5 bits) 

t 
To/from additional identical 
Data Compaction !Cs 

... overflow (i.e., too many hits) 

... end of scan signal 
... etc. 

Figure 2 
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B Physics ... Front-End Trigger ICs 

Microplex-like ICs 

Scanner logic, 
FADC&me 

Scanner logic, 
FADC&me 

Scanner logic, 
FADC&me 

Scanner logic, 
FADC&me 

Data Compaction IC 

Scanner logic 
&me 

-input: .LE. 32 channels ( i.e., ordered hit 
addresses and F ADC values) from 
two .LE. 32 channel sources 

-output: .LE. 32 channels (i.e., ordered hit 
addresses and FADC values) read 
out sequentially 

-scan rate of 40 MHz (each half) 

Figure 3 
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SINGLE FIBEROPTIC CAl3LE ~LTIPlE FIBERS FOR HIGHER 
DATA TRANSFER RATES 

SINGLE SOURCE TO SINGLE RECEIVER 

DATA FLOW CONTROL 
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COMMERCIALLY AVAILABLE VLSI FOR DATA TRANSFER APPL/CATIONS 
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Front End Architectures for New Beauty Detectors 

Richard Van Berg 

University of Pennsylvania 

Some very general triggering and data acquisition 
considerations seem to govern the design of any new high rate 
detector. In addition in the case of a Beauty experiment, 
there are a few specific technical limits that help to define 
the architecture of the data acquisition system. 

Very high interaction rates are designed to capture the 
largest possible sample of events, thus a detector and its data 
acquisition system should be deadtimeless, or nearly so. Very 
high interaction rates imply very high data rates out of the 
detector. In order not to suffer high costs in space 
(he~meticity), power, and dollars, it is necessary to buffer 
all or almost all of the detector signals immediately at the 
detector. Very high interaction rates also imply very high 
trigger rejection rates and thus relatively sophisticated and 
complex triggers. 

For a dedicated beauty detector, there is almost certainly 
going to be a silicon strip system with a very large number of 
channels (order 10,000 for the fixed target version and 100,000 
for the collider detector). A beauty detector will also have a 
large volume of precision wire chamber tracking, particle 
identification (in one or more forms), and calorimetry. The 
very large number of fast electronic channels will force the 
use of custom integrated circuits in many cases, not only to 
reduce costs, power, space and so forth, but also to enable the 
high level of interconnectivity necessary for the formation of 
complex triggers. 

The need to control hermeticity (in the collider case) and 
dollars in both cases implies that the smallest number of 
cables exit the detector. A limitation on the number of output 
cables also helps to reduce the power dissipation of the 
system. Since the power dissipated by an integrated circuit 
(unlike a discrete version of the same circuit) is largely or 
entirely dominated by the output drive power (which is 
proportional to the frequency and voltage swing of the output), 
a great deal· of power and copper can be saved by sending out 
only information that is necessary to systems outside the main 
detector. Thus data should leave the local on-detector buffers 
only if the event in question has passed the triggers up to 
this time and only if the data is now necessary for the 
formation of the next level of trigger decision. Data that has 
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not passed the external trigger criteria should be 
automatically flushed at the detector electronics. Flushing 
could either take place after a fixed time (in the case of full 
pipelined data storage) or after the positive acceptance of 
some known later event (in the case of sparsified data with 
tags). 

Data should, for similar reasons, be in as compact and 
useful a form as possible before leaving the detector. 
Specifically, all zero suppression should be done on the 
detector. Clustering, pedestal subtraction, linearization, 
segment finding, and so forth should also be done as early as 
possible either on the detector or in specialized processors 
upstream of more general processors. Pedestal subtraction and 
linearization will not reduce the volume of data though they do 
reduce the load on later level processors. Segment finding is 
an interesting special case that has some promise of being done 
on the detector very quickly so as to not only reduce the 
volume of data flow, but facilitate (or even make possible) 
fast impact parameter or transverse momentum triggering. 

Since analog to digital conversion uses power (and takes 
up space) in direct proportion to the speed of the conversion 
and the number of bits of resolution, but inversely to the 
number of detector elements per ADC, data from any detector 
element should change from a "natural" analog form into a 
digital representation as late in the triggering process as 
possible. However, where it is possible to use a simple 
discriminator output for the data, elimination of analog 
storage more than compensates for the early inclusion of the 
"one bit" ADC. In cases where a very large dynamic range in 
the signals of interest (e.g. more than 10-11 bits) makes 
simple analog storage difficult, one must choose to add 
complexity in the form of two levels of analog sample (high and 
low gain), or accept large deadtimes (per element) in order to 
use high precision (but slow) ADCs, or go to the limits of 
flash ADC technology (12 bits, 1 microsecond, $115 is 
announced). None of these options is particularly appealing. 

In order for data to remain at the detector until needed, 
it is necessary to provide storage at each element during the 
time that the trigger decision is made. Figure 1 is an 
illustrative block diagram for a possible silicon strip 
detector in a collider version where charge centroids are used 
to greatly increase the positional resolution. This diagram 
demonstrates most of the complexities that might arise in any 
other system. A common feature shared by most other classes of 
detector is the presence of two levels of on-detector storage. 
First is a delay analog and digital FIFO (first in first out 
memory) that stores data from a given detector element until 
some 'early' trigger allows a large fraction of the data stream 
to be discarded. Then data are stored in a second fife until 
some late~ trigger validates or discards the data. The actual 
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time scales depend in a detailed way upon the triggers 
involved, but many fast triggers could be formed and 
distributed in about 1 microsecond. Later ('not so early') 
triggers could be formed in 10 to 50 microseconds. 

S'l'RIP 

ONE OiIP INCORPORATES 'MANY' CHANNELS 

J.SYNCHAONOUS IF IFOI 
ANALOG CHARGE SlORAGE 
WITH COUP<.EO TRIGGER 1.0. 

_JTA.GES, ORCE.A 1 "4ICROSEC 

FIFO 

ANALOG CHARGE STOA.lGE 
WITH COUPLED TRIGG~ I .0. 

-.STAGES, OFIOE!l 10 MICROSEC 

•10t ...... r na• 

FIGURE 1 - SILICON STRIP SYSTEM, COLLIOER VERSION 

TO OUTPUT 

The system in Figure 1 involves storing analog data during 
the trigger delay times. Since analog storage is rather more 
complex than digital storage, the Figure 1 system uses a data 
driven fife structure where a storage element is filled only if 
data (above threshold) is present during a given crossing time. 
Thus for reasonable occupancies only a few storage locations 
are necessary to span times of order 1 microsecond. If the 
occupancy is 10% and there is a crossing every 200 nanoseconds, 
then one storage location is very often sufficient. If the 
'early' trigger rejects 90% of the crossings as uninteresting, 
then a few additional storage locatidns suffice for the next 
tens of microseconds. 

In an actual implementation the analog storage capacitors 
would probably be common to both 'FIFO' strings and a complex 
set of trigger I.O. lists would keep track of whether a 
particular capacitor was cleared and waiting for data, or had 
data and was waiting for an 'early' trigger, or was waiting for 
a 'not so early' trigger, or was actually being digitized. 
Note that for 10% occupancy and only 90% rejection at both the 
'early' and 'not so early' levels the average rate of 
digitization would be once per element per 200 microseconds - a 
5 microsecond AOC could easily handle 30 or more elements. In 
Figure 1 the last block implies that with 'many' channels in a 
chip it would be possible to do the centroid finding on chip 
and thus cut.the final output rate by another factor of two to 
four. 
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FIGURE 2 - SILICON STRIP, FIXED TARGET VERSION 

'!Q OUTPUT 

In Figure 2 the simpler case of a fixed target silicon 
strip system is examined. Here silicon strips are either hit 
or not hit (a simple discriminator) and the 'early' delay is 
most easily implemented by a simple synchronous shift register. 
The box labeled "Zero Suppress" removes not only the occupancy 
zer?s but also the data from uninteresting crossings. The 
output of the box is a trigger I.D. number (similar to the 
previous case) which is simply the crossing number of a 
relevant hit. This I.D. number is then passed to the next 
stage FIFO to await the next level of decision at the "Compare" 
box. The other significant difference is the presence in this 
case of fast outputs to a multiplicity jump trigger from either 
the preamp or discriminator outputs (or both). In practice, 
preliminary analog or digital sums would take place 'on chip' 
in order to save power and interconnections. (It is important 
to note that a low impedance (i.e. 'off chip'] line driver can 
easily take five to ten times as much power as an amplifier or 
discriminator element.) 

Many other detector systems could be considered, but the 
general features will not change. Systems involving time 
measurement (e.g. drfit chambers) would require a time to 
voltage converter (TVC) immediately after the discriminator but 
then the block diagram would look very much like Figure 1. 
some detector elements will not need the second level of data 
storage if the occupancies are low, trigger rejections are low, 
or the final data is needed in the formation of the 'next' 
trigger. The need for multiple levels of storage (more than 
two levels on chip is not impossible) is greater in the case of 
the fixed target experiments where the trigger rejection rates 
(and inherent interaction rates) must by definition be higher. 
In this fixed target case there is a very great similarity to 
the general SSC detector problem in terms of both interaction 
rates and bucket/crossing times. Fortunately there are rather 
fewer channels of detector in the as yet imagined beauty 
detectors as opposed to the general purpose SSC detectors. 
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THE PATTERN MATCHING MACHINE 

Mauro Dell'Orso 
Universita di Pisa 

Pisa - Italy 

Luciano Ristori 
Istituto Nazionale di Fisica Nucleare 

Pisa - Italy 

Abstract 

We describe a very fast algorithm for track finding based on 
pattern matching with a successive approximation strategy. We 

discuss how this algorithm can be efficiently implemented on a 
massively parallel architecture. Maximum speed can be achieved 
implementing a large array of custom VLSI chips developed 
specifically for this purpose. 

Introduction 

The analysis of data collected by modern High Energy Physics 
experiments often requires a lot of computing power. One of the 
most demanding tasks is usually track reconstruction. 

The quality of the results from present and future experiments 

depends to some extent on the implementation of fast and efficient 
track finding algorithms. The detection of heavy flavour 
production, for example, depends heavily on the reconstruction of 
secondary vertices generated by the decay of long lived particles, 
which in turn implies the reconstruction of the majority of the 

tracks in every event. 
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The detector 

In this discussion we will assume that our detector consists of a 
number of parallel layers, each layer being segmented into a number 
of bins. When charged particles cross the detector they hit o~e 

bin per layer. This is, of course, an abstraction but it is 
adequate to discuss the basic features of the track finding 
algorithm and it is meant to represent a whole class of real 
detectors (drift chambers, Silicon microstrip detectors etc.). For 
each event we know which bins have been hit and from this 
information we want to reconstruct the trajectories of all the 
particles. We call this process track finding. 

The pattern bank 

The problem of track finding can be solved, at least conceptually, 
by a "brute force" approach. We consider all the possible tracks 
that go through our detector. Each track generates a hit pattern. 
Since the detector has a finite spatial resolution (bin size), many 
different tracks generate the same hit pattern. The number of 
different hit patterns generated by all the tracks is finite and we 
can imagine to store all of them in a sufficently large memory. The 
collection of all these patterns defines both the space of the 
tracks we are looking for and how they appear in the detector: we 
will refer to this collection as the pattern bank. 

For each event, a number of tracks go through the detector and a 
particular configuration of hits is thus generated: we will refer 
to this configuration as the event. A conceptually simple way to 
perform the track finding algorithm is to scan the pattern bank 
and compare each pattern to the event. A track candidate is found 
whenever all the hits in the pattern are present in the event. 
Going through the totality of the patterns in the bank yields a 
number of track candidates. 
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The number of different patterns to be stored in the bank depends 
on the detector granularity and geometry, and on the 
characteristics of the tracks we want to detect. As an example we 
will consider the situation shown in fig.1: the detector consists 
of four parallel planes and each plane is segmented into n bins. We 
consider all straight tracks crossing all four planes. We want to 

estimate the number of different patterns (Np) that can be 

generated by a single track. 

A fairly good approximation is 

( 1) 

The reason for this is explained in fig.2. By selecting one bin in 
pl ape 1 and one bin in plane 4 we define a road: there are n 2 

different roads. From fig. 2 it should be obvious that all the 
tracks belonging to a road generate three different patterns 
corresponding to the three subroads delimited by dotted lines. 

Expression (1) can be generalized as follows: 

where 

Np = number of patterns 

m = number of detector planes 
n number of bins/plane 

( 2) 

The main problem with this approach is that the number of patterns 
to store in the b~nk for a practical situation may be very large. 
For example, if we consider 4 planes with 256 bins/plane we obtain: 
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To deal with such a large number of pat terns we need a lot of 
memory and we expect the process of matching all the patterns 
sequentially to be very time consuming. But we can make this 
process much faster by structuring the pattern bank as explained in 
the following sections. 

Successive approximations 

Fig. 3 shows an event with four tracks crossing four parallel 
layers. From top to bottom the spatial resolution of the detector 
is improved by a factor two every step. The image is confused at 
the beginning and becomes clearer as the resolution improves. 

The basic idea is to follow a successive approximation strategy and 
apply out pattern matching algorithm to the same event seen with 
increasing spatial resolution. Lower spatial resolution is 
simulated by logically ORing adjacent bins. 

Fig.4 shows how a single track is seen when each detector plane is 
considered as being only two bins. In this case the total number of 
patterns compatible with a straight line is eight. Pattern number 3 
is the one that matches. Since we have one track candidate at this 
level of spatial resolution, we now double the number of 
distinguishable bins in each plane and proceed to match the four 
patterns shown in fig. 5. Pat tern number 3 in fig. 4 is said to 
generate the four sub-patterns in fig.5. Since we still have one 
track candidate we go on halving the bin size. This process is 
iterated until we either reach the actual resolution of the 
detector (success) or we are left with no track candidate 
(failure) 

Tree search 

The pattern bank can be arranged in a tree structure as shown in 
fig.6. Increasing depth corresponds to increasing spatial 
resolution. Each node represents one pattern and it is linked to 
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all the subpatterns it generates when the spatial resolution is 
improved by a factor two. 

The pattern matching process can be implemented as a tree search. 
We scan all the patterns hanging from one node and every pattern 
that matches correctly with the current event is considered a track 
candidate and enables the search at the next deeper level in the 
tree. A track is found whenever this search reaches the bottom of 
the tree. 

This tree-search is obviously much faster than a purely sequential 
search. The average number of patterns one has to examine to find a 
track is given by: 

(3) 

where N1 is the total number of depth levels in the tree and k is 

the average number of patterns hanging from a single node. k ranges 
typically from 4 to 8 depending on the particular geometrical 
arrangement. 

We also have: 

log2 (n) ( 4) 

and therefore: 

k*log2 (n) ( 5) 

where k does· not depend significantly on n. 

Expression (5) is to be compared to 

(6) 
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which holds for a purely sequential search. 

Since in most applications n is rather large (100+1000), the 
advantage of the successive approximation approach is enormous. 

Missing hits 

In real experimental situations each plane detects particles with 
an efficiency wich is less than one. This means that there is a 
finite probability that some of the hits, in a given track, will be 
missing. Usually the probability of having all the hits (no miss) 
is actually rather small. Therefore we must be prepared to accept 
cases where we have only a partial pattern match. For example, if 
we have a detector with eight layers, we might accept also tracks 
that match only seven hits or maybe six. 
The tree-search algorithm may be easily modified to accept partial 
pattern matches: we need to modify only the way each pattern is 
compared to the event, leaving the data base structure and the 
visiting stategy unchanged. 

Sequential Implementation 

The tree search algorithm may be implemented on a 
machine. In this case we believe that a depth-first 
visiting the tree is preferable. 

sequential 
method of 

Every time we find a match we go down one level and start scanning 
all the sub-patterns hanging from that node. If no match is found 
at a given level, we go up and resume the scan of the patterns at 
the nexh hig~er level. Every time we hit the bottom of the tree we 
have a track candidate, when we go back to the root the search is 
complete. 

Parallel Implementation 
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The tree search algorithm lends itself to be implemented using a 
high degree of parallelism. 

We may imagine to have one process (parent searching all the 
patterns hanging from one node and matching them to the current 
event. Every time a match is found a new process (son ) is started 
in parallel to carry on the search at a lower level. This, in turn, 
will start other processes and so on. The parent process does not 
have to wait for all its sons to complete: it may terminate as 
soon as the pattern list at the relevant level is exhausted. 

Content Addressable Memory 

The pattern matching algorithm described in the previous sections, 
can be easily implemented on a parallel architecture because 
different patterns can be compared to the event independently and 
in any order; in particular, any number of comparisons can be 
performed in parallel provided that this is allowed by the 
hardware. 

If our main goal is speed, we can push the degree of parallelism to 
the limit and try to compare all the patterns to the event at once. 
To do this we need a special type of content addressable memory 
(CAM) to store the pattern bank: each cell of the memory is big 
enough to hold one pattern and has enough intelligence built in to 
compare its contents to the event. A possible architecture for this 
device is shown in fig. 7. Each row represents one cell and is 
designed to hold one pattern. Each cell is structured into a number 
of words, one word per detector layer (four of them are shown) . 
Each word holds the address of one hit on the corresponding layer. 
All the word~ in a cell define a pattern by specifying one hit per 
layer. Each word must be big enough to identify one bin on that 
layer. The Data Bus connects all the words in the same layer; this 
bus is used to load the pattern data into the memory cells during 
the initialization phase: this is done once for all. During normal 
operation, for every event, the coordinates of all the hits in each 
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layer are transmitted one after the other on the corresponding Data 
Bus; all the words continuosly compare their contents to what is on 
the bus and if a match is found the corresponding flip-flop (FF) is 
set. After all the hits have been transmitted, any cell that has 
all the flip-flops set is a track candidate because all the hits 
that define that pattern are present in the event. The addresses of 
all the track candidates are transmitted sequentially on the Output 
Bus. If we want to account for inefficiencies, we will set a 
threshold on the number of flip-flips we require to be set in a 
cell before we call it a track candidate. 

Typical applications require a number of cells of the order of lOOk 
or more. The amount of logic involved rules out the possibility of 
using standard components and requires the development of 
appropriate ASIC's (Application Specific Integrated Circuits). 

Using the present VLSI technology (Very Large Scale Integration) we 
believe we can design a CMOS chip with 256 cells. We could then put 
together a system with lOOk cells using only 400 chips. Each chip 
will include the content addressable memory and the readout logic. 
The input/output architecture of the chip can be designed so that 
many of them can be easily put together to implement an arbitrarily 
large pattern bank. 

Combining two approaches 

The CAM approach is very fast but the amount of memory needed grows 
very rapidly with the number of channels in the detector. Finer 
resolution means more hardware. The tree-search approach instead is 
slower, but the same machine is capable of handling any 
granularity. In this case finer resolution means more time. 

We will try to combine these two approaches and build a two stage 
machine. The first stage is implemented with a bank of content 
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addressable memory and finds tracks with limited spatial 
resolution; track candidates from the first stage are passed to the 
second stage. The second stage is implemented with an array of 
processors which run the tree-search algorithm to any degree of 
resolution desired. Note that the tree-search does not have to 
start from the root but from the appropriate level corresponding to 
the degree of resolution of the track candidates output from the 
first stage. The search time is thus proportionally reduced. 

We believe that for any given experimental situation the right 
compromise can be found in the sharing of the track finding task 
between the first and the second stage. If time is critical we can 
build a big content addressable memory and try to perform most or 
all of the track finding in the first stage. If time is not so 
critical we can save a lot in hardware (and money) by letting the 
second stage do most of the work. 
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CONSIDERATIONS FOR TRACK PROCESSORS IN 

HIGH RATE COLLIDER EXPERIMENTS 

L.D. Gladney and T. Trojak 
University of Pennsylvania, Philadelphia, PA 19104 

February 6, 1988 

Abstract 
A description of the CDF fast track-finding processor is given along with a brief 

discussion of the problems with tracking in the p-pbar environment. 

Introduction 

Dedicated, high-rate experiments at the Fermilab TEV I Collider offer a hope of eventually 
accumulating about 100 million bottom particle decays over the course of several years. 
To achieve this goal, high luminosities will be absolutely essential. At such luminosities, 
the interaction rate at the Collider could be as large as 2.5 MHz. Thus, rejection factors 
of roughly a million are needed at the trigger level in order to keep the number of events 
written to tape down to a reasonable level. The incl us ion of high-precision, charged track 
information in the trigger can produce a large fraction of the needed rejection in several 
way,.: 

At the first level of the trigger, it has been estimated from Monte Carlo studies (ref. 
jlj) that a trigger requiring an event to have at least one track with a transverse 
momeutum (Pt) above 1 GeV /c and a total Pt greater than 10 GeV /c will reduce 
the primary interaction rate by a factor of 5. 

2. Monte Carlo studies done by the Collider Detector Facility (CDF) group (ref. 12]) 
at the Fermilab Tevatron indicate that combining knowledge of track momenta with 
calorimetric information can reduce the fake electron trigger rates by a factor of 
- 2 x 102._ M atchi_ng the momentum of charged tracks to the energy of the shower 
reduces the rate by about another factor of 5. 

3. Smart processors can use the tracking information to trigger on specific charged 
track event topologies. 
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To get the required information at the trigger level requires the development of a high-
speed processor which can efficiently locate charged tracks from the tracking chamber 
data and accurately calculate the momentum of each track. In this paper, we will discuss 
the design of a track-finding system designed for use with the CDF central track chamber 
(CTC). Since the designs for such a tracking chamber are somewhat generic for many 
colliding beam detectors, we hope to elucidate some of the problems that must be faced 
in the development of track processors for any high-rate experiment at the Tevatron. 

General Description 

The Collider tracking environment is complicated by several sources of noise, all of which 
provide potential confusion for a track processor. These include beam related noise, high 
occupancy rates due to many low momentum tracks, after pulses from preamplifier elec-
tronics, etc. Modern drift chambers are designed to make it easier to reject random hits 
by arranging the sense wires into superlayers where each cell has multiple sense wires 
and every wire is equipped with multi-hit electronics. By looking at the correlation in 
timing between neighboring sense wires in a single cell, incorrect or ambiguous hits can be 
rejected from track finding and fitting. The CDF track chamber, for example, interleaves 
axial wire superlayers containing 12 wires in each cell, with stereo wire superlayers (for 
R-z measurements) containing 6 wires. The cells are tilted at a large angle with respect 
to a radial line from the origin. This ensures that any track with a transverse momentum 
above a few hundred MeV /c crosses the sense wire plane of a cell in such a way as to 
leave a "chevron" pattern of wire vs. time (see fig. 1) when the right-left ambiguity 1~ 

correctly resolved. 
The CDF track processor exploits the superlayer design by recording, on the processor, 

the wire location and time of every hit for 8 of the 12 wires in each axial cell of the C'TC. 
Two stages of pattern recognition are then done to locate tracks. In the first stage, the 
device searches the data stored for each cell for wire-time patterns corresponding to the 
passage of a high Pt track through the cell (again, see fig. 1). A matched pattern 
constitutes a found track segment for the superlayer. In the second stage, the segments 
for each superlayer are evaluated to determine which set of them can be consistently linked 
together to form a single high Pt track. 

The segment-finding stage is accomplished through the use of three types of printed 
circuit cards The first card, which is called the Time Memory, records timing information 
in RAM memory for the sense wires in each axial superlayer cell. The times of the hits 
are binned by au onboard clock which adjusts the storage address of the RAMs every 40 
ns. Thus, for a typical drift velocity of 50 microns/ns, this time-binning gives an accuracy 
for the distance of the hit from a given wire of about 2 mm. The RAM memory has the 
capability of storing information for 16 such time bins, so that all hits from any part of 
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the 3.5 cm wide CTC cells will be recorded. Each Time Memory card stores hits for 8 
axial cells. 

After all drift times have been recorded, segments are located by the second card, a 
Mask Library, which addresses the Time Memory cards with a set of masks (the "chevron" 
pattern described above) representing the wire vs. time patterns expected for high Pt 
tracks passing through a cell. Simply put, if the times of the hits on a set of wires matches 
the times expected by a given mask for a sufficient number of wires, then a track segment 
is said to be "found". The location of the cell for which the match is found and the ID 
number of the matched mask are recorded on a third printed circuit card, a simple FIFO 
memory array. The ID num her of the mask is defined to be the intergerized location, 
relative to the center of the cell, of the track segment which originally generated the 
mask. Hence, the cell location and the mask ID give the absolute azimuthal position of 
the track segment. Since all cells for a given superlayer are symmetric with respect to the 
CTC origin, any given mask is valid for all cells in that superlayer. We take advantage 
of this property by simultaneously sending a mask to all Time Memory cards for a given 
superlayer during the segment finding stage. In addition, we have one Mask Library 
for each superlayer so that all axial supercells can be simultaneously searched for track 
segments. In this way, the time needed for segment searching in a superlayer depends only 
on the number of wire-time patterns stored on the Mask Library card for that superlayer 
and is independent of the complexity of the event. 

The storage capacity of the Mask Library cards is large enough so that all possible 
wire-time masks for tracks with Pt greater than about 3 GeV /c can be stored. The 
masks are generated from real CTC data which has been processed using the full CDF 
tracking software, so they include all effects expected from varying entry angles of the 
tracks into the cell, multiple scattering, propagation delays, etc. The number of masks 
needed depends on the Pt range for which tracking is desired. Figure 2 shows a Monte 
Carlo estimate of the number of masks needed as a function of Pt, assuming an intrinsic 
spatial resolution of 2 mm on the location of each hit. The masks are stored in RAM 
memory so that they can easily be modified, via FASTBUS, if a different Pt threshold 
is desired. From figure 2 we estimate that about 250 wire-time masks will be needed 
to locate tracks down to roughly 3 GeV /c in transverse momentum. In order to provide 
a fast segment search, we have designed the first three boards to operate as a pipelined 
processor using EC L technology. A search for all tracks down to a bout 3 Ge V / c in Pt can 
be done in roughly 5 µ secs. 

After the segment search is finished, the fourth card of the system, called a Linker card, 
reads in the data: stored on the FIFO and links together those track segments from several 
superlayers which are consistent with coming from a single high Pt track. Consistency is 
measured by calculating the transverse momentum of a pair of segments in two different 
superlayers, then comparing this momentum to that calculated by pairing one of the 
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segments with yet another segment from a third superlayer. The momentum calculation 
is based on the fact that, if a track of transverse momentum Pt is produced at the origin 
with an azimuthal angle, c/!o , then, in the small angle approximation, the orientation of 
the track at a radial distance R from the origin is given by the formula: 

<f>J =<Po+ 
.03BR 

2Pt 

where B is the magnetic field strength of the CDF solenoid and cfi f is the final phi position 
of the track. Hence, the Linker performs a subtraction of the absolute azimuthal positions 
of two track segments from different superlayers, places the results into a PROM lookup 
table to calculate a Pt, then enters that Pt value into a histogram stored in RAM memory. 
Since a calculation of Pt for all possible combinations would be too costly in terms of time, 
combinations are formed by pairing each segment from only two axial superlayers with 
all segments from the remaining three axial superlayers. A track which traverses all axial 
superlayers should have six entries in the histogram. All six should fall into a peak at a 
given value of Pt in the histogram indicating a successful link to form a single track. The 
present design demands that there be a least three segment pairings giving the same Pt 
measurements (within the known azimuthal resolution) before a track can be identified. 

The transverse momentum of the entire linked track, as determined from an interpo-
lation of the entries in the histogram, and the absolute azimuthal angle of the track at 
the outermost superlayer are stored on the Linker board. The polar angles of the found 
tracks can be determined by combining information from the track processor with </J-z 
measurements from a set of drift tubes which lie just outside the CTC. After the link 
search is finished, this tracking information is available for use by other trigger proces-
sors which attempt to link tracks to other detector elements (e.g. calorimeter clusters, 
muon detector hits, secondary vertex detectors, etc.). The information on found tracks 
and track segments is also read out as part of the output data stream for use in higher 
level triggers and to aid in pattern recognition during offiine track reconstruction. The 
expected resolution of the processor is - 1 mr in azimuthal positioning and - I%x P1 

(GeV /c) for Pt values around 5 GeV /c. Monte Carlo simulations show that the average 
time for linking segments in Tevatron minimum bias events should be about 300 ns. The 
most complicated jet events may take up to as much as 100 µ secs. 

There are several advantages to the segment search method for locating tracks. The 
most obvious is that only segments corresponding to nearly radial tracks will be found 
by the wire-time masks. Thus, there is a large rejection against information from low 
moment um tracks and random hits from all sources. This is especially true if the sense 
wire plane in each cell has a length and an angle with respect to the chamber radius which 
is fairly large. For such cases, the sense wire plane subtends a large angle in azimuth from 
the beam axis and therefore allows a good measurement of the momentum of the track 
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just from the indentification of the track segment. More wires m the sense wire plane 
also provide a higher efficiency for correct identification of a segment. All of this leads to 
another advantage; namely better performance by the linking card since the number of 
incorrectly identified segments is reduced. If the segments are sufficiently well-identified, 
then those segments seen in the outermost superlayers can be used directly in trigger 
processors which attempt to match charged tracks to calorimeter showers. Thus, an early 
level trigger decision can be made even before the segment linking stage is performed. 

The ultimate limitation on the minimum momentum detectable by a segment search 
track processor comes from the unwieldly large number of wire-time masks which result 
from attempts to match lower Pt segments. Much of the noise rejection from the segment 
search results from the relatively restricted phase space possible for radial tracks which 
enter the tracking chamber cell in the cases where the track segment is approximately 
straight. Allowing finite curvature across the superlayer increases not only the number 
of masks but creates "overlaps" between masks created at different momenta. At high 
momenta, the masks are determined primarily by the entry angle of the track into the 
cell and the point at which the track crosses the sense wire plane. Low momentum 
tracks increase the number of entry angles which must be represented by masks, and in 
some cases, provide non-unique combinations of entry angle and crossing point, thereby 
smearing the Pt resolution of the masks. This not only increases the number of possible 
mask matches to a given track segment, but the number of "ghost" segments which can be 
produced by accidental matching to data from very low momentum tracks. Since the ghost 
segments a.re matched at random places throughout the tracking chamber, the number of 
false tracks found is, in general, negligible. However, multiple mask matches to a given 
track segment and the fact that the number of tracks in minimum bias events increases 
roughly as ) 5 means the segment linking time rises tremendously as the Pt limit falls 

t 
below a.bout 3 GeV /c. Thus, the ultimate Pt limit will be set by the amount of time 
available for segment linking. 

Conclusions 

A segment finding track processor has been developed for use with the CDF Central 
Tracking Chamber. Resolutions of approximately 1 milliradian in azimuth and ~ 1 % x Pt 
for transverse momentum can be achieved for tracks above 3 Ge V / c in Pt. Such segment 
finding processors are limited in their lower Pt cutoff for track finding by the amount of 
time available for linking of the segments. However, for lepton triggers, rejection factors 
of roughly 103 ca.n be made by combining found segments from the outermost superlayers 
of the tracking chamber with information from other elements of the detector. 
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Introduction 

A Vertex Trigger for Fixed Target Beauty 

Michael D. Sokoloff 
University of Cincinnati 

The fractional rate for beauty production in fixed target hadron experiments 
is expected to be approximately 10-6 to 10-7• Collecting large samples of beauty 
events therefore requires selective triggers which are also efficient. Physics signa-
tures which may serve to distinguish events with beauty from background include 
the presence of high PT leptons or high PT hadrons, large global transverse energy 
(ET), a change in charge multiplicity downstream of the primary vertex, or the 
presence of secondary vertices or high impact parameter tracks. I have studied 
an algorithm for triggering on events with high impact parameter tracks which 
can be implemented using existing technology and whose approximate efficiency 
and background reduction power are measured. 

The Algorithm 

The algorithm assumes that a primary vertex point can be determined from 
beam track information. Then hits from tracks emanating from the vertex point 
can be identified and marked out, and the remaining hits examined for evidence 
of secondary tracks. Given the interaction point, recognizing primary tracks in 
projection is a well-defined and finite problem. We can consider the specific 
case where a 1 mm thick target is 2 cm upstream from the first of five silicon 
microstrip detectors (SMDs), all of which measure the same projection and which 
are separated by 3 cm each. Let the first two detectors have 25 µm pitch and 
the last three 50 µm pitch. For the purpose of recognizing tracks, the resolution 
of such a detector will be about 0.5 mr. Projected onto the first plane, a 0.5 mr 
road is 10 µm wide. Projected onto the last plane, it is 70 µm wide. 

With a point-like target there are a finite number of roads one must consider 
in looking for primary tracks. Scanning ± 100 mr of the beam direction there 
will be 400 0.5 mr adjacent roads covering a 200 mr angular region. As a real 
track may leave hits in each of two adjacent roads rather than in one only, we 
consider also the set of roads offset by 0.25 mr from the original set. This layout 
is sketched in Figure 1. 

Each road is now a list of all of the strips in each plane which could be fired 
by a track of the specified angle coming from the primary vertex. Recognizing 
primary tracks simply requires comparing lists of strips fired in an event with 
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pre-defined lists for each of the roads. Whenever one of the strips within a road 
is found ON, the corresponding plane is considered ON for that road. When 
some minimum number of planes is ON for one of the roads, probably three 
or four, the corresponding track is found. Marking out the hits from the roads 
where primary tracks have been found leaves the hits from high impact parameter 
secondary tracks. Recognizing tracks amongst these remaining hits is equivalent 
to finding the secondary tracks. Not all high impact parameter candidates will 
be true secondary tracks, and not all secondary tracks will be detected as high 
impact parameter candidates. It is intended therefore that the trigger will accept 
events with some minimum number of candidates. 

--

--
0 cm 2 cm 5cm Bcm 11 cm 14 cm 

Figure! : Target region schematic in one projection. The little diamonds represent 
strip centers. The first two planes have 25 µm pitch, the remaining planes 
50 µm pitch. Roads 0.5 mr wide are anchored at the vertex point. The 
solid lines represent one set of roads and the dashed lines the offset roads. 

Trigger Efficiency 
How well will such an algorithm work? We can look at hadron data from Fer-

milab's E691_ to estimate background suppression and at Monte Carlo bb data 
to estimate signal acceptance. E691 is a charm photo-production experiment 
which ran in the Tagged Photon Laboratory at Fermilab using a 5 cm Be target 
and and an SMD vertex detector followed by a conventional open geometry spec-
trometer. The SMD system consisted of nine planes of 50 µm pitch detectors 
subtending approximately 100 mr in three projected views. As a test, E691 also 
recorded about 8 x 105 250 GeV 11"-Be events. The hadron events with primary 
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vertices in the last 1 mm of the target form the sample for the background stud-
ies. Monte Carlo bb events generated using the PYTHIA and LUND packages 
and run through the E691 detector simulation program form the sample for the 
signal studies. 

Starting at the primary vertex position ±20µm in the transverse coordinate 
(reconstructed position for the background sample, nominal for the signal sample) 
all 0.5 mr roads are drawn. In each view any road with hits in at least two planes 
(out of three) is deemed to have a found track. All the hits falling within such 
a road are marked out. Each track reconstructed earlier in the offline software 
is then examined in each projection. (The fast trigger would not have time to 
correlate these view tracks.) A view track is called a candidate high impact 
parameter track if at least two of its SMD hits remain after hits from primary 
tracks have been marked out. 

Table I: Trigger Rates 

minimum number of bb Monte Carlo 250 Ge V ?r-Be Data 
high impact parameter 

track candidates no ET cut ET> 2.2 ET> 6 ET> 8 

events (%) events (%) events events 

no cut 50 (100) 3296 (100) 578 73 

4 38 (76) 133 (4.0) 39 4 
5 30 (60) 77 (2.3) 25 2 
6 26 (52) 52 (1.6) 16 2 
7 20 (40) 24 (0. 7) 9 2 
8 18 (36) 19 (0.6) 7 2 
9 13 (26) 16 (0.5) 6 2 
10 11 (22) 10 (0.3) 4 2 

The efficiency of the trigger will be the fraction of b b events which are ac-
cepted by the cut. The background suppression will be one divided by the frac-
tion of background events which are accepted by the cut. Results from the bb 
Monte Carlo and from the E691 hadron data are shown in Table I. The hadron 
data was tak.en with a transverse energy trigger which required ET > 2.2 GeV. 
This accepted about 35% of the inelastic cross-section. Requiring the number 
of high impact parameter candidates to be at least four (summing over all three 
projections) accepts 75% of the signal and less than 5% of the ET > 2.2 GeV 
background, less than 2% of all the background. Requiring larger numbers of 
high impact parameter tracks drops the background rate dramatically, as does 
raising the ET cut. 
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E691 found that the ET > 2.2 Ge V trigger accepted about 80% of photo-
produced charm. The cc mass threshold is about two and a half times lower 
than the bb threshold, so one might expect a similar acceptance for beauty 
production with ET > 6 GeV. For ET> 6 GeV and the number of high impact 
parameter candidates at least 7, the background suppression is of order one 
thousand. The bb acceptance is then 40% times the ET acceptance factor. For an 
experiment running at a MHz interaction rate, using this trigger would require a 
data acqusistion system capable of digitizing and recording 103 events per second 
of beam. The Fermilab charm hadro-production experiment E769 is taking data 
now with a system almost this powerful. The major question remaining is whether 
this type of trigger can be built with existing or conceivable technology. 

Hardware Implementation 
Building the trigger logic for an experiment with a single point-like primary 

vertex position common to all events would require rather trivial and cheap 
hardware. Expanding the logic to account for the multitude of possible vertex 
positions provided by finite size beam and target requires more work. A brute 
force approach which duplicates the simple logic of a single primary vertex posi-
tion for each possible primary vertex position would be prohibitively expensive. 
Assuming the beam is 1 cm across and the transverse resolution is 25 µm we are 
led to consider 400 primary vertex positions in each view. Two simple techniques 
can reduce the problem to a tractable size. 

For a fixed primary vertex position a road consists of a window in each plane 
where data hits from the detector are logically OR'ed. If a sufficient number of 
planes are ON then the track is found. Using a Programmable Logic Array (PLA) 
chip in conjuncion with a static RAM (SRAM) chip one may build the window 
for one plane of a track at a fixed angle and many primary vertex positions. 
Latch bits from a relatively large segment of a detector are fed into a PLA chip 
along with mask bits from SRAM. The mask bit pattern is selected by the beam 
track intercept and defines the window appropriate to the angle of the road and 
the intercept of the primary vertex. 

The electronics industry produces PLAs with programmable AND arrays 
whose product terms feed fixed OR arrays. The road processors described above 
can be built. with these chips. The Altera brand EP1800, one of their family 
of Erasable Programmable Logic Devices, EPLDs, makes a good example. This 
device is divided into forty-eight Macrocells with configurable I/ 0 architecture 
allowing 64 inputs or 48 outputs. Each pin is connected to a buffer which presents 
both the signal and its complement as inputs to the 480 product terms. The clock 
frequency is 25 MHz corresponding to a cycle time of 40 ns. The chip measures 
0.9 inches square. It is programmed and erased using the device which programs 
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and erases EPROMs. A logic table incorporating 43 data input bits and 9 mask 
input bits to define the windows in one plane for a 1 mm primary vertex region 
(assuming 25 µm resolution) would fit into this chip. Six of the mask bits would 
be used to define the left-most edge of the track's window in this plane. Three 
bits would be used to define the width of the window (one to four bits wide). 

Defining a single set of roads, as if there were but one primary vertex position, 
and then shifting all the SMD data according to the offset between the actual 
primary vertex position and the nominal primary vertex position reduces the 
the pattern recognition problem at the expense of creating a switching problem. 
Pattern recognition can still be performed in sets of PLA + SRAM chips, and 
now the logic for eight roads will fit into a single set. PLAs can also switch 
the data very quickly. A block of eight input bits can be switched up to 32 
bits at a time providing eight output bits. These output bits can be fed back 
into the same switching system several times to achieve the necessary alignment. 
For a fl.at distribution of primary vertex positions in a 1 cm target region, 25 
jJ,m resolution generates an average of 3.6 shift cycles per event. A 16K channel 
SMD system (3 views) would need 2000 sets of PLA + SRAM chips for switching 
and 1500 for identifying the primary tracks. Another 500 would identify beam 
tracks. Pattern recognition for secondary tracks could use 15 400 µm windows 
in the most upstream plane connected by 300 roads to 20 1 mm wide windows 
in the most downstream plane using 600 chip sets. At $50 a set, the cost of the 
chips would be about $250K for a total system cost under $SOOK. 

With a fast ET trigger reducing the rate of events to be processed by the 
vertex trigger from 106 sec-1 to 105 sec-1 the vertex trigger must execute in less 
than 1 µsec to keep the deadtime below 10%. Once latch bits from the SMD are 
available, the hardware described above can find beam tracks, recognize and mark 
out hits from primary tracks, and identify high impact parameter candidates in 
500 nsec. Digitizing the SMD signals bucket-by-bucket (18 nsec per bucket at 
Fermilab) and looking at several beam tracks per bucket are likely to be the 
most difficult problems. Assuming these technical challenges can be met, a high 
impact parameter trigger as described in this talk should allow an experiment to 
record two orders of magnitude more beauty than an open hadronic trigger. 

Thanks 
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S. Kannapan, and M. Purohit put together the bb Monte Carlo. H. Areti and 
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was supported in part by the U.S. Department of Energy. 
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DATA ACQUISITION AND TRIGGERS, THE FNAL E690 APPROACH 

Edward P. Hartouni 
Department of Physics and Astronomy 

University of Massachusetts 
Amherst, MA 01003 USA 

Abstract 

FNAL E690 is a large acceptance, high rate, multiparticle spectrometer 
which will be capable of recording several 105 Beauty events/fixed target run 
within the next few years.l The spectrometer is currently capable of taking 
"high" interaction rates (a few 106 interactions/second) which are reduced by 
"open" triggers to 105 events/sec. These events are fully reconstructed in 
real time and the event summary information can be used for triggering. 

Introduction 

FNAL E690 is the continuation of a series of experiments started with 
BNL E766. The objective of these experiments is the comprehensive study of 
the spectroscopy and production of particles with strangeness, charm and 
beauty quantum numbers. At BNL the experiment ran with beams of neutrons 
(momentum spectrum up to 24 GeV/c) and protons (28 GeV/c) incident on a liquid 
hydrogen target. At FNAL the beam will be protons (800 GeV/c) incident on 
the same apparatus. 

In both experiments the final states of interest are those for which 
all final state particles are measured. The kinematic constraints from those 
fully reconstructed events significantly improve signal-to-background for 
heavy particle spectroscopy. The spectrometer acceptance is large enough to 
contain these events with modest losses.2 

To obtain a sufficient number of events to perform the study, the 
acquisition and trigger subsystems of the apparatus were designed to operate 
at megacycle interaction rates. The first two levels of trigger identify 
potentially high multiplicity events in a relatively unbiased manner. The 
third level trigger is based on the complete reconstruction of the event. At 
this level, very complex triggers can be formed in a flexible manner, 
analogous to offline data summary trigger decisions. 

The uniform architecture of the data acquisition system and trigger 
system is the result of a coherent approach to design. The apparatus, 
electronics, reconstruction software, physics measurements, etc. were all 
considered in the initial design stages. High bandwidth, measurement 
redundancy, "reconstructabili ty", (the ability to efficiently reconstruct 
trajectories from the spectrometer data), maintainability, and low cost were 
among the considerations. Because of these requirements, all of the design 
was undertaken "in house". The architecture chosen for this system is data 
driven, parallel pipelined, distributed and synchronous. The implementation 
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of the design was undertaken in EGL technology which has high bandwidths and 
excellent reliability. The architecture readily admits other technologies 
(e.g. CMOS, etc.) and other devices (e.g. DSPs, etc.). 

In the following sections some relevant spectrometer details will be 
discussed. The general triggering scheme, emphasizing the on-line 
reconstruction hardware will be described, along with currently realized 
performance. The conclusion will address the question of applicability to 
high sensitivity Beauty physics. 

Spectrometer 

Figure 1 shows a plan view of the spectrometer. This spectrometer has 
6 MWPC chamber stations with 4-views per station located within the dipole 
magnet Ml. The field of Ml is non-uniform and is 7kGauss maximum on beamline 
in the center of the magnet. The acceptance of this spectrometer extends to 
300 milliradians for particles which pass through all 6 chambers. Tracks 
passing through 3, 4, and 5 chambers are also accepted and reconstructed.3 
The entire length of this detector is 11 feet. The measurement of the high 
momentum forward particles is accomplished in FNAL E690 Stage II with 4 
additional chambers and another dipole magnet, M2. The forward spectrometer 
acceptance goes out to 100 milliradians. Not shown in Figure 1 are the 2 beam 
spectrometers each comprised of 2 chambers followed by a dipole magnet train 
which in turn are followed by 2 chambers. The upstream beam spectrometer 
measures the initial beam particle 3-momenta, the downstream spectrometer 
measures an outgoing beam system which has a low multiplicity (e.g. 1 
particle, as in a target dissociation event). 

The drift chambers were built to minimize both measurement and recovery 
times, with standard MWPC narrow spaced anode wires (2rnrn to 3.Srnrn) and thin 
anode-to-cathode spacing (3rnm). All 4 views are "bending" views which 
provides a redundant measurement of the track momentum, allowing for small 
inefficiencies in the chamber system and to facilitate pattern recognition in 
reconstruction. The drift chamber TDC's record for each wire the digital time 
of the first coincidence within a narrow gate (40ns to 60ns) in 2.Sns bins. 

Not shown in Figure 1 are the 200 channels of scintillator counters 
used to trigger the spectrometer and to provide time-of-flight measurements 
for particle identification. The particle identification also utilizes the 
highly segmented (96 channel) threshold Cerenkov counter (CO). The FNAL E690 
Stage II apparatus will be expanded to provide additional particle 
identification using ring imaging Cerenkov counters (Cl and CZ) and to have 
neutrals detection (calorimeters). 

The BNL E766/FNAL E690 Stage I detector has roughly 14000 channels of 
MWPC and 300 channel of phototube pulse height and time information. The FNAL 
E690 Stage II detector will have an additional 8,000 MWPC, 300 phototubes and 
10,000 ADC channels. 

Acquisition and Triggering 

The data acquisition system, triggering and reconstruction electronics 
architectures are data driven.4 Figure 2 shows the event flow rates through 
the system along with the number of signals which are associated with 
triggering decisions at each level. The system is pipelined which allows 
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multiple events to be considered throughout the triggering system. 

An event is defined with increasingly complex characterization through 
3 levels of triggers. In the first level trigger the event definition does 
not distinguish between a noninteracting beam particle and a high multiplicity 
event. The event is a coincidence of the Target counter and one of the 
hodoscope counters. This trigger level provides a synchronizing strobe used 
for all subsequent measurements of the event defined by the leading edge of 
the phototube signal from the Target counter. The trigger circuit 
standardizes the Target counter phototube signal by requiring a minimal pulse 
height (using a "traditional" discriminator). The leading edge of the signal 
is clipped to a 2ns pulse which forms a part of the coincidence which also 
requires: (1) the absence of a Target counter signal for 4ns, (2) an "OR" of 
the hodoscope counters, (3) the absence of a VETO signal (used to disable the 
trigger system from the on-line computer monitor) and (4) the absence of a 
first level trigger for the next level trigger decision time (roughly 25ns). 
Both (1) and (4) above are built in deadtimes which reduce confusion and event 
overlap, with roughly 25% deadtime for rates of 107 triggers/sec. 

The signals used to form the level 2 trigger originate at the phototube 
bases and have the shortest propagation delay time to the trigger system. 
While the level 1 trigger is being formed, the signals to the other 
measurement systems are stored in parallel, in delay cables which terminate in 
the various measurement modules. 

The second level trigger reduces the deadtime introduced by the 
digitization and buffering time of the event (roughly 1 microsecond) to an 
acceptably low level. This trigger level must reduce the few 106 
triggers/second from the level 1 trigger to a few 105 events/sec readout into 
the buffers (including analog buffers for high precision analog 
measurements). The rejection is accomplished by requiring a minimum number of 
counters be hit, biasing the surviving events to high charged particle 
multiplicity. The trigger is generated by strobing saturated signals from 
phototube base amplifiers into coincidence latches (using level 1 trigger 
strobe) that drive a parallel pipeline of directly coupled logic, including 
counting (majority) logic. 

Level 1 triggers occurring during the digitization and buffering time 
of the event, or following a "deadtime" trigger (which allows additional time 
for the detector to recover from a "messy" but rejected event, e.g. the lOOns 
drift chamber time) are ignored in the level 2 trigger. A master event scaler 
counts all level 1 triggers not ignored by the level 2 trigger. The scaler 
provides a means of prescaling the level 2 trigger (and above) insuring that 
events taken with relaxed trigger conditions will be available for trigger 
studies, normalization, etc. 

The data area read into buffers as a result of the completion of the 
digitization of the event. The data are compressed upon readout, only 
non-zero channels are buffered. The data paths are parallel: 8 chamber, 1 
phototube and 1 trigger systems and are read at 1 16-bit data word every 75ns, 
giving an aggregate bandwidth of 250 MByte/sec into the 10 parallel buffers. 
An average event size is lkByte. 

The buffers isolate the level 1 and 2 triggers from the level 3 trigger 
as long as the buffers do not fill, that is as long as the event rate into the 
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level 3 trigger pipeline does not exceed the pipeline's capacity or the 
capacity of the ultimate event storage. Level 3 triggers can, accordingly, be 
arbitrarily complicated without effecting the deadtime of the level 1 and 2 
triggers. A prompt reset decision from the level 3 trigger can stop the 
buffering operation and reduce the readout deadtime to a value intermediate 
between the tens of nanoseconds of the level 1 and 2 triggers and the 
microsecond digitization and readout time (the reset is not currently 
implemented). 

The level 3 trigger is formed using the event's digitized data. Once 
the event is in the trigger pipeline, a wide range of flexible triggers can be 
set. Among the various trigger decisions that can be made in the pipeline, 
all or part of the event data can be dropped, or the event can be routed 
around tedious calculations, etc. The decisions can reduce the subsequent 
storage and processing requirements in the trigger pipeline. Triggers early 
in the pipeline based on nonrecursive calculations (e.g. drift chamber 
multiplicity) can provide additional time for extremely recursive calculations 
(e.g. track reconstruction) by reducing the number of events flowing through 
the pipeline. The level 3 trigger utilizes the Hardware Processor to 
calculate and execute the trigger decisions. 

Hardware Processor 

Central to the design considerations of the apparatus and the data 
acquisition and trigger architecture was the hardware processor. This device 
was designed to be a collection of flexibly configurable and programmable 
electronic modules capable of executing a complex algorithm in real time. A 
number of simple algorithms have been implemented using the hardware processor 
as a real time trigger. The processor has also been used in an off-line mode 
to reconstruct the data collected during the various BNL data runs. 

The hardware processor is a data driven, parallel pipelined, 
distributed memory, synchronous device. The various electronic modules are 
connected to each other and to the input and output buffers by high speed 
buses. Each of the modules perform a specific operation on the data. The 
data contain the routing and computing information required by the modules to 
perform operations. The algorithm "executed" by the processor is defined by 
the network of buses and operators. Once the processor is initialized no 
external computer intervention is required to drive the computation. 

The data are passed from register to register on each system clock. 
Operations are performed on the data "between" registers depending on the 
operator type, program and the data type. The execution of an operation 
depends on the presence of data and on a place to put the data. If the data 
cannot be transferred to the next register, then the operator holds the 
upstream data flow. The algorithm is subdivided into subprocessors (or 
subroutines) which are separated by memory buffers. These buffers decouple 
one subprocess from another, keeping the data flowing through each of the 
subprocessors by providing a "reservoir" for the data flow. Event data 
required by the various parts of the processor and subprocessor is stored 
where needed. This results in redundant information storage but eliminates 
the problems arbitrating among subprocessors for use of a central storage 
resource. 
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Every register, counter and memory location in the processor is 
accessible through a special control bus. Thus, the state of the processor 
can be uniquely determined at any time and the next-cycle-state of the 
processor can be predicted. All operations take place from cycle-to-cycle, 
independent of the cycle period. The access to and predictability of the 
processor can be used as a powerful diagnostic tools for debugging a processor 
algorithm and determining processor performance. 

The implementation of an algorithm in the processor is analogous to 
coding the algorithm in assembler language. A network which contains the 
necessary operators and interconnections is laid out. The operations must 
specify not only the arithmetic transformation of the data but also the 
transformation of control information accompanying the data. The algorithm 
implementation (referred to as a "configuration") is not unique, but is an 
optimization of many factors among which are: operator utilization 
efficiency, required computation speed, cost, power dissipation, and physical 
realizability to name a few. The FNAL E690 collaboration has embarked on a 
program to create tools to ease in the creation, implementation and debugging 
of hardware processor algorithms. 

The Performance of a Track Reconstruction Algorithm 

BNL E766 used the hardware processor on-line during 2 data taking 
periods in 1985 and 1986. The track reconstruction algorithm was implemented 
and the 109 events (with average track multiplicities of 7) from the two run 
periods were reconstructed in 6 weeks during the summer of 1987. 

On-line Performance 

The Hardware Processor was used to provide several simple triggers 
based on the number of hit clusters in the spectrometer systems (including the 
upstream beam spectrometer during the BNL proton run). During another BNL run 
a 4 chamber track finder was used to calculate the approximate total momentum 
of the event in each view of the drift chamber system. 

The algorithm used to calculate the number of hit clusters in the 
spectrometer is nonrecursive. The drift chamber data entered modules designed 
to count the number of clusters (a hit cluster is defined as a group of 
adjacent wire "hits" in a drift chamber plane) in each drift chamber plane. 
There were eventually 7 such modules, one for each drift chamber plane plus 
one for the beam chamber spectrometer, the cluster counting proceeds in 
parallel. The end of data to a module (a special word makes this .condition) 
causes the module to produce a 16-bit word containing the cluster counts for 
the 3 least populated planes. 

One word from each of the modules and a summary of the level 2 trigger 
are then used by another type of module to produce a trigger. The trigger is 
programmable, during the various BNL data runs the triggers included: charged 
particle multiplicity, where events were rejected based on consistent numbers 
of clusters in the drift chambers; prescale, based on the event number; number 
of beam particles, a count of the multiplicity of the beam spectrometers. 
These triggers do not add deadtime to the system; the calculations are done as 
the event data is transferred from one buffer level to the next (SOns per 
16-bit word, typically 5 to 10 words per drift chamber plane). The trigger 
decision is available a few clock cycles after the data transfer is complete 
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(10 clock cycles at SOns/cycle). The level 3 trigger information is 
sununarized and merged into the event data. 

The multiplicity triggers reject events which, when reconstructed, 
would not have the particular charged particle multiplicity of interest. 
These triggers have a typical rejection of 100 events per trigger, for 
multiplicities below 8 or 9 charged particles (depending on the beam particle 
type). Analysis of the data off-line, and calculations of acceptance indicate 
that the multiplicity triggers rejected roughly 56% of the heavy particle 
events compared with 94% for all level 2 triggers.2,3 These triggers reduce 
the event flow rate through the remaining pipeline, providing more time per 
event for calculations. 

Offline Performance 

Hardware processors are useful for offline computations of the type 
typically done at large computer centers. The BNL E766 acquisition system was 
software configurable to route data to the hardware processor either from the 
detector or from tape drives. This allowed the processor to be used to 
reconstruct data already collected during previous running periods. 

A block diagram of the BNL E766 hardware processor is shown in Figure 
3. Each block represents a set of electronics modules, each line a data bus. 
Data enters parallel memory buffers at the top of the data stream from either 
the detector or the data playback system. The data flow past the multiplicity 
logic, which uses the algorithm sketched above to trigger on specific 
multiplicity events. The event data are transferred into a set of "control 
buffers" waiting for the calculations to be completed and transfer to begin. 
The control buffer "tiers" separates the various subprocessors and control the 
flow of data through the algorithm network. 

The event which passes the multiplicity triggers is transferred along 
to the 6-Plane Line Finder subprocessor. This subroutine recognizes line 
related to tracks in each of 4 views independently. These line segments are 
then matched in the next subprocessor, the Matcher. This subroutine matches 
line segments with similar sagittas in 2 of the 4 views and predicts the hit 
position in the other 2 views. If the hit pattern in the predicted views 
matches the data, the 2 line segments are combined to form a track candidate. 
Each eventual "real" track may have multiple track candidates. These track 
candidates are then fit using a linearized least squares fitting algorithm 
implemented in the subroutine called the Fitter. Tracks which survive minimal 
least-squared cuts are cleaned up and compared with other surviving track 
candidates. If the track parameterization is similar in 2 candidates, the 
candidate with the best fit parameter is kept. Thus all track candidates are 
compared with each other and only the best tracks are kept, eliminating 
duplicate tracks. 

The hits which make up the track are then tagged so that they will not 
be used to find 4-plane tracks. The algorithm considers 2 types of 4-plane 
tracks: those occurring in the first 4 planes and in the last 4 planes. The 
control information which accompanies the data causes the control buffer tier 
to route the data past the 4-Plane Line Finder and back through the 
Matcher-Fitter-Cleanup subprocessors to find and fit the 4-plane tracks, using 
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the same hardware. The track type information indicating that a candidate is 
a 6-plane, front 4-plane of back 4-plane track modifies the operations 
performed in the shared hardware sequences. 

At the end of the cleanup for the 4-plane tracks a trigger decision was 
made to pass or skip the event based on the total multiplicity, total parallel 
momentum and event number (for pre-scale events). Events failing the trigger 
were skipped, surviving events were written to tape. 

Conclusion Beauty Physics Possibilities 

Detector measurements, data acquisition and trigger rates consistent 
with 105 events/second analyzed from 106 interactions/second will be achieved 
shortly in FNAL E690. The extension of the data acquisition and trigger 
architecture to much higher rates seems straightforward. Currently available 
detector performance and measurement techniques form the limitations to higher 
rates; a lar~e acceptance multiparticle spectrometer would have difficulty 
exceeding 10 interactions/second. 

Acknowledgement 

This work is supported in part by a grant from the National Science 
Foundation. 

References 

1) The BNL E766/FNAL E690 collaboration is: 

M. Church, B. Knapp, E. Gottschalk, W. Sippach, B. Stern, L. 
Wieneke 

Columbia University, Nevis Laboratories 

D. Christian, G. Gutierrez, S. Holmes, J. Strait, A. Wehmann 
Fermi lab 

E.P. Hartouni, D. Jensen, B. Klima, M. Kreisler, M. Rabin, J. 
Uribe 

University of Massachusetts, Amherst 

C. Avilez, B. Hoenhiesen 
University of Guanajuato, Mexico 

R. Huson, M. £orbush, J. White 
Texas Accelerator Center 

2) "A Search for Charmed Particles in 15-29 GeV Neutron-Proton 
Interactions", B. Stern, 1987, Nevis Report No. 266 (thesis). 

3) =- Production in 15-28 GeV Neutron-Proton Interactions, M. Church, 
1986, Nevis Report No. 260 (thesis). 

4) "Data Driven Acquisition", W. Sippach, Proceedings of the Workshop of 
Triggering, Data Acquisition and Offline Computing for High Energy/High 
Luminosity Hadron-Hadron Colliders, Fermilab, Nov. 11-14, 1985. 

-421-



I 
~ 
N 
N 
I 

,... 12000 MwPC. C.h~l\6\S 

"" 2.~ ph~ohtbc chi."Mb 

... ~ 
"fl' 1 ----,_.:-

-------

.. ~o ------ _._ _____ _ i 1 3 .. 
11.----f 

Mi 

BIJL f1b' 
~14--~~--11~'..--~~~__,.~ 

_____ .-- ________ - -

' 

---
C.1 

8 

M2. 

Figure 1 

_,. eao Mfllll'C clta,.uh 

+ 2~0 p"41• .fubc cJ,f)oa/s 

+ ID"oo AIM. c.J,a.,.,t/s 

--
'f 

::::..:::_-_:::-_:._:.=-----

10 "( r 



TRIGGERING & READOUT 

"event" 1 eve l 1 

target counter • hodoscope 11 0R 11 

- 10 si gna 1 s 

"interesting" event level 2 

majority logic + special counters 
- 100 counters 

{digitize & readout - 1 µsec 

readout bandwidth z 10 parallel paths x 2 bytes z 
75 ns 

typical event size ~ 1 kbyte} 

"reconstruction event" 1eve1 3 

online event reconstruction 
- 10000 s i gn a 1 s 

Max rates into level: 

s 107 events/sec 

$ 106 events/sec 

250 Mbytes/sec. 

~ 10s events/sec 

{computation speed ~ 3oo registers ~ 1010 operations/sec 
25 ns 

1 µsec/track candidate, multiple events, ... } 

"write tape" ~ 103 events/sec 

Figure 2 
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A HIGH-~ DIMUON mIGGER FOR E672 
R. Crittenden and A. Dzierba 

Indiana University 
Bloomington. Indiana 4.74.05 

Introduction 

We describe the triggering scheme used in E672 ("A Study of Hadronic Final 
States Produced in Association wjth High-Mass Dimuons") (1] to select high-
mass dimuons. The dimuon detector consists or a toroid and PWC's located in 
the E672/E706 spectrometer appro1imate.ty 25 m downstream of the target. 
Data from the PWC's are passed to a trigger processor which finds ( 1) space-
points; (2) tracks; (3) momenta and (4.) dimuon masses. We describe the 
detector and trigger processor operation in a recent run (three weeks in 
September, 1987) using thick targets of C, Al, Cu and Pb. A preliminary 
a(f)/nucJeon versus A is presented. We aJso describe plans for using the 
detector and trigger to study x-+ •Y· B -+ f X and BB-+ fl.ILX. 

The Detectors 

The E672/E706 Apparatus 

Two experiments, E672 and E706 (a study of direct photons) occupy 
positions in the MW beamline. The E672/E706 apparatus is shown in Fig. 1. 
It consists of a veto waJJ to reject beam haJo, a target and system of silicon 
strip detectors (SSD's), a dipole magnet, PWC's, a liquid argon calorimeter 
(LAC), a forward calorimeter, a PWC station, a toroid, the dimuon PWC's and 
two scintillator hodoscopes. The agreement between the E672 and E706 
experiments calls for louina data from the combined E706 apparatus (veto 
wall, SSD, PWC's, LAC and forward calorimeter) and B672 apparatus (the 
remainder) on two separate magnetic tapes, one for E672 (triggering on 
high-mass dimuons) and the other for E706 (triggering on direct photons). 

During the running period for which results are presented herein only data 
from the E672 apparatus were used in the trigger and logged on tape. The 
veto wall was used to reject beam halo. When we discuss plans for the study 
of x and B production we assume that data from the entire apparatus is 
available. 
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Fig. 1: The E6 72/E706 Apparatus 

The E6 72 Dimuon Detector 

The toroid ( 1.35 m outer radius, 0.15 m average inner radius and 2.69 m 
long) runs with a nominal field of 1700 A corresponding to an average 
magnetic field of 21 kG or a Pt kick of 1.3 GeV. Bach of the four dimuon 
PWC's consists of one anode plane and two cathode planes (see Fig. 2). The 
anode planes have vertical wires with 6 mm spacing and the cathode planes 
are etched strips of width 10.5 mm. The wires are vertical and the strips are 
at ± -45 • with respect to the vertical. The active area of the chambers is a 
annulus with an.outer radius of 1.35 m and an inner radius of 0.15 m. The 
scintillator walls are each divided into 16 wedge-shaped segments. The 
dimuon pretrigger requirement is a signal over threshold in two or more 
segments of each wall. 
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Fig. 2: Dimuon PWC's 

The Trigger Processor 

Hadrons are absorbed by the material of the LAC, forward calorimeter and 
beam dump before reaching the dimuon detector. We assume penetrating 
particles are muons. The average energy loss of penetrating muons is 7 GeV 
up to the toroid mid-plane and 1 S Ge V up to the downstream scintillator 
wall. The background under the prompt muon signal is beam halo and it and 
K decays. The background due to the former is eliminated with the veto 
wall. An effective mass trigger e1ploits the fact that the di muon effective 
mass due to the latter falls rapidly(: 10 I just above the' mass). The 
dimuon effective mass, M12, for a pair of muons is given by 

M12 = ../p1·P2·812 
where p1 and p2 are the muon momenta and e12 is the opening angle. The 
trigger processor finds aJJ dimuon mass combinations. 

A schematic of the trigger processor is shown in Fig. 3. Data from the 
dimuon PWC's are latched and readout by the LeCroy PCOS-111 system and 
pass to the first stage of the trigger processor: separate POINT modules, for 
Chambers mu-1 and mu-"f. The list or space points calculated by POINT are 
passed to the X-TRAct and Y-TRAct modules which find straight lines. 
These modules also interpolate tracks into mu-2 and mu-3 and require hits 
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within tolerances in the planes of these chambers. Valid tracks which 
successfully project within the toroid at the toroid mid-plane are assumed to 
originate in the target. The list of tracks is passed to the MOMENTUM 
module. In computing momenta the processor corrects for the dipole field, 
the four possible combinations of dipole and toroid polarities, the energy loss 
and the radial variation of the toroid field. The momentum list is passed to 
the MASS module which generates a list of effective masses. If any of the 
masses is above threshold a trigger is generated. 

Mu-1 

Mu-4 

(/) 
0 u 
a.. 

POINT x t-;:=:=:=::::f X-TRACK 
y 

x 
POINT 

y 

Fig. 3: Trigger Processor Data Flow 

MOMEN-
TUM 

MASS 

Trhpr 

The POINT (two), X-TRACI., Y-TRACI., MOMENTUM and MASS modules each 
are separate multiple-width CAMAC modules. Each is built with TTL and BCL 
logic and information from each module can be read by CAMAC. Most of the 
operations of the processor modules are performed using lookup memory; 
both PROMS and RAMS are used. For example separate PROMS are needed to 
handle different values for the dipole field. Whenever possible calculations 
are performed ift parallel and elsewhere piplelined as much as possible. At 
each stage lists are maintained. At any stage in the process a FAILURE can 
be generated because of list overflows or insufficient data. The distribution 
in time required by the trigger processor to generate a trigger is shown in 
Fig. 4 (a) for all events and in Fig. 4 (b) for trigger processor SUCCE.5SES. The 
average times are 5.1 p.sec and 7.4 p.sec respectively. In both plots the PCOS 
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encoding time {average overhead: S.7 µ.sec) has been removed. The 
structure in Fig. 4 (a) is due to various reasons for the processor abandoning 
the calculation. In Fig. 4 (b) the structure is due to different muon 
multiplicities. We point out the time required for processor calculations is 
well-matched to the PCOS encoding times. 

We made several special data runs in which the entire list of CAMAC 
registers from the trigger processor was read out. For these software which 
eiactly emulates the trigger processor was used using PCOS input. The 
emulator results agree 100 i with trigger processor results. 

Preliminary Results 

We used the E672 detector to collect data with a 530 GeV /c Jt- beam on 
various thick targets of C, Al, Cu and Pb. The targets were placed 
downstream of the SSD's (see Fig. 1 ). During the run we ran with an average 
beam intensity of 3 · 10 6/sec. The trigger used was the so-called "dimuon 
pretrigger": two or more struck elements in each of the two scintillator 
hodoscopes. The pretrigger rate was S · 10-5 of the interaction rate. The 
trigger processor was active and read onto magnetic tape but not used in the 
trigger for these runs. The veto wall was used in the trigger for the first 
part of data-taking where it vetoed about half of the triggers. For the 
remainder of the data the veto wall tagbit was recorded but the output was 
not used in the trigger. 

Appro1imately 71 O K triaaers were recorded. In our offline analysis we 
used data from the dimuon detector PWC's to find muon tracks and momenta 
assuming the tracks originated at the vertex. The algorithms used are 
different from the trigger processor algorithms but as with the trigger 
processor only data from the muon chambers were used in the off-line 
analysis. (Data from the PWC station between the forward calorimeter and 
beam dump were recorded but not used). 

The resulting unlike-sign dimuon mass spectrum for all targets is shown in 
Fig. 5 (a) fitted to a function of the form: 

dN 
2 2 

(A • B-M) -(M-MJ /2a 
e + C·e -= 

dM 
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The five parameters: A. B, C, M0 and o were allowed to vary in the fit 
yielding 

Parameter Fitted Value 

A 11.1 ± 0.03 
B (GeV-1) -2A6 ± 0.03 
c 11 '4.6 ± 3.73 
o(GeV) o.~~ ± 0.02 
M0 (GeV) 3.01 ± 0.03 

yielding 1583 ± 7-i ,·s. The x2 of the flt is 78.8. The spectrum with the 
eiponential background subtracted is shown in Fig. 5 (b). The' yield 
corresponds to about 1 recorded ,/spill during the data-taking. We 
performed a number of checks on the stability of fits . The a is consistent 
with-what we e1pect from multiple scattering in the material upstream of 
the muon chambers 

In Fig. 6 we plot the dimuon mass calculated off-line versus the dimuon 
mass calculated by the trigger processor on-line. If several dimuon 
combinations appear only the highest mass is plotted. The "off-diagnol" 
entries are due to the fact that off-line and on-line algorithms used to find 
points, tracks and calculate masses are different. 

We present o(,)/nucleon as a function of atomic number, A, in Fig. 7. The 
p.+p.- mass spectra for each of the different targets were fitted with Mo and a 
filed at 3.0 GeV and 0.55 GeV respectively (the results of the overall fit). 
Since we found that backscatter from the thick targets into the veto wall was 
important we did not use the data recorded with the veto vall in the trigger. 
Rather tagged veto wall data were used and veto cuts applied offline with 
backscatter corrections. The corresponding' yield was corrected for the 
average acceptance (28 I) and used with the measured 010.teractini Beam to 
find a(' )/nucleon . In Pig. 7 we also show curves corresponding to a m 
nucleus cross seetion variation oC A 1.0 and A 0.9. In both cases the curves 
eitrapolate to a(•)lnucleon • 13 nb for A·l (2). 

We stress that this cross section result is preliminary. We list below the 
corrections we have not yet made and give the expected estimated 
correction in parentheses 
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• daisy counter efficiencies(• 101) 
• muon chamber efficiencies(<"' 101) 
• "empty target" background ( < "' 5 I) 
• thick target corrections ( sw 1 0 I) 
• Drell-Yan f1f1. production in the' region and 

correction due to non-Gaussian tail in the mass 
resolution. These are compensating effects( .. 51) 

The unweighted IFeyn.llWl and Pt distributions for the dimuon pair for 2.5 
GeV < MJ41. < 3.5 GeV yield averages of< Ifeynmao. > • 0.28 and< Pt>• 1.29 
GeV respectively in agreement with the results of Ref. (2). 

Plan• for the Future 

At this writing the E672 and E706 eiperimenters are reading out data from 
the entire apparatus. Using data from the upstream PWC's we eipect to 
improved our' mass resolution to 100 MeV. Using the LAC we plan to 
study the production of x-+ 'fY. We will also use the high-mass dimuon 
triggers to study beauty meson production in the decays B-+ fX in the semi-
leptonic decay modes where associated production yields two muons in the 
final state above some dimuon mass threshold. Assuming an effective beam 
time of 500 hours with a beam intensity of 2 · 106/sec, a 23 sec spill. a 5 I C 
target, and 530 GeV /c incident •'s we expect: 

• about 18 K ,·s 
• about 3.5 K event& with x-+ n 
• about 1 O evenu with B -+ ,x 
• about 20 events with BB-+ p.p. ....... (Mp.p. > 2.S GeV) 

In the above we take into account Monte Carlo acceptance corrections. We 
note that our x mass resolution should allow us to separate the It and 12· 
The SSD's have sufficient resolution to observe B decay. 

Notes apd Reference• 

(1) The E6n Collaboration is&C&ltech-U. or Illia.oisatChicaao-Indiaa&- u. of 
Louisville-U. of Michigu at Flint-IBEP (Serputhov) Coll&bo.ratioii 

(2) Badier et al., NA3 Collaboration. CDH-EP/83-86. 

-436-



SINGLE MUON DISTRIBUTIONS FROM BEAUTY 
IN 800 GeV/c pp INTERACTIONS 

David E. Wagoner 
Prairie View A&M University 

Prairie View, Texa..s 77446-0855 

December, 1987 

Abstract 

PYTIDA is used to study some of the kinematic distributions for muons from semi-muonic B decays 
and various backgrounds in 800 Ge V / c pp fixed target interactions. The backgrounds examined include 
B-+ D-+ µ decays, direct D-+ µdecays, and 7r/ K -+ µdecays. 

Discussion 

The PYTIDA Monte Carlo program1 is used to study single muon distributions for beauty production 
and backgrounds in 800 GeV /c pp fixed target interactions. Four sources for single muons are examined: 

i) The semi-muonic decay of B mesons. 

ii) The decay of B -+ DX with the D decaying semi-muonically. 

iii) The semi-muonic decay of directly produced D mesons. 

iv) The semi-muonic decay and punchthrough2 of 'If± and K± mesons from total cross section (i.e., mini-
mum bia..s) events. 

The geometric acceptance used for muons is that of experiment E7718 which ha..s an outer rectangular 
aperture of ±145 mrad x ±88 mrad and an inner square beam hole of ±10 mrad. The lower momentum 
cutoff used for the muon shield is 6 GeV /c. The decay region used for 7r and K decay is 18.5 m. 

For this analysis, ca..se i) had 4820 B -+ µ decays thrown, ca..se ii) had 5069 B -+ D -+ µ decays thrown, 
ca..se iii) had 89,879 direct D-+ µdecays thrown, and ca..se iv) wa..s ba..sed on 10,000 minimum bia..s events. In 
ca.sea i), ii), and iii) all decays are forced to the mode specified and the following figures and table show the 
number of accepted muons from the total number of forced decays thrown. In ca..se iv) the probability for a 
'If± or K± to decay within the decay region or for it to punchthrough the 6 Ge V / c muon shield is calculated 
for each 'If± or K± in an interaction and then these individual track decay probabilities are summed for 
that event to give the overall probability for 7r / K decay in that interaction. The figures and table showing 
ca..se iv) are normalized in units of this overall probability /interaction. For ca..se iv) the decay probabilities 
dominate over the punchthrough probabilities. 

Figures la)-ld) show the momentum spectrum of muons within the E771 acceptance for ca.sea i)-iv) 
respectively. Figures 2a)-2d) show the PT spectrum of muons within the E771 acceptance and with the 
6 GeV /c muon shield cutoff. Note that Figures Id) and 2d) have a logarithmic vertical scale. Figures 8a)-8d) 
are scatter plots of the angle (9) of the muon versus its momentum without any cuts imposed. Table 1 shows 
the accepted fraction of muons per event for the four ca.sea with various kinematic cuts. The mean ± RMS 
momentum for the four plots of Fig. 1 are la) 86.6±80.5 GeV /c, lb) 17.6±17.9 GeV /c, le) 15.9±15. 7 GeV /c, 
and Id) 4.0 ± 4.6 GeV /c. The me&n ±RMS tr&nverse momentum for the four plots of Fig. 2 are 2a) 1.8 ± 
0.6 GeV/c, 2b) 0.7±0.4 GeV/c, 2c} 0.6±0.8 GeV/c, &nd 2d} 0.8±0.2 GeV/c. Finally, the me&n ±RMS 
angle (6) for muons having a inomentum greater than 6 Ge V /c for the four ca.sea is i) 50 ± 40 mrad, 
ii) 88 ± 82 mrad, iii) 85 ± 29 mrad, &nd iv) 25 ± 21 mrad. 

Conclusions 

As expected, muons from semi-muonic B decay are stiffer, have a larger PT, and come out at a larger 
angle on average th&n those muons from other sources. However, these differences between muons from B 
decay and those from the backgrounds are not a..s large a..s one might wish in order to efficiently select or 
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Table 1: Probability for finding a muon produced from beauty and various muon backgrounds as a function 
of different kinematic cuts. 

Fraction of Muons in E771 acceptance and 
Decay Nop cut p > 6 GeV/c p > 9 GeV/c p > 21 GeV/c 
B-µ 0.691 I B 0.664 I B 0.62S I B 0.428 I B 
B-D-µ 0.70S I B 0.549 I B 0.429 I B 0.195 I B 
D-µ 0.674 ID 0.508 ID O.S90 ID 0.164 ID 
7r/K - µ 0.211 /Int 0.04S I Int 0.020 /Int o.oos /Int 

Fraction of Muons in E771 acceptance and p > 6 Ge V / c and 
Decay No PT cut PT> 0.5 GeV/c PT> 1.0 GeV /c PT > 1.5 GeV /c 
B-+µ 0.664 I B 0.615 I B 0.426 I B 0.20S I B 
B-+D-µ 0.549 I B 0.323 I B 0.092 I B 0.032 I B 
D-µ 0.508 ID 0.278 ID 0.059 ID 0.009 ID 
7r/K -µ 0.043 /Int o.006 /Int 0.0002 /Int 0.00002 / Int 

Fraction of Muons with p > 6 Ge V /c and 
Decay No 8 cut 8 > 10 mrad 8 > 80 mrad 8 > 150 mrad 
B-+µ o.838 / B 0.759 I B 0.182 I B O.OS6 I B 
B-+D-µ 0.659 I B 0.576 I B 0.071 I B 0.009 I B 
D-+ µ 0.625 ID 0.5SO ID 0.053 ID 0.005 ID 
7r/K - µ 0.058 /Int 0.044 /Int 0.0015 /Int 0.00001 / Int 

trigger on muons from B decay only. The chief muon background in terms of the total number of muons is 
that from 11" / K decay and punch through. In order to retain a..s many muons from semi-muonic B decay a..s 
possible and reject a..s many muons from 11" / K decay a..s possible one would like large angular acceptance out 
to 100-150 mrad and a moderately thick muon shield of 6-9 Ge V /c stopping power. In addition a cut on 
PT of 1 Ge V / c is quite efficient at eliminating nearly all the muons from 11" / K decay, while only rejecting 
approximately half the muons from semi-muonic B decay. This PT cut also rejects to a lesser degree muons 
from semi-muonic D's produced either directly or from a B cascade decay. It is clear that in any scheme to 
trigger on semi-muonic B decays, the ability to trigger on the PT of the muon in the 0.5-1.0 Ge V /c region 
will be a very useful tool in addition to the other triggers that one may use to trigger on B mesons in general 
(such a..s displaced vertex or multiplicity jump triggers). 
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ABSTRACT 

A HIGH RATE TRIGGER SYSTEM FOR E-771 

~. Selove 
University of Pennsylvania 

Philadelphia Pa. 

-------- A trigger system aimed at operating at rates up to 10 7 
interactions per second is described. The basic elements are a 
single-muon signal, a multiplicity-jump component using a 
hit-counting technique along with pulse height, and a 
pT measurement on the muon. 

The E-771 experiment will study B production and decay. The experiment 
will start with a J/~ dimuon trigger, with the ability to run at about 
10 IPS (interactions per second). The J/lf/ trigger, with an on-line 
trigger processor eliminat~ng low mass dimuons, gives a trigger rate reduc-
tion to approximately 10- times the raw interaction rate. ~This factor 
depends on the thickness of the muon wall. The factor of 10· is for a 
muon wall with a momentum threshold of about 6 GeV/c.) 

For operation at higher rates, and for operation with broader acceptance 
for a variety of final states, a trigger system is planned which will use a 
combination of single muon signal, multiplicity jump, and muon-pT cuts. A 
single-muon requirement, with momentum threshold of 6 GeV/c, gives a trigger 
rate reduction by a factor of about so.~> And as discussed below it appears 
that a multiplicity jump requirement can give a further reduction of 10 to 
50 times. A raw interaction rate of 101 IPS would thus be reduced to 
about 10~ . At that rate, a Level-2 trigger processor can calculate the 
muon pT, and give a final rate reduction down to tape-writing speed, 
100 to 200 events per second. Monte Carlo calculations indicate that 
a muon pT cut at about 1 GeV/c will give an additional reduction factor 
of about 100 beyond the rate reached with a simple 6 GeV/c momentum cut, 
while retaining an efficiency of 60 to 70 % for B muons.fL) 

I note that a basic component in this planned trigger system is the 
single-muon initial element. This trigger element responds only to about 
20 % of B-Bbar events (10 % of individual B mesons). But this ~hould not 
be charged as a loss, since the muon provides flavor tagging. The flavor 
tagging, which is especially clean when the muon is associated with a 
charged B track, is indispensable for CP-violation studies. . -

To operate at high rates with silicon strip detectors (SSD), high-speed 
low-noise electronics, of relatively low cost, is under development for 
E-771, by Penn and Fermilab.CJ) 
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Multiplicity jump (HJ) triggers have been explored recently, for silicon 
plane detectors, using pulse height to measure track multiplicity.~> In a 
fixed-target experiment it appears possible, using this type of HJ measure-
ment and using silicon plane detectors, to obtain a rejection factor of 50 
with an efficiency of order 30 %, at event rates which are not too high.Cs:) 

Multiplicity jump measurements in silicon planes are hampered by a 
number of problems. Among these are the following: 

a) The Landau tail on the pulse height spectrum limits the precision 
with which the number of tracks can be measured. 

b) Spallation products from nuclear interactions can give large 
pulse heights, not simply proportional to the track count. 

c) The charged particles produced both in a primary interaction 
and in secondary decays include large-angle particles, some of 
which may miss the downstream multiplicity-measuring plane. 

d) In a silicon strip detector designed for operation at very high 
rates, amplifier noise summed over a large number of individual 
channels will limit the accuracy of multiplicity measurement. 

These problems limit the effectiveness of pulse-height measurement of ~) 
multiplicity, although measures can be found to meet them to some extent.~ 

Ye have planned for E-771 to test a second type of HJ measurement, 
which will measure the multiplicity change digitally between two planes in 
the B-decay spatial region, with number of hits Nl and N2. (See Figure 1.) 
The Nl plane will be located at a distance of 5 to 8 mm downstream from 
the center of the target. This is approximately 1 lifetime downstream of 
the production point. The N2 plane will be located at 20 to 25 mm from 
the target, or approximately 2.5 lifetimes downstream. 

The location of the Nl plane is chosen to allow the tracks from the 
primary interaction to spread enough so as to give a useful digital 
measurement of multiplicity by counting the strips, or clusters, which 
give hits. Yith this choice of Nl-plane location, and with this digital 
measurement of pre-decay multiplicity, the trigger is biased against 
early-decay events. For CP-violation studies, however, events at small 
decay time would have little asymmetry, for B~ mesons. 

Figure 1 shows a schematic representation of the MJ measurement 
system. Initial studies of the effectiveness of the system will be made 
digitally using the number of hit strips or clusters in the Nl and N2 
planes. Later studies will also investigate the use of pulse height to 
measure multiplicity in plane Pl. 
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Analog signals not only can give a direct HJ measurement by pulse 
height, but also have other important roles in an MJ trigger when a digital 
hit-counting technique is used. A major residual contribution of false 
triggers can be expected to come from events in which a secondary nuclear 
interaction occurs in the Nl plane, giving an increased hit count in the N2 
plane. The analog signals from plane Nl will be used to veto events which 
have an unusually large localized signal in the Nl plane; we expect a 
reduction in this background source by a factor of 5 to 10. 

Analog signals from plane Pl will be used, also, in the HJ measurement. 
First of all, they will provide fast information on the transverse location 
of the primary vertex. That information can be used to make possible special 
treatment of tracks in the region of very small production angles. Such 
tracks, which may not spread fast enough to give an accurate hit-counting 
multiplicity measurement, can be excluded from the hit count -- or pulse 
height information can be used on them instead of digital hit counting. 

I am indebted to Brad Cox and my other colleagues in E-771 for their 
discussion which helped in the development of this plan, and to R. Van Berg 
for mapping out an initial design for IC circuitry to implement this 
trigger system. 
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Figure Caption 

Figure 1. 
system. 

Schematic representation of multiplicity-jump measurement 
Additional planes for redundant information are not shown. 
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FIGURE 1 

Schematic representation of multiplicity-jump measurement system. 
Additional planes for redundant information are not shown. 
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For this workshop the Particle Identification Group took on the task 
of examining some practical detector solutions for a few of the problems 
which are central to high-statistics B-meson spectroscopy. Our approach was 
to try to understand the technological state-of-the-art for detectors which 
could satisfy the needs of a spectrometer system capable of exploiting the 
full power of the Tevatron as a B-meson factory, either in the collider or 
the fixed target mode. Such spectrometer systems were sketched by the 
"architecture" groups at the workshop. We were particularly interested in 
identifying the detector technologies best suited to such systems, 
evaluating the limits imposed by detector performance on the sensitivity to 
interesting B-meson signatures, and delineating areas where detector R&D 
work is most needed to support a B-physics research program. 

As a matter of practical expediency for a few-day workshop we quickly 
distilled our definitions of a generalized B-meson experiment to the 
following simple terms: 
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1. The detector system, whether for fixed target or colliding beams 
consists of a high-resolution vertex detector (silicon) close to the 
interaction point, surrounded by a volume of non-destructive particle 
identification (which may be immersed in a magnetic field), and this is 
followed by electromagnetic calorimetry. 

2. The goals of particle identification are 
a. Viable selection of prompt, single leptons at the trigger level. 

We chose to focus on the electron case. 
b. Separation of pions, kaons and protons at the abstraction level. 

3. The required coverage in solid angle, particle momenta and interaction 
rates for the two kinds of experiments are as follows: 
11 Co11ider 11 

: \ab < 2 -
Plab "' 0.5 - 5 GeV/c 

Int. rate < 1.0 x 106 sec-1 -
\ab > 2 -11 Fixed Target": 

Plab "' 5 100 GeV/c 

Int. rate "' 106 - 109 sec- 1 

An example of the kind of fixed target detector configuration which 
would be appropriate for high sensitivity B physics at the Tevatron is given 
by the beyuty spectrometer designed for the SSC at last year's Sn2wmass 
Workshop. A possible collider detector was presented by Lockyer at the 
opening session of this meeting. Both of these concepts have been given 
further development by the architecture groups here. 

Whether collider or fixed target, the central difficulty for detector 
design is that an experiment sensitive to CP violation in the B system must 
be capable of recognizing rare and complicated signatures (fully 
reconstructed B-meson pairs) against the full background of low PT 
phenomena, with rates and efficiencies which allow the accumulation of ~107 

reconstructed events per experiment. 3 

With the problem defined as above, the most difficult issue for a 
collider experiment (no 11 easy11 issues were identified!) appears to be that 
of providing an adequate lepton (electron) trigger in the central region 
where momenta of ~ 1 GeV/c must be handled with good hadron rejection. For 
a fixed target experiment at the Tevatron the feasibility hinges on the 
is~ue o~ whether an experiment can be done at interaction rates approaching 
10 sec- . Our short survey of detectors for particle identification 
focussed mainly on these two issues. Figs. 1 and 2 illustrate the detector 
architectures which we took for our considerations. 
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II. Electron Detection 

A fast and efficient electron signature provides an effective means 
of quickly reducing the full hadronic interaction rate to a level where more 
complete event reconstruction can be undertaken, while at the same time 
substantially enriching the B sample (~40% semileptonic branching ratio). 
References 1 and 4 give an analysis for the SSC case. For our purposes we 
need ultimately a hadron rejection factor [R (e/~) = electron efficiency/ 
hadron efficiency]= 104 , with electron efficiency~ 90%, for the kinematic 
range and rate capability requirements given in Section I. 

Schemes to realize such a trigger have been proposed in which a 
system of detectors is used to provide information at increasing levels of 
processing sophistication (and time): 

Detector 

EM Calorimeter 

TRD 

Tracking 
(Fast Reconstruction) 

Tracking 
(Full Reconstruction) 

Hadron Rejection 
Factor 

100 - 1000 

10 - 100 

Photon and Pair 
Rejection 

Momentum-energy 
Match 

On- 1 i ne 
Process1 ng Time 

< 100 n s 

< 100 ns 

.. 10 JJS 

> ms 

Fairly detailed estimates of the performance of such a detector 
system have been made by several groups. It is 5 instructive to look at the 
particular case of the NA34 (HELIOS) experiment at the CERN SPS, which 
relies on precisely this kind of a trigger, and for which the system of 
detectors has been built and preliminary tests carried out. 

The HELIOS detector system is shown in Fig. 3. This is a fixed 
target exper!ment 1 designed for proton beams at 450 GeV/c, with interaction 
rates of ~lo sec- • The electron detector system covers the forward 6° 
cone, and consists of a_ silicon pad detector, tracking via high precision 
drift chambers ana silicon strips, a transition radiation detector with both 
anode and segmented cathode readout, and a ~ranium/liquid argon calorimeter 
whose EM section is segmented into 2 x 2 cm towers at a distance of 
approximately 3 meters from the target. The system was designed, with a 
careful Monte Carlo simulati~n, to provide hadron rejection factors > 105 
offline, with a factor of 10 at the trigger level, for electrons with 
energy greater than 10 GeV for singles, and lower values (5-6 GeV) for 
pairs. Fig. 4a, b, c show the segmentation of EM calorimeter, the TRD 
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readout, and the silicon pad plane. The trigger logic correlates a shower 
in the calorimeter with the pulse-heights at the corresponding positions in 
the TRD and silicon detectors. The pulse-height in the silicon pads is used 
to reject Bethe-Heitler conversion pairs: the logic distinguishes 0-, 1-, 
2-times minimum ionizing. The spectrometer incorporates a weak magnetic 
field (approximately 0.5 Tesla-meter) and drift chambers which achieve good 
spatial and two-track resolution. The TRD is a compact device with 8 layers 
of radiator/detector, each segmented as shown i~ Fig. 4b. The readout is 
designed to use the TR-cluster counting method, in which separation between 
the ionization energy loss and the localized energy deposit due to 
transition radiation is achieved by analyzing the time-dependence of the 
induced charge signal on the anode wires. Each of the 8 TRD layers consists 
of a radiator of polypropylene foils with a thickness of approximately 1% 
R.L, with a total length of radiator en11nl to 6.2 cm per layer. The TR 
efficiency of the radatior is approximately 0.3 TR quanta/cm of radiator.The 
TR detector is designed to achieve a hadron rejection factor > 102 in a 
first-level trigger, for p > 5 GeV/c. 

The HELIOS detector has been assembled and has taken data. Analysis 
is still in progress, and final performance data are not yet available. 
However, res~lts of test beam studies carried out this past summer are 
instructive. The system was exposed to non-interacting beams of electrons 
and pions at 17 and 45 GeV. For the electromagneic calorimeter alone, by 
selecting on shower energy, shower radius, and the energy deposited in each 
of two layers in depth of the EM calorimeter, a rejection factor of about 
100 was achieved at both energies, for 90% electron efficiency. If tracking 
information is used to match particle momentum with the shower energy, this 
result improves by about a factor of 10. In these tests the TRD detector 
measured typically 11 photons per view (x and y) for electrons. The match 
between measured position in the TRD and the shower position in the EM 
calorimeter was accurate to 2.5 rrrn in x and 3.5 rrrn in y. The preliminary 
result is that the TRD provides an additional rejection factor of about 300 
at 90% electron efficiency. 

These results are consistent with the design criteria and are very 
promising for our B-physics goals. They do not yet represent a demonstra-
tion of on-line rejection in real events. The measured noise per tower in 
the HELIOS electromagnetic calorimeter is 15 MeV. Each electron shower 
spreads over about 18 towers (3 x 3 in each of two layers). Assuming the 
hadron rejection factor is limited by noise, the device should perform well 
at electron energies ~ 1 GeV, at least on well-isolated tracks. 

III. Further Prospects for Transition Radiation Detectors 

Techniques of transition radiation detection have been developed to 
the point where thin, compact modules can be envisioned which are powerful 
tracking devices, efficient for electrons and virtually blind to hadrons. 
The HELIOS detectors emgr~ce this concept, and point the way toward more 
ambitious developments. ' Fig 5 shows a proposed module of a 
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"high granualarity 11 TRD detector (Ref. 9). Many such sets can be ganged 
together to provide the full detector. Readout from the Xenon MWPC's has a 
threshold to exclude the minimum-ionizing dE/dx signal, and provide "cluster 
counting" for transition radiation x-ray signals, with good spatial 
resolution and a very high degree of segmentation. The readout is also 
fast: maximum drift time in the Xenon MWPC is about 40 nanoseconds. A 
simulation of the performance of such a device as a function of the lenqth 
of detector and electron energy is shown in Fig. 6. Rejection factors in 
the range 100-1000, for 90% electron efficiency, are feasible for electron 
energies fran 1 GeV to 100 GeV. (At lower energies the efficiency for 
electrons falls off. At higher energies, pions begin to radiate transition 
quanta.) 

IV. Highly Segmented Position Sensitive Detectors: 
Cathode Pad Readout for High Rates 

The transition radiation detectors described above are inherently 
fast, but at extremely high rates many events will be seen simultaneously in 
any practical detector. For the extreme case where each strobe of the 
detector finds, say, 20 events superimposed, the only defense is a very high 
de9ree of segmentation. The readout confiquration should be such that high 
local multiplicities of tracks can be treated. Developments are presently 
under way in which a thin, planar wire chamber (such as the readout nlane 
for a TRD module) is equipped with highly segmented pad readout. 

The "pad chamber" concept cal 1 s for a detector with a cathode area 
subdivided into a very large number of pixel-like elements such that a 
charged particle traversing the detector at normal incidence leaves an 
induced signal on a few localized pads. The pads are interconnected by a 
resistive strip, and readout amplifiers are connected to the resistive strip 
at small intervals. Fig. 7 depicts the structure of a small prototype. 10 

Fig. 8 shows schematically the response of such a chamber to a large number 
of particles. The pat\rrn of tracks is easily recognized. and a centroid-
finding readout system allows position determination accurate to a small 
fraction of the basic cell size. It should be possible, in the near future, 
to produce practi~al devices capable of cov~ring very large areas (square 
meters) with ~ 10 detection elements per m • The realization this 
presupposes the development of monolithic circuits which integrate fast 
preamplifiers, analog memory units and a multiplexed output to facilitate 
fast, low-noise signal processing for a very large number of detection 
elements (pixels) at practical cost and without overwhelming masses of 
cables and connectors. A first step in this direction has been taken in the 
developmenr of so-called 11 microplex 11 chips for readout of silicon microstrip 
detectors. 2 Substantial R&D effort has been proposed (and some work is in 
progress) to develop integrated circuits, using analog MOS technology, which 
would allow high speed miltiplexed readout electronics to be distributed in 
small, low-mass chips over the cathode plane of a pad chamber detector. 13 
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V. Ring Imaging Cerenkov Counters 

In order to study B meson production and decay we need a means of 
distinguishing pions from kaons over a wide range of momentum with a high 
degree of segmentation and high rate capability. The imaging Cerenkov 
technique has been brought to an advanced state of development throu~h 
intense efforts for 5 several large experiments, in particular the SLD 4 group 
at SLAG and DELPHI 1 at LEP. Recently design and development work has been 
done to p~~h ;h~Be techniques to the high rate environment of hadron 
machines. ,i ' ' These developments were discussed in our group, 
and a two-stage RICH detector system was sketched which could be 
incorporated either in the fixed target or collider mode (See Figs. 1,2). 

The scheme calls for two independent RICH detectors with the following 
properties: 

1. Gas radiator: n ~ 1.001, YT ~ 25, mirror focussed, 
radiative length ~ 40 cm. 

2. Liquid radiator: n ~ 1.2, YT ~ 1, proximity focussed. 

The readout for these devices is via UV photon detection in a 
low-pressure multiwire proportional chamber with TMAE as the active 
photoionizing gas. This kind of readout is illustrated in Fig. 9 (from 
Ref. 18). Photoelectrons produced in the 30 rrrn conversion gap are amplified 
and transferred to the MWPC sage, where the position of each converted 
photon is read out on anode wires and/or induced charge on cathode 
segments. The detector is operated at a pressure of approximately 40 torr 
with a saturated mixture of C2H6 + TMAE at 30°C. We envision the readout to 
be a pad plane segmented in two dimensions using the techniques discussed 
above in Section IV. The detecto~ sketched in Fig. 2 would 2ave a total 
readout area of approximately lOm . If each pad is 1 x 1 cm , which we 
calculate will oive sufficient resolution in the an~uJar diameter of 
measured rings,-the total readout is approximately io channels. The RICH 
detector for E665 (Ref. 16), described for us by Satish Dhawan, incorporates 
a similar detection scheme, with pad readout comprising 10,800 channels. 
This system was built at a cost of approximately $5 per channel. Our system 
would require an order-of-magnitude extrapolation, but it does not appear 
that there are fundamental obstacles to be encountered. 

A key question is whether such a system could be designed to sustain 
the very high interaction rates required for a fixed-target B-phy~ics 
experiment at the·Tevatron. The model for this is that 20 events appear 
simultaneously in the detector every 20 nanoseconds. For this we need to 
shorten the drift time in the photon detector (the conversion gap in 
Fig 1 8), without reducing efficiency. Results from Woody and Holroyd at 
BNL 9 indicate that the TMAE mixture could be operated at a temperature of 
80°C and still be chemically stable. AT this temperature the mean free path 
for photon conversion is 1.24 rrrn, corresponding to a drift time of 20 
nanoseconds. This needs to be confirmed in tests, and the question of 
radiation hardness at such an elevated temperature has not been addressed. 
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With these caveats, the detector could in principle sustain the required 
rate. It would have to be capable of resolvin9 approximately 200 tracks 
simultaneously, calling for some 5 x 104 read-out pads per plane, which is 
consistent with the requirement discussed above for adequate resolution of 
Cerenkov rings. 

The remaining problem for very high rates in such a detector is the 
electronic signal processing and readout. Here again a fast multiplexed 
system of pad readout is called for. In our discussions, S. Dhawan 
conjectured a scheme with fast analog CCD buffer on each pad, with sparse 
data selection similar to what is done in E665 (Ref. 16), and 50 ns shaping 
time prior to digitization. For such a system with a total of 100 output 
busses, an "event" with hits on 100 pads would require 500 nanoseconds to 
read out. With a reasonable pre-trigger, this should be acceptable. 
Alternatively, future developments of segmented phototubes, or photodiodes, 
may replace the MWPC pad readout for very high rates. 

VI. Electromagnetic Calorimetry at Very High Rates 

We have seen that the science of EM calorimetry includes techniques, 
which have either been demonstrated or are in some stage of development, 
whic~ could satisfy the needs of Tevatron B-physics at interaction rates 
~ 10 sec- . Some of the options are briefly described as follows (Z refers 
to heavy metal absorber): 

Z-Liquid Arqon: 

Z-Silicon: 

BaF 2: 

O.K. at ~ 1 MHz interaction rate 
Good seqmentation 
Radiation Hard 
Lar9e body of expertise exists 

Very compact 
Shower size (Moliere radius) ~ 5 mm 

Very fast 
Radiation Hard Crystal 
Good segmentation: UV component 
Can be read out with wire chamber (TMAE) 

Z-Scintillating Fiber: Fast 
Good Segmentation 
Needs R&D 

For the giqa hertz interaction rates of our extreme fixed target 
scenario, only barium fluodide (BaF2) has properties which can inspire some 
hope. Barium Fluoride is a scintillatin9 crystal which emits UV light with 
a decay time of less than one nanosecond. In addition, highly pure BaF2 is 
the rnost radiation resistent scintillating materigl known, showin9 little 
effect of radiation damage with doses of up to 10 rads. 
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Because the fast component of scintillation light appears as UV 
photons an array of BaF 2 crystals can be read out by the same techniques of 
photosensitive MWPC, using TMAE, as was discussed in the previous section. 
This approach was pioneered several years ago by D. Anderson, working with 
the Charpak group at CERN. This BaF2 approach has undergone considerable 
development in recent years, both at CERN and at Brookhaven. At Brookhaven, 
C. Woody and co-workers, using specially designed fast electronics and 
pulse-shaping, have obtained an output pulse from th~ wire chamber with a 
baseline width of 20 ns, operating at rates up to 10 Hz per readout 
element. 

With this kind of performance, one could imagine a forward 
calorimeter array such as that illustrated in Fig. 10, which could handle 
the extreme conditions of the fixed target spectrometer. This array could 
occupy the shaded portion of the EM calorimeter wall in Fig. 2. 

Unfortuanately, the state of the art is not quite ready to produce 
such a detector, and there are major uncertainties to be resolved. First, 
it has proven very difficult to grow pure BaF2 crystals with acceptable 
transmission properties for the fast scintillation component. The 
quantities are small and the process is time-consuming: the array shown in 
Fig. 9 would require a volume of crystal which exceeds the world production 
over the past four years. Secondly, the readout system with TMAE has 
drawbacks: TMAE is very bad to work with, and has a low quatum yield. Of 
greatest concern for this application is the radiation hardness of TMAE. 
Some recent results have shown dramatic evidence of effects at high rates, 20 
although little is actually known at this point. Work is in progress at 
SLAC, Brookhaven and Fermilab to study this problem in more detail. 

VII. Conclusions 

We have looked briefly at the requirements for particle 
identification for possible beauty experiments at the Tevatron, both in the 
fixed target and the collider mode. Techniques presently in use in high 
energy physics experiments, and under development, should make sensitive 
experiments feasible. However, in all cases the present state of the art 
must be advanced to meet the necessary requirements for segmentation and/or 
rate capability. The roost fundamentally difficult challenges appear to be 
the efficient tagging of soft electrons (for the collider experiment) and 
the need to handle interaction rates up to ~10 9 Hz in the fixed target 
mode. In both cases we can find 11 in principle" demonstrations that the 
requirements can be met. We have considered only the roost basic properties 
of detectors, however, and the real answers will come from careful studies 
of details. 

This work was supported in part by the U.S. Department of Energy 
under contract DE-AC02-76CH00016. 
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THE E771 RING IMAGING CHERENKOV DETECTOR 

David E. Wagoner 
Prairie View A&M University 

Prairie View, Texas 77446-0355 

November, 1987 

Abstract 

The preliminary design of the ring imaging Cherenkov detector proposed for Fermilab beauty experiment 
E771 is described. It is designed with a 2 m length of c.F1o radiator gas. The Cherenkov rings will 
be detected with MWPC's with pad readout using TMAE. Discrimination between ?r's and K's up to 
$::$ 160 GeV/c should be feasible. 

Introduction 

A ring imaging Cherenkov {RICH) detector is proposed for E771 to perform 11" / K separation in the study 
of B -+ Jft/J + X decays. RICH detectors have been built and run in E605 at Fermilab1 and in the Omega 
Spectrometer at CERN2. New experiments which are building RICH detectors are the SLD experiment at 
SLAC8 , the DELPHI experiment at LEP•, and E665 at Fermilab5 • 

The basic equations for Cherenkov radiation are now well known (see Ref. 6 and 7 for various formula-
tions). The threshold Lorentz factor Ith for a gas of index of refraction n is given by 

1 1 
Ith = . r;-1 $::$ • yl-* y2{n-1) 

The Cherenkov angle () is given by 

() = arccos $::$ _ I Ith ( 1 ) 1(2_2) 
nyl - 1/12 Ith 1 2 - 1 

The maximum Cherenkov angle 800 {when I= oo) is given by 

H a spherical mirror of focal length f is used to focus the Cherenkov light the radius r of the Cherenkov ring 
at the focal plane is given by 

r = f tan8 $::$ /8. 
The number of photoelectrons N is given by 

The maximum number of photoelectrons N00 {when I= oo) is given by 

L 2 NoL Noo $::$No 800 $::$ - 2- • 
Ith 

L is the length of the gas radiator and No is a quality factor which includes factors such as transmission of 
the radiator gas, the reflectivity of the mirrors, the transmission of the windows, and the quantum efficiency 
of the detector gas. Design values of No have ranged from 90 cm-1 2 to 150 cm-1 r. We will use a value of 
No= 90 cm-1 throughout the remainder of this report. 
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Description of Detector 

We propose to build a RICH detector with a 2 m length of radiator gas. For the momentum range of 
interest C4 F10 should perform well as a radiator gas. C•F10 has a 7th F:$ 20. If a higher 7th is needed, then 
a gas such as N2 can be used. 

Within the radiator gas there will be a 4 x 2 array of spherical mirrors covering an area of 120" x 60". 
Each of the 8 mirrors will be SO" x SO" and have a S m focal length (6 m radius of curvature). The mirrors 
will be placed 4.5 m downstream from the center of the analysis magnet (called Rosie) and will be tilted -
so that the Cherenkov rings will be focussed onto a chamber outside of the aperture of the experiment. 
The mirrors will have a region of F:$ 12 cm radius a.round the beam removed so that Cherenkov rings from 
the non-interacting 800 GeV /c proton beam will not be detected. The portion of the radiator gas vessel 
within the experiment aperture and the mirror supports must be kept thin to reduce loss of photons from 
the interactions and to minimize multiple scattering of charged particles. 

An MWPC using TMAE is proposed as the detector of the Cherenkov rings. There will be two MWPC's 
on the East and West side of Rosie. Each MWPC will have an active area of 30" x 30" and will have a 
design similar to that tested by E6655 • Each chamber will have an anode wire spacing of 2 mm and will 
have cathode pads of size 2 mm x 50 mm positioned perpendicular to that a.node wires. The two chambers 
together will have F:$ 12200 channels to be read out. Ca.F2 windows covering the active area of the chambers 
will be used to separate the radiator gas from the detector gas and allow transmission of the Cherenkov 
photons. 

Fig. 1 shows the isometric view of the experiment. Fig. 2a shows the number of photoelectrons from 
2 m of C4 F 10 vs momentum. Fig. 2b shows the radius of the Cherenkov rings (using a S m focal length) 
vs momentum. Fig. Sa is from Ref. 5 and shows the chamber design we a.re considering. Fig. Sb show the 
geometry of the cathode pads and a.node wires. Fig. 4 shows the quantum efficiency of TMAE and the 
transmission of Ca.F2 windows. 

Expected Performance 

The RICH detector is to be used to separate 'll"'s and K's from B-+ Jft/J+X decays. The limit on resolving 
'll"'s and K's at high momentum is due to chromatic dispersion in the radiator gas and the resolution of the 

chamber. The chromatic dispersion of C4 F1o is characterized by ~:00 F:$ 4 x 10-s. At a given momentum 

P the qua.ntity7 

01< - OK n -
a - -yr:A=o=~=;/=N=" 

represents the number of standard deviations na to discriminate against a pion being identified as a kaon. 
Now 

AO! = AO~hrom + AO~eom 

where AOchro-m = AOOoo 
1 is the chromatic dispersion due to radiator gas and A.Ogeo-m = . ;..... 

oo 7thJ1 - 7lhh2 v 121 
is the geometric resolution due to chamber wire spacing a and focal length /. 

Fig. 5a shows na vs momentum for 1 m, 2 m, and S m of C4 F 10 with a 2 mm chamber wire spacing. 
Fig. 5b shows na vs momentum for 1 mm, 2 mm, and S mm chamber wire spacing with 2 m of C4 F1o. Table 
I shows some of the properties of N2 compared to c.F1o. The proposed detector having 2 m of C4 F1o and 
a 2 mm chamber wire spacing should be able to identify ?r's from K's at a 211 level over a momentum range 
of S to 165 GeV /c. 

The average charged multiplicity within the acceptance of the RICH is F:$ 4.1 . So the problem from 
overlapping Cherenkov rings is not expected to be serious. In the case where there a.re overlapping rings we 
will use the rejection techniques of Ref. 8 which involve rejecting hits in overlapping rings and rejecting hits 
in supercells (which a.re 5 cm x 76 cm in our case). Ref. 8 finds good ?r/K separation in an SSC environment 
where the momenta a.re similar to those expected in E771 but where the multiplicities a.re much greater. 
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Table I 
Comparison of Properties of N2 and C4 F10 

(n - 1) x 106 810 1510 
/th 40 17 
fi800 10 x 10-s 4 x 10-s --
800 
Noo 11 62 (in 2 m of gas) 

Maximum P for 
2u 71' / K separation 155 GeV/c 165 GeV/c 

(in 2 m of gas) 

Conclusion 

In order to study B meson production and decay, E771 requires a RICH detector to perform 71' / K 
separation on the B meson decays. The RICH we propose here has a 2 m C4 F10 gas radiator hth ~ 20) 
covering our aperture. The rings are focussed by 3 m focal length mirrors through CaF2 windows onto an 
MWPC running on TMAE. The MWPC has~ 12200 channels of anode wires and cathode pads to be read 
out. The Cherenkov rings observed have maximum radii of~ 15 cm and contain ~ 45 photoelectrons. With 
these parameters a 2u discrimination between 71'1S and K's up to~ 160 GeV /c should be feasible. 
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