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Abstract 

In a forward collider design, Coulomb xattering produces an unavoidable smear- 
ing of the vertex region by low-pt tracks. A detector and trig@ng design is de- 
scribed which aims at differentiating B events from mimimum bias events with high 
efficiency, in spite of this smearing, by measuring momentum and pt of all tracks 
in real time, and triggering only when an event shows a number of high-pt tracks 
with substantial impact parameters. Triggering efficiency an order of magnitude 
larger than for a lepton trigger can be anticipated. Detector planes are located 
within 4 millimeters of the beam line; a replaceable-vertex-region design provides 
for rapid replacement of radiation damaged closest elements at time intervals of a 
few months. 

1. INTRODUCTION 

Many of the most important objectives of the study 01 B hadrons require the level of 
statistics which can only be obtained at the large hadran colliders. The available production 
rates are particularly attractive for machines of the SSC and LHC type. The design of 
detectors far suitable experiments has attracted a very large amount of effort. Some of the 
earliest detailed designs were developed by N. Lockyer, K. McDonald, and collaborators.’ 
These early designs emphasized good coverage of the central region, where most B mesons 
are produced in a symmetric hadron collider. Schlein and collaborators have developed a 
different design, focused on the use of those B mesons (and baryons) which are produced 
into a ‘forward” cone, typically one covering angles from 5 or 10 mrad to 600 mrad from 
the beam line.2.3 Such a design has the advantage of promising to collect of order l/3 of the 
B’s which could be collected with an extended-central-region detector, while costing only 
a fraction as much as such a central detector, a most important advantage when the costs 
involved are in the tens of millions of dollars for the forward design and in the hundreds of 
millions for the central design. 

Two critical components of P dedicated B experiment are the vertex detector and 
the trigger system. For a forward collider, it is important to minimize the extrapolation 
distance, from detector planes to vertex region, by locating the forward detector planes close 
to the beam - within a few millimeters if possible. Early work on this problem was done by 
the CDF group.’ Schlein and collaborators have built and operated a silicon strip detector 
array, with planes very close to the beam, and have thus shown the important result that 
such close operation appears practical. Their vertex detector system is designed to provide 
a B trigger in a hadron collider experiment.’ 



In a B experiment for the SSC, one wishes to make use of the maximum possible 
production rate for B mesons. Recent designs for such an experiment have taken a luminosity 
of 103’ aa the desirable rate to design for. At this‘luminosity, interactions would occur at 
IO7 per second, and B meson pairs would he produced at IO5 per second. It is a challenging 
problem to design a trigger, and a vertex detector, which at these rates (a) could operdte 
rapidly enough to provide a Level-1 trigger, (b) could give a large rejection factor against 
“ordinary” events without being fooled by apparent secondary vertices when none are in fart 
present, and (c) could at the same time have a wry high efficiency for true R events. In this 
report I describe a vertex detector and trigger system which is a forward~collider design, as is 
Schlein’s, but which has a number of new elements and features which promise to provide very 
substantially improved performance. (See Section 3.) With regard to radiation damage, the 
report aho describes a new approach providing for operation to 5 or 10 Mrad. and presents 
a proposal for meeting the problem of occasional replacement of damaged regions of the 
detector planes. 

2. OBJECTIVES 

At a luminosity of lO32 at the SSC, the interaction rate will be IO MHz and the 
B-production rate 0.1 MHz. While it may not be practical to think of recording all B events, 
at this rate, it is desirable to have a Level-l trigger which has at the same time very high 
efficiency for B events and very good rejection for minimum bias events. 

In a forward collider design, Caulombscattering in the first detector planeencountered 
produces an unavoidable smearing of the vertex region, with impact parameters varying 
inversely with the pt oi forward tracks actually, inversely with the ‘y-component” of the 
pt The smearing tends to interiere both with any Level-1 trigger which seeks to detect 
the presence of secondary decay vertices and with any further determination, e.g. in a later 
triggering Iwcl, of the preseoce of multiple vertices or of candidates ior some particular rare 
type of decay. 

If the pt of each individual track can be determined in real time, a triggering system 
can be emoloved which in a kvel-I trieeer ienores the lowest-m tracks. This amroach would 
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provide, io principle, maximum rejectzn of minimum-bias events while retaining maximum 
sensitivity and efficiency for B events, which tend to have a number oi high-pt tracks with 
substantial impact parameters. Such an approach is similar in principle to determining 
the &-square value with which the event satisfies a single-vertex hypothesis, but dors not 
require an actual chi-square calculation. 

3. MAJOR DESIGN FEATURES 

Figure 1 shows the proposed layout of the silicon vertex detector, and Figure 2 shows 
the proposed magnetic field arrangement. The design shown in Fig. I assumea that the length 
of the actual interaction region is only a few centimeters, as would be the cake at the SSC. 
There is a series of iorward planes, close to the beam line M in Schlein’s design. The spacing 
oi roost of those planes is uniform in pseudorapidity, as wggested by McDonald.’ In the 
central region there is also a set of barrel cylinders, covering about 2 units of pseudorapidity. 

The purpose of the barrel system is to make possible a very precise determination of 
the longitudinal coordinate of the primary vertex, using central-region tracks. This coordi- 
nate is needed for the real-time tracking; and it is also needed for distinguishing those cases 
in which more than one primary interaction occur at once. 

The magnet layout shown in Fig. 2 uses three dipoles. One is located at the inter- 
action region. It has two functions. One: it allows quite accurate momentum determination 
of tracks at larger angles, so that the downstream magnet system does not have to have 
an extremely large aperture. Two: with only a modest strength, of order 0.1 GeV/c 
pt kick in 30 cm, particle momenta and pt values can be determined at high speed, for 
almost all tracks produced in an interaction. Real-timept determination is the primary tool 
for making a high-rfliciency impact-parameter trigger. 

The second and third dipoles are part of a conventional spectrometer system. 
The silicon planes in the vertex detector will be pixel planes. This is necessary in 

order to obtain high speed tracking. Pixel planes with data-driven readout, with fairly high 
speed readout, have been developed by S. Shapiro and collaborators.’ 

Finally, an outline of a system for real time tracking hsn been reported to this Work- 
shop by D. Crosetto and me. The basic scheme is described in section 7 below. The system 
uses a massively parallel very high speed processor with 3-d ~mensional interconnections, de- 
veloped by Crosetto. That system, and its application to the real-time tracking problem, ia 
described in a report by Crosetto.” 

4. RADIATION DAMAGE 

In order to distinguish heavy-quark events from others, by an impact parameter 
trigger, the vertex smearing due to Coulomb scattering must be minimized. It has long been 
known, and particularly emphasized recently by McDonald, that for the smaller angle part 
of a forward collider detector the transverse smearing due to Coulomb scattering is inversely 
proportional to the transverse momentum of a track. In fact this smearing depends not just 
on pt but on the ayn component of pt , i.e. on py (y is the vertical axis, and is the direction 
in which a gap is left in the detector planes in Schlein’s design.) Thus tracks of low py will 
give the worst smearing of impact parameter when extrapolated back to the vertex region. 

The smearing is proportional not only to I/py hut also to the distance R from the 
beam line at which a track first encounters a silicon detector. To obtain efficient separation of 
heavy-quark events from minimum bias events it is advantageous to bring the silicon planes 
close to the beam line - to within a few millimeters if possible. 

At such close distances, and at high luminosity, radiation damage is a limiting con- 
sideration. Recent detailed studies of radiation damwe effects on silicon detectors lead me 
to the conclusion that individual detector wafers CM be satisfactorily operated, with today’s 
materials, at up to 5 Mrad or so. (See Appendix A.) At the SSC, and at a luminosity of 
103’, and if the closest part of the detector planes is 4 millimeters fmm the beam line, the 
radiation dose in the very &west part of the detector wafers will be about 1.5 Mrad per 
month. Thus one should plan to replace the closest part of the wafers rt intervals of perhap. 
3 months. Alternatively, one might operate with full uznsitivity at 4 mm for 3 months, and 
then with loss of sensitivity in the very closest part of the plan- for an additional 3 or 4 
months; at that time, full sensitivity will still remain beyond 8 radius of 6 mm. 

If the vertex detector planes are composed of quadrant sections, M in Schlein’a P236 
run at CERN,’ one can plan to use a design which permits replacing only the moat severely 
damaged part of each plane, at intervals. If, for example, in each quadrant the closest I 
square an of each plane is built M a separately replaceable unit, tben at intervals of 3 to 6 
months only a few percent of the total silicon area ham to be replaced. A possible arrangement 
for a replaceable vertex reg$on section of the detector is described in Appendix Il. 
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6. VERTEX SMEARING IN A FIXED-TARGET EXPERIMENT 

In an ideal tracking detector, sequences of hits delineate unambiguous and error-free 
tracks, the tracks can be extrapolated with no errors, and they define perfectly the vertices 
which are the sources of the tracks. Figure 3 shows an example of the hits and tracks 
found in a sample double-vertex event in experiment E771, a fixed-target B experiment at 
Fermilab. The two vertices are about 6 mm apart. The detector planes in this view start 
3 cm down&earn of the verlice. Tracks from the secondary vertex are shown with long 
dashes. The track with short dashes is a track whose slope matches closely the slope of a 
triggering high-pt muon found in the spectrometer downstream of the vertex detector. 

In this experiment, the target region contained a number of target “foils”, each 2 mm 
thick, with 4 mm gaps between them. The vertical lines in Fig. 4 at z cwrdinates of -37 
mm, -31, -25, etc, up lo -7 mm, show the locations of the front faces of these foils. In this 
event, the triggering high-pt muon came from the decay of a high-pt pion produced at the 
primary vertex. The secondary vertex is located in the following target foil, and appears to 
he a secondary interaction in the target material. 

The tracks shown in Figure 3 were found hy a multi-stage tracking program, which 
first finds an apparent primary vertex, then looks for tracks which intersect in a tight bundle 
near that vertex, identifies hits from such tracks and removes them from the hit hank, and 
then searches for additional tracks using the remaining hits. This procedure is quite effective 
in finding multiple-vertex events, in this experiment. 

However, if there are two vertices within a short distance from each other, say within 
2 or 3 mm, it is very difficult to recognize that there are multiple vertices. The nature of 
the difficulty is emphasized in Figure 4, which shows the tracks found in the first stage of 
the tracking program, when a primary vertex is being sought. These “original” tracks show 
extensive smearing of the vertex region, due lo two principal kinds of effects. 1) Even for 
tracks which use relatively well-isolated hits, extrapolation errors back to the vertex region, 
caused by measurement uncertainties (finite strip widths) and by Coulomb scattering, cause 
smearing. 2) In angular regions where several planes have high occupancy, multiple false 
tracks are found by the tracking program. 

8. VERTEX SMEARING IN A FORWARD-COLLIDER EXPERIMENT 

Figure 5 shows a Monte-Carlo (Pythia) minimum-bias event, for the Tevatron. The 
tracks drawn correspond to the 26 charged particles produced in the “forward cone” (positive 
pz). within 600 mrad of the beam. Five of these tracks, numbers 10 through 14, go down 
the beam hole and do not reach the vertex detector planes. 

Figure 6 shows what happens to the 21 tracks which do hit the vertex detector planes, 
when Coulomb scattering in the first detector plane hit is taken into account in a crude way. 
The vertex region is quite smeared; 3 of the tracks extrapolate back with apparent impact 
parameters larger than 90 microns rms, and 2 more with values above 35 microns rnms, just 
from Coulomb scattering in the first plane hit. 

If at the first detector plane which is hit the distance from the beam line is yl, and if 
the y-component of transverse momentum is py , and if the detector thickness is 300 microns, 
then the rms displacement in impact parameter, due to the scattering in that plane, is 

b= 0.8 YI 
-Pm, 

PY 
where b is in microns when ye is in mm and py is in &V/c. 

For a detector array like th.1 in Figure I/ and with R, the y~distance from beam line to first 
strip, equal to 4 mm, y, will be about 5 mm, and b is approximately (4/py) in microns. 
Thus a py value of 0.10 CeV/c gives a b of 40 microns rms. The tracks in Fig. 6 which 
show displacements larger than 40 microns thus have py values of ahout 0.05 &V/c; and 
the fact is that in 21 tracks, at the Tevatron, several have py values this small. 

B decays typically produce several tracks each with py greater than 0.5 CeV/c. 
If py can be measured at trigger level, for every track, then a promising trigger for B 
candidates can hz made by requiring the prcsroce of sewral high~py tracks with substantial 
impact pararnelers. say above 50 or 75 microns. With Coulomb scattering held to about IO 
microns rms, and with measurement error held similarly, such a high-pt impact~parameter 
trigger offers the possibility of giving high rejection of minimum bias events while retaining 
maximum sensitivity and efficiency for B events. 

7. ON-LINE PT MEASUREMENT 

Figure 7 illustrates the basic scheme for on-line measuuremcot of morrvx~t~m and 
transverse momentum A primary vertex is located at z 0, and detector planes at z,, a2, etc. 
The detector planes are pixel planes, with a position resolution better than 5 microns rms in 
one direction. We take the cue that the resolution in Y is 5 microns and in y is 10 microos. 
(Shapiro has found a resolution better thao 5 microos in the ” narrow” dimension direction 
of the pixel planes he has tested. To obtain also good resolution in the other direction, it 
will he necessary to use an additional plane at each station; this could be either a pixel or a 
short-strip plane.) 

The z coordinate of the primary vertex is determined to within 100 microns, using 
tracks through the barrel part of the vertex detector. With a very small beam cross section, 
the primary vertex is then well defined in 3 dimensions. Consider a track, curving in y. 
which then gives hits at (y,, al), (y2, zz), etc. From the points (yo, zo) and (y,, zI) 
we calculate a slope for the chord, and the extrapolated straight-line expected hit position 
at z2. The calculation, as explained lurther in the report by Crosetto, is made in about 100 
“sec. Note that since the planes are pixel planes, this extrapolation is carried out io both x 
and y, and note that in x the trajectory is indeed a straight line. 

The plane at zz is searched, in the vicinity of the straight-line extrapolation, for a 
matching hit. In x , the non-bend plane, the matching hit should he found within one 
resolution width, which means within less than about 20 microns for momentum above 
I CeV/c and for plane spacing about 2 cm. When a matching x hit is found at zr, the y 
interval in the vicinity of the straight lineextrapolation is searched. For tracks of momentum 
1.0 GeV/c, in a magnetic field of 1.0 Tesla, and with planes at z separations of 2 cm, the 
magnetically produced deviation of the actual hit from a straight line fit, from one chord 
to the next, will he I20 microns. For a more extreme case, with a momenton, again of I 
CeV/c hut at a small angle in y, 50 mrad, the first hits would he at z = 12, 17, and 25 cm, 
and the deviations from straight line fits would he about 500 microns. 

The region which must be searched, particularly in x, is quite small, and it appears 
likely that tracks from the primary vertex can he recognized, and their momentum and pt 
values measured very rapidly, lo sufficient accuracy for a I.evelLl trigger. For tracks from r, 
heavy quark decay vertex, wilh the decay vertex within 1.0 millimeter transversely from the 
beam, the proposed search and tracking procedure appears likely to also work well. Much 
more detailed study will he needed to make a critical evaluation of the efficiency, and of 
possible problems from background processes. 
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0. RATES 

At the SSC sod at 1O32 luminosity, and taking the B-Bar production cross section to 
be shout 10-27cm2, 100,OOil B pairs will be produced per second. Single B’s into a forward 
detector of half-angle 30 degrees, with all fragments contained, or one less than all, will be 
about 20,000 per second. In a *standard year”, of IO’ running seconds, the number of single 
B’s into the detector will thus he about 2 x 10~‘. And the number which will also have a 
tagging particle contained, from the other B, will be about 5 x 10~0. 

This is about 3 orders of magnitude larger than the the annual rate of B-Bbar pairs 
expected for present designs of electron-positron B factories. It is this very high production 
rate, into the detector, which offers the promise of greater sensitivity for an SSC B exper- 
iment than for e+/e- B factories. To capitalize on this capability, however, will require a 
triaering system which can pick out some IO4 events/s- with a high-pt secondary vertex, 
out of IO’ interactions/set. It should also be noted that along with the IO4 B events/set 
which one would like to examinine with higher level triggers, there will be a larger number of 
charm events, perhaps nearly an order of magnitude larger. This large yield of charm events 
also offers the possibility of new significant studies of very weak processes. 

One is thus led to the view that for a Level-l heavy-quark triaer for an SSC exper- 
iment it is desirable to reject “ordinary” events by a factor of up to 100, but not more than 
100, while retaining highest possible efficiency for secondary-vertex events. Further trigger 
levels will probably he required before events are delivered to the recording system .-’ even 
if a rejection factor of 100 can be achieved, IO5 events per second, or of order 1 gigabyte per 
second, would still remain to be dealt with. 

The objective, then, for the Level-l trigger being proposed, is to reduce the event rate 
by a factor of IO+, while retaining high efficiency for heavy-quark events with distinguishable 
decay vertices. 

n. SUMMARY 

This report describes an approach to a secondary-vertex type trigger, for Level-l use in 
a B experiment at the SSC. The scheme uses a configuration of vertex detector, magnets, and 
pixel p&es, which together with a massiveinterconnected parallel processor, of the Crosetto 
type, can provide on-line tracking with momentum information. The pt information gives a 
major improvement in the clarity of the vertex region, and makes possible the use of impact- 
parameter measurements on high-pt tracks to provide a means for efficiently selecting B 
events. The objective is to reject ordinary events by a factor of up to 100, while accepting 
a major fraction of the IO4 tagged B’s, and of the still larger number of charmed mesons, 
which would be collected per second in the detector at a luminosity of 1032. 

As compared with a high-pt muon trigger, which is a possible alternate trigger for 
a high-luminosity B experiment, the high-pt impact-parameter trigger offers an order of 
magnitude higher efficiency for collecting B events. The real-time tracking provides, in 
addition, detailed momentum vector information for use in higher level triggers. 

10. ACKNOWLEDGEMENTS 

I have benefited greatly from the work of many others who have studied and devised 
designs for B experiments at high energy hadron accelerators. I am particularly indebted 
to Peter Schlein and his associates, who first stimulated my thinking on forward collider 

designs. Special thanks also to Kirk McDonald and Nigel Lockyer for many enlightening dis- 
cussions. Finally, the work of Dario Crosetto and of Steve Shapiro and associates, described 
in their reports to the Workshop, has been indispensable in the development of a scheme for 
measuring track momenta rapidly enough for use in a Level-l trigger. The pt information 9” 
individual tracks is of critical importance in making an efficient impact-parameter trigger. 

11. REFERENCES 

1. See for example ‘Expression of Interest EOI-WOS”, submitted to the SSC Laboratory, 
1990. 

2. S. Erhan, M. Medinnis, P. Schlein, and J. Zweizig, CERN-PPE/SI-IO (1491). 

3. S. Erhan et al. (COBEX Collaboration], ‘COBEX, a Dedicated Collider B Experiment”, 
Nucf. hf. and Mcth. A333 (1993) 101, and previous references contained therein. 

4. G. Apollinari et al., Nucl. fnstr. and M&h. A252 (1986) 467; and S. White, private 
communication. 

5. “Development and Test of a Large Silicon Strip System for a Hadron Collider Beauty 
Trigger”, J. Ellett et al., N-cl. In.&. and Mclh. A317 (1993) 28. 

6. K. T. McDonald, %zrtex Detectors for B Physics at the SSC”, SSC Physics Sympwium, 
Madison Wisconsin, March 1993, and reports to the Workshop. 

7. S. Shapiro, D. Cords, and S. Mani, *Pipeline Readout of an Array of Time Tagging 
Pixels _...“, SLAGPUB-5916, Sept. 1992, and reports to the Workshop. 

8. D. Crosetto, report to the Workshop. 

9. A detailed account of this effect in the E771 detectors, and its interpretation, is given 
in a paper by A. Bode”, L. Fortney. V. Colovatyuk, W. Kowald, .I. Lys, A. McManus, 
T. Murphy, W. Selove, and R. P. Smith, submitted to Nucl. Instr. and Methods. 

APPENDIX A. RADIATION TOLERANCE 

Radiation damage effects in silicon detectors have been studied for a number of 
years. Initial indications were that for high energy protons an integrated Ruence up to 
1014 protons/cm2 could be tolerated without causing appreciable loss of pulse height. This 
corresponds to approximately 3 Mrad, neglecting the effects of secondary particles produced 
in interactions in the silicon. 

Recently, io experiment E771, it has beeo f ound that hy the time 1 Mrd was reached, 
the silicon strip detectors showed substantial Iosa of pulse height, and that by 2 Mrad the 
detectors were virtually dead in the region where the beam particles had passed through. 

The loss of signal in the beam regioo of the E771 detectors has DOW been understood 
to occur because of effects related to the formation of p-type impurities under irradiation. 
The problem basically resulted from the fact that the bias voltage was not sufficiently high 
to keep the detectors fully depleted at the Ruence levels reached. With increaing Ruence 
the density of p-type impurities increwes, and finally the hulk material hecomes dominantly 
p-type. The voltage required for full depletion then increases with further Roence, reaching 
approximately 200 volts at 2 Mrad. Moreover, the electric field gradient io the depleted part 
of the detector reverses sigo, after type inversion, and the electric field becomes relatively 
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strong at the “n-side”, dropping to P minimum at the p-side. The result is that if the applied 
bias voltage is insufficient to give full depletion, and if the point of type inversion hzw been 
passed, then an undepleted layer exists near the p-side, the electric field is very weak io the 
depleted material near that undepleted layer, and the current into the p strips drops very 
rapidly with further increasing Ruence. The E77l detectors reached this condition starting 
around I Mrad, where the voltage required for full depletion had increased to roughly equal 
the bias voltage which was used, 100 volts.’ It has been known for some time that if one has 
double-sided silicon strip detectors, then the strips on the n side continue to function after 
type inversion, even if the bias voltage, Vbias, is less than the voltage Vdepl needed for full 
depletion. The pulse height will decre- under this condition, but not extremely rapidly; 
the charge collected from a minimum ionizing particle traversing the detector will be smaller 
than that obtained with full depletion, by approximately the ratio of the depleted thickness 
to the full detector thickness, so by the square root of Vb&Vdepl. Thus even if the bias 
voltage is only l/4 of Vdepl, for example, the collected charge, on the n strips, will still be 
approximately half of the asymptotic fully-depleted value. 

It is thus clear that if one reads out with n-type strips, rather than with p-type 
strips, then a 300 micron thick detector operated at 100 volts will still give useful signals; 
approximately half of the asymptotic pulse height even at 4 Mrad or so. It is possible to go 
even further. If one uses detector readout elements of small area - pixels, or short strips 
~ the sign&to-noise ratio is much improved compared to longer strips. One can then use 
thinner detectors, so that the voltage required for full depletion is smaller. Useful operation 
is then possible at still greater fluence values. Thus for example planes of 150 microns 
thickness can be expected to require only 75 volts for full depletion at 3 Mrad, not 300 volts; 
and at 12 Mrad should still give half of the asymptotic pulse height. For a forward collider 
design, where Coulomb scattering in the detector planes produces a large amount of vertex 
smearing, the use of thinner planes lhan those used in conventional strip detectors provides 
the further attractive result of reduced Coulomb scattering. 

It is from these considerations that I come to the conclusion that silicon detector 
wafers, with readout elements of small area as proposed in this report, can be satisfactorily 
operated up to 5 Mrad or more.’ 

APPENDIX B. REPLACEABLE VERTEX-REGION SECTION 

With silicon planes coming within a few millimeters of the beam line, radiation dam- 
age can be expected to require replacement of the closest parts of the planes at intervals 
shorter than a year. Figure 8 shows a proposed layout of a replaceable beam section in the 
vertex-detector region, Gate valves are used, to allow rapid pumpdown after replacement. 
In the forward region the gate valve forms the last part of a muon wall. With a detector 
having only one arm. a gate valve can also be installed freely in the backward region. 

’ I M indebted to T. Ohsugi, T. Koodo, and 8. J. Ziock, for very belpfu, disrussiona; and to L. ,%,rt,,ey 
for many extremely US&I discuwiona and for relcntlelg punuins the study of the E771 resulti and their 
trhrpretatia”. 

Fig. 1 Vmer Ducclor 

m 2 Mlgocl arm”gemcnt 

621 



r 1 
r 

Fig. 3 Da"ble-vcrlex cvcm. Primary and secondary tracks 
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Fig. 7 Trajectory for momentum determination 
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