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A "Beauty ~pectrometer" has been designed for studies of ~ physics at the SSC. The 
ultimate §9!U is a definitive measurement of CP violation in ~Jle B system. The spec· 
trometer ~nsists of two stages and occupies one side of ~ intermediat~luminosity 
inter~tio~ ~egion. An upstream, or intermediate, stage extends from the interaction 
point tQ 14lU and covers the angular region from 57 mrad (3.3°) to 350 mrad (20°). The 
forward stage extends to 77 m and to angles down to 5.7 mrad. The design includes sil· 
icon miq.olltrip detectors, coqyentional tracking, momentum analysis,and hadron and 
lepton ide~tification. While no fundamental problems have been found, the detector 
must deal with unprecedent~4 particle fluxes, trigger rates, and data rates. 



1. Introduction 
The great majority of the intermediate-p J. group worked as one subgroup on 

one problem-a spectrometer for bottom quark physics. The members of this 
effort set out to make a trial design of a forward beauty spectrometer capable of 
decisively observing CP violation at the level expected in the standard model. 
The theoretical groundwork was provided by the B physics group, whose report 
is contained in this volume [1]. Although there has been a great deal of interest in 
various techniques for obtaining large samples of B-meson decays, it is doubtful 
that any of them will be sufficient for studying CP violation before the SSC is 
operating. Even though there are still many experimental questions that require 
further study, it was possible to produce a rough design that is not obviously 
inadequate. It should serve as a good starting point for more detailed studies 
in the future, which can concentrate on the critical problems pointed out in this 
study. 

Since the forward beauty spectrometer subgroup included most of the mem-
bers of the intermediate pJ. group, its description makes up the bulk of this 
report. Two smaller smaller groups worked on the problem of electron and muon 
triggers for the B-physics experiment. The description of the electron trigger [2] 
is included in this volume as a separate contribution. It is treated separately 
in part to emphasize the fact that the lepton triggers are crucial for the success 
of the experiment and by themselves present difficult problems that need more 
attention. 

Other members of the intermediate-p J. group worked on three spectrometers, 
which are described in a separate paper [3]. These designs address experimental 
goals not well matched to the general purpose detectors, and which are discussed 
in detail in the report. In addition, L. W. Jones considered instrumentation of 
the forward cone inside that covered by the beauty spectrometer; his design is 
also presented separately [4]. 

2. B Physics at the sse 
There is a great deal of interest in the bottom quark system as a source 

of information on CP violation. In contrast to the charm case, bottom can 
only decay outside the top-bottom family, greatly enhancing the sensitivity to 
CP violation. The r~nt obs~tion of, mixing -for B~ has generated still more 
interest in the possibility for observing CP violating effects, since the size of these 
effects is now expected to be substantially larger. 

In the bottom system CP violating efFects are expected to appear in many 
decay modes, but as a general pattern the largest asymmetries occur for modes 
with extremely small branching ratios. As a result, an experiment must be 



exposed to a very large number of B's in order to guarantee making a clear 
statement about CP violation. 

The cleanest predictions of CP violating effects occur for decays into CP 
eigenstates. In these cases, CP violation is observed by comparing the decay 
time distributions of the CP eigenstates, using the other B to tag whether a 
particle or antiparticle is decaying. For example, the final state for B (or B) 
-+ t/lK.X is tagged as CP = +1 by the fast 21r decay of the K., while the lep-
tonic decay of the other B identifies the par~t as a B or B. The asymmetry 
(N(B) - N(B))/(N(B) +N(B)) is expected to be between 0.05 and 0.3 if the vio-
lation arises through the phase angle 6 in the Kobayashi-Ma.sIa..wa matrix, large 
enough to be measured with relative freedom from systematic errors if enough 
events are available. With the expected branching ratios, tagging efficiency, and 
other penalties, the asymmetry can be measured at the 30' level with less than 
109 B's. 

The total cross section for BB production at the SSC is expected to lie 
in the range 200 ",b to 700 ",b. * The spectrometer we envisage makes use of 
an intermediate-length interaction region, where the luminosity is 103,2 cm-2s-1• 

The BB production rate is then (2 to 7) x 104 s-l, for a totai of (2 to 7) x 1011 
in a nominal year of running. The rapidity distribution is expected to be fairly 
flat out to 5 or 6. t 

Given the prodigious rates and rich physics, BB studies promise to be an 
important part of the SSC program. They are also very difficult. The BB rate is 
already formidable, but the total p-p interaction rate is about 500 times greater, 
with roughly the same ~apidity distribution:"·The spectromei~r 'must operate 
at unprecedentedly high rates, there is an' ext~eme demand on triggering and 
readout electronics, and there must be an enormoUs capability for data transfer 
and data reduction. To investigate the possibilities and problems of these rates, 

* We take 200 pb 88 the "standard" Bli production cross section for purposes of this report. 
This cross section is to be compared with the 1.1 pb cross section measured at the SppS. 

. _The sse luminosity contributes several additional orders of magnitude to the rate. 
t ,The rapidity '1/ is defin, ed 88 

# ~ - • -

If terms of order (m/p)2 and higher can be neglected, the function 'depends only upon 
angle and is called the pleudofYJpidity". The approximation '1/ A$ " breaks down for low 
energy particles and for angles smaller than m/p A$ Ih. Because of its greater relevance to 
experimental design, pseudorapidity is used for the remainder of this report. 



we have made a first pass at the design of a specialized detector for B physics at 
the SSC. Our goal was to make a detector which would be as sensitive as possible 
to CP violation in as many modes as possible, and, in addition, to be sensitive 
in general to rare B decays. It followed immediately that high precision vertex 
finding and both hadron and lepton particle identification are required. 

Triggering is an extremely difficult problem. In addition to the J I tf; trigger 
which has been previously discussed [5], we attempted to make a spectrometer 
which includes electron and muon triggers. The trigger lepton provides a particle-
antiparticle tag if the associated D is reconstructed, allowing for a wide variety 
of detectable decay modes for the other B. 

3. Design Considerations 
i. Acceptance 

If the distribution in rapidity (actually pseudorapidity) dN I dry is taken as a 
constant (e), then IdNld81 = elsin8 and dNldn = el(27rsin2 8). Therefore 
(a) the distribution of B's (or secondary particles of any kind) is peaked strongly 
in the forward direction, falling only at angles smaller than 0.7 mrad, * (b) the 
counting rate in a small counter at a transverse distance RT from the beam is 
independent of distance from the interaction point, down to 8 ~ 5 mrad (ry ~ 6), 
and (c) at a fixed distance from the interaction point the counting rate scales 

11=2 as 4"T • 

These considerations led us to a spectrometer occupying the forward region. 
The length of the detector is well matched to the available free space in the 
intermediate-luminosity interaction regions planed for the sse, and the luminos-
ity in these regions is well matched to rate requirements for CP violation studies 
and other B studies. The forward region is also well matched to the geometry of 
silicon microstrip detectors, whose resolution is of fundamental importance for 
heavy flavor identification. 

. Si~ce 'b~th the B and the B must be accepted, there is a high premium on 
providing a large acceptance. The expected production characteristics of quarks 
have been described by B. Cox and D. E. Wagoner in 1986 [5], and by Foley et 
al. elsewhere in this volume [1]. A broad distribution of B mesons extends to 
about ±6 units of rapidity. The b and b quarks tend to be produced in the same 
direction, so the directions of the B and B mesons are highly correlated within 
about ±1.5 units of rapidity. The resulting angular distribution of B quarks is 
strongly peaked in the forward-backward direction with respect to the beams, 

* Since dN/d" decreases for ,,~6. 



with both B quarks on the same side. * 
To investigate the acceptance of a generic detector, a study was performed 

simulating the decays of B's into two and three charged particles. The B and B 
mesons were generated with a pJ. greater than two GeV Ic and in the rapidity 
interval -6 < '1 < 6. The results of this study are shown in Fig. 1. Here increasing 
the acceptance interval of the "TASTER", (1° < (J < 20°, or 1. 74 <. '7 < 4.74)[6], 
was studied. All of the decay products from both B's fall in the 1° - 20° acceptance 
for 8.8% of the events. Keeping the 20° ('7 = 1.74) intermediate acceptance and 
lowering the forward angle to 5 milliradians ('7 = 6) increases this fraction to 
14%. Keeping the forward acceptance limited to 1° and increasing the outer 
acceptance to 40° increases the fraction to 15%. 
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Figure 1. BB acceptance of the 1986 "TASTER" for both B's into two and three body 
charged modes as the inner and outer acceptance angles are changed. The dots indicate 
the fraction of events accepted when the outer acceptance angle is varied and the small 
angle acceptance is fixed at 1°. The crosses correspond to keeping the outer acceptance 
fixed at 20° and varying the small angle acceptance. The outer acceptance angle of the 
spectrometer described in this report is the same as that of the "TASTER," but the 
inner angle (5.7 mrad) corresponds to" ~ 6. 

, Clearly the acceptance should be increased both forward and outward as 
much as possible. In fact, however, It is only the part' of the acceptance which has 
good verteX nnding, charge particle reconstructibility, and particle identification. 
We have accordingly adopted a. nunimum angle of 5.7 mrad while leaving the 
outer angle at 20° (350 mrad). 

* Because of this, there is little to be gained in covering both directions. The replication of 
cost and effort would only double the rate. 



ii. General comitleration" 

We have mentioned that for a number of reasons an intermediate luminosity of 
1032 cm-2s-1 is appropriate for B physics at the SSC. If we assume current tech-
nology (silicon microstrip vertex detectors) for the vertex finding, then the multi-
ple Coulomb scattering limit on the vertex resolution is Ax = 0.014(RTlp.dv'XO. 
In this expression RT is the transverse distance from the beams, P.1. is the trans-
verse momentum of the particle in GeV Ic, and Xo is the thickness of the detector 
in radiation lengths. This limit requires that the vertex detectors be placed within 
about 1 em of the beams. With a luminosity of 1032 cm-2s-1, current detectors 
could just survive the dose from a year of running, estimated as 3 megarads at 1 
cm from the beam and scaling as the inverse square of this distance. 

Another reason is that the approximately ±100 meters of clear space as-
sociated with intermediate luminosity regions allows the small angle regions of 
detectors to be placed at relatively large distances from the beam, where rates 
and occupancies are tolerable. Assuming that there are 6 (:::::: 21r) charged par-
ticles per unit of rapidity, the probability of a hit per interaction in a counter 
element of area dA at a distance RT from the beam is dAI Rt, and the probabil-
ity of a hit in a wire chamber cell of transverse width w is 1rW I RT. The 0.0057 
rad chosen for the forward acceptance limit corresponds to a hit probability of 
5 x 10-4 cm-2 for a counter located 70 meters from the interaction region. Sim-
ilarly, a 2 mm multiwire proportional chamber cell cell at this location has a hit 
probability of 1.5%. 

A final luminosity consideration is that of the trigger. Even at 1032 cm-2s-1 
there are lOT interactions per second (0' :::::: 100 mb) and ,..., 2 X 104 BB, pairs 
produced each second (0' :::::: 200 Jlb), of which 3000 s-1 are "in aperture." It is 
already a severe challenge to design a trigger which is both open for BE events 
and which efficiently rejects the 4000 times larger rate of uninteresting events. 

Given that the luminosity is limited to 1032 cm-2s-1, then what determines 
the small angle acceptance limit? Here a number of factors come in at ~ 10 mrad. 
At 0.0057 radians a 0.3 mm thick cylindrical beryllium beam pipe presents about 
10% of a radiation length of material. There are probably better shapes than a 
simple cylind~ for the beam pipe, but in any case the beam pipe becomes a seri-
ous problem at very small angles. While occupancies and momentum resolution 
can be -improved with still more space and extra magnets, it appears that the 
ultra-small angular region is not worth the effort. We chose 0.0057 radians as a 
practical small-angle limit. 

A number of experimental problems develop as the large-a.ngle acceptance 
limit increases. The vertex detector geometry becomes increasingly complicated 
due to the ±7 cm length of the collision region. Tracks from different parts 



of this region necessarily have large angles with respect to the normal to the 
silicon detector plane. Since the silicon is much thicker than the strip spacing 
( ..... 50 pm), these large-angle tracks produce partial signals from a number of 
neighboring strips. These small signals may not be distinguished reliably from 
noise. If they could be, there would still be a worsened position resolution and a 
larger pr~~ability of overlapping hits.'· 

For this design we decided upon particle tracking and vertex finding before the 
first magnet, using straight tracks (a condition not completely satisfied for very 
small angle tracks). It is geometrically very difficult to find an arrangement of 
magnets and tracking devices which finds reliable pre-magnet track segments and 
also extends to angles larger than about 20 degrees (350 mrad). Finally, particle 
and especially electron identification becomes more problematic for these rather 
low P.L tracks at the larger angles. While there is clearly a significant gain to be 
achieved in extending the angular coverage to larger angles, we decided upon a 
limit of 350 mrad for purposes of this study. 
iii. Minimum "ize of the beam pipe 

The minimum allowable size for the beam pipe can be set by a simple crite-
rion: the limiting aperture of the machine should be somewhere else during all 
phases of the collider operation. It is sufficient to consider the limiting cases of 
injection and collision. Both the beam size and the finite crossing angle determine 
the result. 

The r.m.s. width of the beam in the x (or y) direction is given by 

where EN is the normalized emittance (nominally 1.0 x 10-6 m-rad), P is the 
transverse or betatron amplitude functi()n, and 'Y is the usual Lorentz factor. 
The optics in the arcs is .always the same, with f3 -:- _~88 m, ,and ~he beam pipe 
radius is 1.65 em. During injection {J.Pl the interaction region (IR) varies from 
60 m at the interaction point (JP) to·320 m at the quadrupole entrance 120 m 
away. Scaljng the arc beam pipeJ:adius by "f!J, we find a limiting imide radius 
of 0.7 em at the JP and 1.4. em' at the quadrupole entrance. Halfway between 
(60 m) P is about 12 m, so the limiting imide radius is 1.0 em. 

: After "acceIeration, the beams are smaller by a factor of v'2O because of the 
change in the Lorentz factor. fJ reaches a very large maximum (2600 m) in the 
IR quadrupoles. A limiting aperture here would be intolerable for background 
reasons, so scrapers are moved into place elsewhere in the machine. As a re-
sult, the injection optics discussed above still determine the limiting beam pipe 



dimensions, even though (3 at the quadrupole entrance is actually larger in the 
collision optics configuration. 

The crossing angle (a) of the beams is 70 JLrad in both the high- and inter-
mediate-luminosity IRs, and for a variety of reasons it cannot be decreased much 
further. Thus a/2 x 120 m = 0.42 cm must be added to the vertical clearance at 
the quadrupole entrance. The addition scales linearly with distance from the IP. 

These results are summarized in Table 1. 

Table 1 
Minimum inside dimensions of the beam pipe in an intermediate-luminosity inter-
action region. Alignment errors are assumed to be zero. 

Distance 
from IP rz ry 

Om 0.7 cm 0.7 em 
60m 1.0cm 1.2cm 

120 m 1.4 cm 1.8 em 

IV. Forward and intermediate 8tage8 

Given that the occupancy of a detector element depends only upon RT and is 
independent of the z position, and given the enormous range of particle momenta, 
the detector naturally needs to be composed of two, and perhaps even three 
stages, each covering an optimal rapidity range. Two stages were ~osen to avoid 
the extra edge. Given two stages, the hole into the forward stage, should be made 
as large as possible. For dN/dfJ ~ 6 the occupancy of the edge is 27r~RT/RT, 
where ~RT is the edge thickness as defined by electromagnetic and hadronic 
transverse shower thicknesses·. 

A large hole is also advantageous for detecting K., 'so This is particularly 
important since tf;K., is one of the prime CP violation modes. We assume that to 
be observed a K., must decay before or within a magnet. This leads to a reduced 
K., efficiency for the rather fast K. 's which are just outside of the maximum 
forward spectrometer acceptance angle. Particles analyzed by the forward stage 
have much better tracking and particle identification and have a much better 
momentum resolution. 

The cost of the downstream detector limits the size of the hole. The 0.057 
radian choice for the hole very roughly bisects the rapidity ranged covered by 
the detector,with an average of 11 charged particles going into the intermediate 
detectors and 14 through the hole into the forward stage. 



v. Trigger 

As discussed in the 1986 Summer Study [5], the B ..... t/JX ..... 1.+1.-X is a clean 
trigger which is fairly easy to implement. However, this branching ratio with t/J 
going into either 1'+1'- or e+e- is only 7 X "10-4• The semileptonic B branching 
ratio into a muon or into an electron is about 10%, more than 100 times larger 
than for the B ..... tP ..... i+ 1.- case:--iD. addition, the lepton plus an associated and 
reconstructed D clearly tags the particle-antiparticle character of the B meson 
(CP violation is then determined by a study of the time evolution of the "other" 
B meson). It is thus strongly desirable to trigger on a single electron or muon. 

To be effective, such a trigger must include reconstruction of the lepton track 
to the vertex and must require impact parameters of ~ 200 I'm with respect 
either to the beam interaction volume or 'Yith respect to another found vertex. 
There will be a large direct charm background for such a trigger, which can be 
reduced by imposing a Pl. ~ 1.5 GeV Ic requirement on the lepton track. Clearly, 
the spectrometer must be designed to facilitate the trigger. For this study we 
have focused on the electron trigger but clearly both electron and muon triggers 
should be implemented (if practical). 

4. The Spectrometer 

The 1987 B spectrometer for the sse shown in Figs. 2 and 3. The gross fea-
tures are an intermediate (wide angle) spectrometer covering the rapidity range 
from 1.74 to 3.6, and a forward (downstream) spectrom~ter with rapidity cov-
erage from 3.6 to 5.9. The intermediate spectrometer contains a 1.5 tesla-meter 
dipole, starting 1 meter downstream from the center of the interaction volume, 
and supplying a Pl. kick of 0.45 GeV Ic to charged particles. All such charged 
particles will have traversed 6 silicon microstrip planes with perpendicular an-
ode and cathode readouts, leading to 12 high-resolution position measurements 
before the particle enters the magnetic field. The microstrip detectors in combi-

. nation with the two downstream drift chamber tracking stations will result in a 
momentum resolution of 

for the intermediate spectrometer. "The -corresponding mass resolution6.mlm 
will be -0.6% for typical 30 GeV particles. 

",",.Particles produced at angles smaller than 0.057 radians. go into the forward 
spectr~meter,passing through a 4.5 t~l~~meter dipol~ and three drift chamber 
tracking stations. These particles receive a total Pl. kick of 1.8 GeV Ic. The 
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Figure 2. The 1987 B spectrometer. To set the scale, the electromagnetic calorimeter 
is located 70 meters from the beam crossing point and has transverse dimensions of ±4 
meters. The upstream (intermediate) spectrometer is shown in Fig. 3. 
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Figure 3. The intermediate beauty spectrometer. To set the scale, the electromagnetic 
calorimeter is 8 meters from the crossing point and has transverse dimensions of ±3 
meters. . 



momentum resolution, 

corresponds to a mass resolution of ""0.3% for particles of typically 100 Ge V. 
Vertex finding, tracking, hadronic and leptonic particle identification, and 

other issues are discussed in the following sections. 
i. Vertez finding and th.e beam pipe 

Precise vertex resolution is absolutely essential for doing B physics at the 
SSC. In the absence of multiple Coulomb scattering the spatial resolution of a 
track at a vertex would be 

where (70 is the intrinsic spatial resolution of a vertex tracking device plane, n 
is the number of planes per view, t::.S is the distance from the vertex to the 
first plane and t::.L is the distance from the first to the last plane. Unfortu-
nately, the contribution from multiple Coulomb scattering may dominate. This 
contribution is 

6.xms = 0.014 6.S JXIXo , 
P 

where p is the momentum iIi the Ge V I c and XI XO is the thickness of the relevant 
material in radiation lengths. Since the transverse distance from the beam (RT) 
is 6.Stan9 and P.L = psin9 (~ ptan9), the expression can be conveniently 
rewritten as 

6.xmS(pm) = P.LtG~V) RT(cm) 

for XI XO for a 300 pm silicon plane. To do B physics it is essential that 6.xms be 
much less than C7" for beauty (",,300 pm). Since the beauty decay particles have 
P.L "" 1-2 GeV Ic, the first planes must be very clmolp. to the beams and multiple 
scattering in the b~ pipe must be small. 

Due to the practical difficulties in operating vertex detectors inside the beam 
pipe we considered placing the det~~t;ors outside the beam pipe with various 
beam pipe arrangements. The minimum beam pipe inner dimensions summarized 
in Table 1 indicate that the beam pipe inner diameter could be 1.0 cm to 1.2 
em for the first 60 m. (These requirements allow for an aperture-filling beam 
during filling, and guarantee that any beam scraping will occUr elsewhere in the 
machine.) A 1 cm Be beam pipe could be 0.3 mm thick (0.9 x 10-4Xo) with "a 
structural safety factor of three. 



For such a straight cylindrical beam pipe the spatial resolution at the vertex 
just due to multiple scattering in the pipe is 

A beam pipe( ) 4 RT( cm) 1 
uX I'm ,-..; p.L(GeV) v'e . 

This is probably acceptable for the angles of the intermediate spectrometer such 
that 1/ v'e ;E; 4. For more forward angles a complicated beam pipe shape will 
be necessary. A number of beam pipe styles were proposed (see Fig. 4), but the 
optimal shape remains unclear. 
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Figure 4. Three classes of ideas for beam pipe designs. 

Independently of the beam pipe shape the organization of the vertex de-
tector will be something like that shown in Fig. 5. The design is based upon 
currently available silicon microstrip type devices. Pixel devices are under ac-
tive development [7] and could provide significant advantages. Figure 5a shows 
the approximate distribution of 15 of the 16 silicon microstrip stations along the 
beam line (the 16th is at about 4 meters from the interaction point). Each sta-
tion is assumed to provide measurements in each of 4 views if silicon microstrips 
are used, or to provide a single high resolution pixel measurement if pixel devices 
are used. The distribution, designed so that each track registers in 3 stations, is 
approximately exponential. 
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Figure 5. Schematic illustration of vertex detector arrangement. Fig. 5a shows 15 
of the 16 measuring stations which surround the beam pipe. Each measuring station 
contains either 4 silicon microstrip views, or one pixel device. The detectors extend 
from an inner radius at the beam pipe of 1 cm to outer radii of 3, 5, and 6 cm as shown. 
Fig. 5b shows the area near the ±7 cm long beam interaction volume. The detector are 
actually tilted to be oriented as nearly perpendicular to the tracks as possible. 

The problems associated with the long (0'% = ±7 em) collision region are 
evident from Fig. 5b, which shows the vertex detector arrangement near this 
region. While the detectors are tipped so that the average track is normal to 
the detector surface, there is still a sizeable spread in angles for these tracks, 
resulting in partial signals from a number of strips (or pixels). 

For angles greater than about 20 milliradians the vertex tradcing is accom-
plished with straight tracks in a nearly field free region. For particles at smaller 
angles, with momenta of typically 100 GeV Ic, there will be some track curvature 
iIi· the vertex detector . 

. ' Finally, we note that the vertex tracking system forms an essential part of 
the overall track finding and fitting. This is particularly true for the small angle 



tracks, which intersect the first drift chamber trackers in regions of high occu-
pancy. 

IT the vertex detector were made from double sided silicon microstrip detec-
tors with 50 p.m spacing as shown in Fig. 6, there would be approximately 2 X 105 

strips. IT pixel devices were used, with pixel sizes of 50 p.m x 50 p.m, there would 
be '" 2 x 107 pixels. 

TRANSVERSE POSITION 
..RESOLUTION = 15 fLm 

~t---- READ-OUT 

-~"f--DOU8LE SIDES 
STRIPS OR 
PIXELS 

Figure 6. Beam's eye view of plane of silicon microstrip or pixel detectors. 

u. Magneu 

The first magnet is a 1.5 tesla-meter dipole and has a ±0.35 m entrance 
aperture' in both the bend and non-bend directions. This aperture, which is 
located- i 'meter from the center of the inter:~ction volume, probably cont~s a 
mirror plate to terminate the fringe field: The downstream aperture must accept 
particles produced in a cone with 350 milliradian half angle. IT the magnet is one 
meter long the exit aperture is ±0.7 meters in size. 

" , 

The second dipole magnet accepts tracks with angles < 57 mrad at a distance 
of 15 meter from the interaction point, and has' a total field integral of 4.5 tesla-
meter~ . .T1.te aperture of .this D?:agnet is ±O.9 meters in both dimensions and the 
magnet is three to four meters l()ng. 
iii. Charged particle trac1cing 

The-iractcing detectors 'must be highly redundant to achieve a high recOn-
struction efficiency and to be capable of handling the 107 s-l, event rate. The 
readout must be designed to provide fast triggering information. To facilitate 
track reconstruction in the trigger logic, the detectors have bend-plane and non-
bend-plane views. ' 



The design of the spectrometer is partially determined by occupancy con-
siderations. With a charged particle multiplicity of 6 per unit of rapidity, a 
long chamber cell of width w a transverse distance RT from the beam has a hit 
probability per event of 

P = 1l"W/RT. 

This gives a cell occupancy 

where Llt is the relevant time resolution of the device and T is the average time 
between events (-100 ns). For example, a 3 mm diameter cylindrical ("soda 
straw") cell with a drift speed of 50 p.m ns-1 and with single hit electronics has 
a time resolution of 30 ns. Such a cell located 20 cm from the beam would have 
an occupancy of 6%. With larger cells and multiple hit electronics it is less clear 
how to define the relevant occupancy. H we define the effective width of such a 
cell as the double hit separation (-1 mm) and the time resolution as 1 mm/(50 
p.m ns-1), then the occupancy of such a cell is again about 6%. It is clear that 
even with a luminosity of 1032cm-2s-1, chambers cannot be effective at distances 
of less than about 15 cm from the beam. On the other hand, an infinitely long 
50 p.m wide silicon strip at RT = 1 em has an occupancy of -2% if the readout 
time resolution is 50 ns. 

The tracking philosophy is evident from Figs. 2 and 3. Straight track seg-
ments are found by the silicon vertex detectors in the pre-magnet region where 
each track will have -12 high resolution points if silicon strips are used or 3 
space points if pixel devices are used. In addition, the wider angle tracks will 
register in a pre-magnet chamber with very small cells. The main tracker for the 
wider angle tracks of the intermediate spectrometer is located about 3 meters 
downstream where these tracks are usually more than 20 em from the beam. 
The main tracker might consist of a jet cell system, as shown in Fig. 7. There 
will be cells with z, y and 45° views, each composeg of 16 sense wires with a half 
cell width of 6,uu:n.. The sense wire planes are oriented at about 10° with respect 
to the forwar4 track directi()n. Since a track always passes very close to at least 
one sense wi~~, there is a prompt signal which gives the track coordinate and 
the drift ~es, ~o~ neighb0r!ng sense ~r.es give, the ,track angle~ ,It might be 
necessary to reduce the cell spacing at small RT due to the rates. This chamber 
contains aboU"'t 11,000 sens~ Wires. The final t~a.cldng device of the ,in:termediate 
spectrometer is'loca.ted juSt'upstream of theTRD. This Chamber helps in the 
tracking and improves momentum resolution .. It is also required in the electron' 
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Figure 7. Cell structure of main drift chamber tracker. 

trigger to reject photon conversion occurring in the TRD radiator. This tracker 
has ",6000 sense wires. 

At less than 57 mrad particles go through the hole into the downstream 
spectrometer. A chamber at 13 meters, just before the big magnet, helps in link-
ing tracks found in the downstream tracker with the pre-magnet segments found 
in the silicon. This chamber also helps with soft tracks which have inadvertently 
gone through the hole, and it .helps identify "shine" off the edge of the hole. This 
chamber contains about 6000 small cells. At this location, the resolution ob-
tainable with a high pressure straw chamber [10] would significantly improve the 
momentum resolution of high momentum tracks. The main downstream tracker 
is at about 40 meters. It is similar to that of the main intermediate tracker and 
contains about 20,000 sense wires. The occupancy of this device should be satis-
factory at 20 cm from the beam, which corresponds to the 5.7 mrad acceptance 
limit. There is also a far-downstream chamber, just in front of the TRD, which 
helps with track finding, momentum resolution for high momentum tracks, and 
is important for the trigger. This device contains about -8000 wires. The es-
timated total number of sense wires in the charged particle tracking is about 
55,000. Portions of wires closer to the beam than 10 cm are deadened. 

It should be pointed out that this proposal for tracking is .-clearly one ex-
ample of many ~ossibilities. The main problems occur close to the beam where 



occupancies are 5-10%. Linking the small angle tracks found in the downstream 
spectrometer to those found in the silicon might present problems. In this case 
somewhat more silicon could be installed at about 4-8 meters from the interaction 
point. 
iv. Hadron particle identification 

For B physics the identification of hadrons, and especially kaons, will be very 
important, probably essential. The two stage spectrometer greatly facilitates 
particle identification. Figs. 2 and 3 show three stages of ring-imaging Cerenkov 
(RICH) detectors, each of which has 32 photon detector planes. Table 2 indicates 
the basic physics properties of each detector. In the forward spectrometer K7I" 
separation is achieved from 5-200 GeV Ic and Kip separation is obtained from 
6 to 370 Ge V I c. For the intermediate spectrometer the corresponding momenta 
are 3-40 GeV Ic and 10-70 GeV Ic, respectively. The particle identification for 
the intermediate spectrometer can be extended to very low momentum via time 
of flight counters located near the electromagnetic calorimeter, 8 meters from 
the interaction point. At this distance 3 GeV Ic K's and 7I"'S have a flight time 
difference of 0.36 ns' nearly identical to the time difference of 5 Ge V K's and 
protons. These values are about 4 times larger than reported time of flight 
resolution (under 0.1 ns) [8]. 

Table 2 
Properties of the three ring imaging Cerenkov counters. The table gives the differ-
ence of the index of refraction n from unity, the length of each counter in meters, 
the relevant momentum r~on for each in Ge VIc, and the expected number of 
photoelectrons. . 

1 2 3 
n-1 1.7 X 10-3 6 X 10-4 6 X 10-5 

Length (m) 0.8 2.0 20 
:e/7r < 12 <20 <60 
.7r/K 3 - 40 _5 -70 15 - 200 -
Kip .10 -70 .. 6- 120 50 - 370 
.# p.e. - 25 25 25 

A~ypical ~9H cell contains an average of 1 of a ring per interaction, i.e., 
an overall rate of ",10 MHz. The detector planes can be placec:l (via mirrors) 
at rather large distances from the beam to reduce radiation problems and the 
passage of minimum ionizing tracks. The electron rate at a sense wire is still very 
high, however. The planes can be read out in the same manner as in Fermilab 



experiment E605 [9], with a multistep proportional chamber. Finely segmented 
cathode pads may be necessary. Due to the concerns about TMAE related cham-
ber degradation it may be necessary to develop a new readout scheme (perhaps 
segmented phototubes) or to use conventional threshold Cerenkov counters. 
v. 7ran.sition radiation detectoT& 

It is clear that a single lepton trigger will be essential for high rate B physics, 
and here we consider the case of an electron. In addition to greatly helping with 
electron identification ofBine, transition radiation detectors (TRDs) are crucial 
in making fast electron trigger decisions. 
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Figure 8. Schematic design of one transition radiation detector. There are four modules 
per TRD detector. 

-The TRDs are located just upstream of the electromagnetic calorimeter. Each 
is composed of 4 modules. As shown in Fig. 8, each module contains 500 thirty-



micron polypropylene foils separated by 120 p.m nitrogen gas gaps. The average 
of two TRD photons produced per module are detected in the two 90% Xe +10% 
CH4 gas detectors. Two detectors are chosen, each with an absorption proba-
bility of 0.5 for each module, to reduce the total drift collection time to 600 ns. 
The electronics are just sensitive to large ionization clusters and OR the two 
detectors. Demanding that 3 of the 4 modules has a cluster, results in a 90% 
efficiency for counting electrons with a rejection of better than 1/50 for pions of 
momenta less than 100 GeV. Figs. 9a and 9b illustrate a scheme for arranging 
a mosaic of smaller detectors to cover the large required areas. The wires are 
ganged to minimize the number of readout channels while maintaining a reason-
able occupancy. The distribution of channels is given in Table 3. An estimated 
23,000 anode channels are needed. 

9(a) INTERMEDIATE TRD 9(b) FORWARD TRD 

14-r----- 4.8m ------1·1 114-_----- 8.8m 

PLANE DIMENSIONS: 
INNER 0.8 m x 0.8 m 
OUTER 204m x 1.2m 

1m 

---- D ~---
REPLICA OF 
INTERMEDIATE TRD 

t4--- 4.8 m -----41 

PLANE DIMENSIONS: 

l 
I 
I 

CORNER 2m x 2m 
SIDE 2m x 204m 

1m 
1---1 

Figure 9. Schematic of the mosaic arrangement of TRD detectors to cover the large 
required areas ofthe intermediate (Fig. 9a) and forward (Fig. 9b) detector. 

It may also be advantageous to read out cathode pads which ~e geometrically 
matched to the towers of the electromagnetic calorimeter. Finally, we note that 
since the readout is supposed to be sensitive only to the signal clusters associated 



with the large local ionization from the absorbed x-rays, the occupancy of the 
TRD should in general be rather low. This will reduce problems caused by the 
long drift time in xenon. 

TRD 

Intermediate 

Summary: 

Forward 

Summary: 

Table 3 
Distribution of TRD channels. 

Chamber type Chambers Wires Ganging Channels 
per plane per plane factor per plane 

Inner 8 1600 4 400 
Outer 6 3600 6 600 

1000 
1000 channels/sense plane 
8000 total channels 

Outside comers 4 2000 8 250 
Outside sides 8 4800 8 600 
Replica of inner TRD 1000 

1850 channels/sense plane 
14,800 total channels 
Total of 22,800 channels for the entire spectrometer 

vi. The electromagnetic calorimeter 

The main functions ot'the electromagnetic calorimeter for high rate B physics 
are electron identification a.n.d helping facilitate the electron trigger. As a con-
sequence, transverse and longitudinal segmentation are very important. Energy 
resolution is important in that it helps with the electron identification, but su-
perb energy resolution is not a necessity. It would be nice to reconstruct B-decay 
lI"°'s. However, since the efficiency for finding lI"°'S in these many-particle events 
will be small and the backgrounds large, and since lI"°'S do not leave tracks in 
vertex detectors, it is highly unlikely that 11"0 reconstruction will be very useful. 

Two oonsidera:iions aetemJnethe transverse'segDientation of the detector. 
The first is occuPa.ncy~ 'The probability per event that a. detector element otarea 
dA at a transverse distance RT from the beam is hit is dA/.nt = fl.."fl.q,. The 
occupancy for charged particles or photons then is (dA/ .nt )(1 + fl.t / T), where fl.t 
is the time resolution of the detector and T is the average time between collisions 
(",,100 ns). To fix ideas, we consider a lead-liquid argon device with narrow gaps 



and assume that ~t t"<J 200 ns has been achieved through the addition of methane. 
If we wish to restrict the occupancy to 0 = 0.002, then the size of a transverse 
cell should be dA = oR}/(l+~t/T). The number of cells in an annulus of radius 
RT and width ~RT is ~N = (211"/0)(1 + ~t/T) ~RT/RT. For a detector with 
inner radius RJpiR and outer radius RJpa.:r: we then need a total number of cells 

For the downstream detector, RJpiR t"<J 30 cm and RJpa.:r: f"J 4 meters, so N f"J 
24,000 cells. Faster time resolution (e.g. f"J50 ns) could reduce the number of 
cells by a factor of two. A less stringent occupancy criterion could also reduce 
the total. 

A second criteria is that of shower size. For a lead-liquid argon calorimeter the 
90% containment radius is ",,2 cm. There is not much reason to make a cell smaller 
than about 1.4 cm x 1.4 cm, since this is the intrinsic shower size. On the other 
hand, much of the pion rejection is obtained by observing a narrow shower and 
by comparing the shower location with that of the incident charged particle. The 
shower position can be obtained to t"<J 1 mm precision in a fine-grained calorimeter, 
and this leads to a powerful rejection of pion-photon overlaps. To obtain both 
the width information and the shower position, shower segmentation should be 
comparable to the shower width. 

Th,. t.wn r.";t,.rhl alM'PP Rt. R rru-1i1t~ ~1tr.h thRt 

RT = V(1.4 cm)2 (1 + ~t/T)/O 
=53cm. 

For smaller radii the occupancy is larger than our 0.002. At RT = 30 cm it is 
0.006, which is still acceptable. For lar.v;er radii the shower width criterion is the 
more stringeri.t . 

. To satisfy both criteria while keeping the number of segments (and therefore 
the cost) down, a hybridized scheme is suggested for use at larger RT. Towers 
will be designed according to an occupancy rule, interleaved in alternating layers 
with z and'IJ strips whose width is determined by the transverse shower size. In 
a4dition, e8.ch tower is segmented into 3 longitudinal segments to further aid in 
pion rejection . 

. A quadrant of the forward electromagnetic calorimeter is shown in Fig. 10. 
Within the region where z and 'IJ are less than 1 meter from the beam there are 
a total of 20,408 towers, each 1.4 cm square, and each segmented longitudinally 



into three readouts. For z and y between 1 m and 2 m there are 7890 towers, each 
3.9 em square and segmented longitudinally for three readouts. In this region 
tower layers are interleaved with z and y strip layers 1.3 cm x 11.7 cm. The 
outer region contains larger towers and strips, as indicated in Table 4. The total 
thiCkness of the detector is about 35 radiation lengths and each layer is about 
0.5 radiation lengths thick. The total weight of the detector is about 140 tons. 

X,V, STRIPS 
1.33 em WIDE 

INTERMEDIATE 
TOWERS 
3.9 em x 3.9 em 

INNER TONERS 
J.4em x 1.4em 

BEAM 

J'icw'e 10. A Khematic view of one quadrant o( the (orward electromagnetic calorime-
ter. For larger distances (rom the beam a hybrid cell structure is chosen with projective 
towers, z strips and 11 strips in alternate layers. 

The electromagnetic calorimeter for the intermediate detectors is very similar 
but smaller. The weight is about 80 tons and there are 116,300 readouts. 
vii. Hadron calorimeter and muon detector 

The primary purpose of the hadron calorimeter is to help with electron and 
muon· identification. As a consequence a simple iron calorimeter is adequate. 
This calorimeter is followed by an iron muon filter. 

The first two interaction lengths mainly serve to help with the electron iden-
tification and are arranged in towers, with two samples per interaction length. 
Each tower matches four of the electromagnetic towers and is uSed in the electron 
trigger to veto hl¥irons which otherwise appear to be electrons. There are about 
9000 and 8000 towers, respectively, for the forward and intermediate calorime-
ters. This section of the calorimeter might also contain liquid argon and would 
then share a cryostat with the electromagnetic calorimeter. 



Table 4 
Distribution of electromagnetic calorimeter readouts for the forward spectrometer. 
The intermediate spectrometer has somewhat fewer channels. 

Type Size Minimum Maximum Longitudinal Number of 
x or y x or y Segments Readouts 

Towers 1.4 cm x 1.4 cm 0 1m 3 61,224 
Towers 3.9 cm x 3.9 cm 1m 2m 3 23,668 

x strips 1.3 cm x 11. 7 cm 1m 2m 1 7,890 
y strips 1.3 cm x 11. 7 cm 1m 2m 1 7,890 

Towers 8emx8cm 2m 4m 3 22,500 
1.3 cm x 48 cm 2m 4m 1 7,500 
1.3 em x 48 cm 2m 4m 1 71500 

138,172 

The remainder of the hadron calorimeter, composed of 10 interaction lengths 
of iron, is designed to help with muon identification and with muon tracking for a 
single or dimuon trigger. It is read out in 20 sampling layers, using a combination 
of plastic scintillators for fast timing and gas chambers with anode wire and 
cathode pad readout for position measurement. The readout configuration has 
yet to be completely defined. The iron weighs 900 tons for the forward hadron 
calorimeter and 600 tons for the intermediate calorimeter. 

The iron muon filters are each 1.8 meters thick, with a total of four layers of 
drift chamber readout for muon tracking within and behind the iron. The weight 
of this iron is about 900 tons for the forward and 700 tons for the intermediate 
stage. There is clearly space for a longer filter for the forward spectrometer, 
should it be required. 
viii. Acceptance for K.'" 

. -
Here we make a very rough estimate acceptance for K. decay particles. We 

assume that 8,'K. must decay before or-Within a magnetic field to be identified. 
The typiCal decay distance L is -r/JCT. With a pi of a K. from'B decay of about 
1.5 GeV Ic and with -r/J f'V pJ.19M we have L9 f'V 9 cm for a K. decay. A K" 
produced at an angle greater than 0.057 radius must decay before about 1.5 
meters in order -for the decay mesons to be magnetically analy~ed. The worst 
ease for these particles is at the edge where the K.'s are fastest. The mean decay 
distance at 0.057 radians is f'V9 cm/0.057 = 1.5 m. At this worst angle about half 
of the K.'s are accepted. 



Similarly, at the inner acceptance of the forward spectrometer the mean decay 
distance is 15 meters, which is again comparable to the distance to the second 
magnet. We conclude that the acceptance " for K .. 's exceeds 75%. 

iz. Shine-jTom the hole 

In a typical event, the probability that a particle hits the intermediate cal-
orimeterswithin a distance ~RT of the inner hole i; abc:,ut 21r~RT/ RT for both 
photons and charged particles. For photons, we expect some downstream shine 
when ~RT is less than the transverse electromagnetic shower width. The same 
is true for hadrons when ~RT is less than the corresponding width for hadronic 
showers. 

To minimize both effects the inner edge regions of the intermediate calorime-
ters should be made as compact as possible with tungsten absorber and perhaps 
silicon readout materials. In tungsten the 90% containment radius is about 1 cm 
for electromagnetic shower and about 4 cm for hadronic cascades. We then ex-
pect that about 13% and 50% of the events will have a photon and a charged 
hadron, respectively, within the 90% containment radius. (The hadronic fraction 
should be increased somewhat to account for neutral hadrons). 

For events at the 90% containment radius, about 3% of the energy escapes 
into the hole and produces shine. Typical energies for the edge particles are about 
70 Ge V, so we might expect about 2 Ge V in this shine. This shine will be more 
or less isotropic and will generate noise in nearby chambers. When the particle 
strikes nearer to the edge the shine will be more directional and energetic. The 
biggest problem will occur in the chambers just upstream of the second magnet. 
These chambers subtend a solid angle which is about 41r /50. 

The problem of shine from these interactions deserves a much more careful 
study. It appears from this very quick look that shine will be a nuisance, but not 
a major problem. 

5. Rates 

The crucial question is whether the experiment would produce enough clean, 
tagged B de~ays to observe CP violation in a few separate channels. We have 
chosen" thos~ channels which have large asYmmetries and have clean experimeii.: 
tal signatur~~ Unfortunately, they aJ.so have small branching ratios, but it" is 
unrealistic to think that it will be easier to see smaller CP-violating-effects in 
more corii~6:nmodes. The efficiencies can only be esti~~ted at present, but such 
estimates are useful to reach a preliminary number for the sensitivity. 

The goal is to collect events of the type BO -+ tP K .. (or 1r+1r-) with B -+ Oev 
(O*ev). The geometric acceptance for all particles, including the requirement 



.Table 5 
Estimated cost or the beauty spectrometer. 

Item 
1. Electromagnetic Calorimeter 

A. Forward 
.140 tons at $9 
Electronics 138 K channels at $120 

B. Intermediate 
80 tons at $9 
Electronics 116 K channels at $120 

2. Tracking 
55 K wires at '100 
Electronics 55 K channels at $120 

3. Hadron Calorimeter and Muon Filter 
A. Forward 

L.A. section 300 tons at $9 
Other section 600 tons at '3.5 
Electronics 18 K channels at '120 
Muon Filter iron 900 tons at '3.5 
4 K wires at '100 
4 K channels at '120 

R, Intermediate 
L.A. section 200 tons at.9 
Other section 400 tons at '3.5 
Electronics 16 K channels at '120 
Muon Filter iron 700 tons at '3.5 
~ K wires at '.100 __ . 
41\ ~hannels at'120 

4. Cryogenics for liquid Argon 
5. RICH 

Mechanical . 
Electronics 

Cost in K$ 

1,260 
16,560 

17,820 

720 
13,920 

14,640 

5,500 
6,600 

12,100 

2,700 
2,100 
2,160 
3,150 

400 
.~ 

10,990 

1,800 
1,400 
1,920 
2,450 
,.,400 
480 

8,450 
2,000 

-
.6,000 
7,000 

13,000 



6. TRDs 
23 K channels at $120 
23 K ganged wires at $100 

7. Vertex Detector 
2 x 105 strips at $20 each 

8. Magnets 
9. On-Line Computing 

10. EDIA 
Total Cost 

1. Conclusion 

2,760 
2,300 

5,060 

4,000 
2,000 
2,500 

25,000 
117,560 

The purpose of this study was to examine the feasibility of studying B physics 
at very high rates, with a definitive CP violation experiment as the ultimate goal. 
We found no problems of a fundamental nature in achieving this goal. 

On the other hand, this experiment demands detectors which work at rates 
well beyond those commonly used in high energy physics. These are a number 
of questions about radiation hardness that need more work. There are also more 

_ subtle problems, such as effects of high rates on tracking efficiency, electron 
identification, etc. There are also possible solutions involving finer segmentation, 
faster elements (as suggested in the electron trigger study) and in some cases 
more clever design. There must be more detailed study of these problems to see 
in which cases the additional expense of a more elaborate detector is justified. 

Major design choices included the acceptance angles for the two spectrome-
ters. This problem deserves further attention in future workshops. The detectors 
need to be larger in the bend-plane dimension to accept the charged particles 
with low momentum. Already the transverse sizes of the calorimeters are quite 
large. The size of the forward spectrometer can be reduced by either making the 
hole in the intermediate spectrometer smaller or by moving the forward spec-
trometer-closer to the interaction point. In the first case, the bad effects at the 
edge of the hole become more serious and the intermediate detector must operate 
closer to the beam pipe. Moving the forward detector closer to the interaction 
region reduces the acceptance of the spectrometer at small angles. A possible 
alternative that might be less expensive and easier is a three-stage spectrometer, 
but then there is a second edge to contend with. Finally, it would help if larger 
angles could be accepted by the intermediate spectrometer. All of these are im-
portant issues that need detailed study and should be addressed in the future. 
For this study, we assumed vertex detectors outside the beam pipe because they 



are easier to build and maintain. This does have some negative consequences 
on the vertex resolution, on pair backgrounds for the electron trigger, and for 
the generation of secondary hadrons. It appears that these effects are tolerable 
except perhaps af the smallest angles accepted. Although some effort was spent 
on producing better beam pipe-vertex detector designs, it became apparent that 
this would also take more study. 

In order to do the definitive CP experiment, it is necessary to measure CP 
violation in many modes. This requires single lepton triggers which do not 
make any restriction on the decay mode being studied. (Only particles from the 
opposite-side B are used in the trigger.) This requires some information from 
the vertex detectors as well as clean lepton identifications. It is also necessary 
to select 100 to 1000 events s-1 from total event rate of 107 s-l. Such a require-
ment makes demands on the readout electronics, triggers, input/output devices, 
and data analysis system which are truly unprecedented. The most important 
outstanding question is the extent to which an ambitious but realistic trigger 
and data acquisition system will limit the physics results. 

To summarize our results, it is reasonably safe to conclude that the SSC 
will be a good place for a high-rate B experiment. The fraction of events which 
contain a BB pair is larger than the fraction of events in fixed target hadron 
production which contain charm. Recent experience with fixed target charm 
production experiments indicates that there is no serious question about the 
availability of clean bottom meson samples ~t'the ssc. With 2.5 x 1011 BB 
events produced each year,: the size of clean' B signals should be beyond that 
available at any other presently proposed machine, ev"en after accounting for 
trigger losses. 

The second major conclusion is that a forward spectrometer is needed to 
obtain the desired acceptance .. One should take the broadest view of forward, 
however. It is important to accept the largest rapidity slice possible, keeping in 
mind that this means"within the prime performance region of the detector . 

. ''l'he spectrometer elements are relatively conventional, and nothing outside 
our' present technology isrequh-ed. There ~e a series of critical experimental 
issues, enumerated above;that need fUrther' study. The sinide leptonic triggers 
are possibly the most challenJtin~ problems. '., .. 

. In summary, the prospects that the definitive experiment on CP violation 
in the BB system will be built at the. SSC are qUite good. Given the central 
nature of this proble~fo~ 'our understanding of the standard ~odel, it is worth 
pursuing the design of such an experiment .. A fresh look at the problems in the 
next workshop should produce a design which m()re closely approaches a realistic 
experiment. 
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