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TASK A 

The area of responsibility of the UCD group for the H1 detector at the Hera 
accelerator at the DESY laboratory in Hamburg is the construction, and operation of 
the analog readout for a calorimeter built into the iron return yoke of the H1 
magnet. The yoke is a calorimeter when instrumented. That is, there are planes of 
streamer tubes interepmed within the layers of the return yoke iron. The purpose 
is to measure the 'tait" of the hadronic shower if It is not fulfy cantdned within the 
liquid argon calorimeter; hence the name 'tail catcher", In designing the redout, 
our intentions were to utilize, BS m ~ c h  u possible, electronics that is common 
with that of other members of the coltaboration; thus, the ahaper and sample- 
and-hold circuits are identical to those used for the liquid argon. H w a ,  the 
signal3 from the streamer tubes are larger and frrstet thati those from the fiquid 
argon, so additiond integration 18 provided at the front end. The ADC system irr a 
multiplexed ADC system developed johtly betw- the b c h  and Qennan parts 
of the collaboration. The ADO is controlled by a Data Signal Processor (DSP), 
which does tasks such as pedestal subtraction and ah, more importantly, reads 
aut channels surrounding a single channd above a certain t k h o l d .  Since one of 
the rmrltiplexers is located on the boatd containing the shaper and sapband-hold 
circuit, some control dgnala have tb. be stippfied by the ADC board in WEbw to 
the front end b o d .  For the liquid argon teadout, this front end board is located as 
close as possible to the &rime&, tdth the first &age d t i p k i n g  done there so 
as to reduce the number of cables brought out. Due to space constraints this force3 
the board to be very compact, tmd elaborate water coding baa to be performed 
in order to keep the heat problem under control. We do not have these space 
constraints fat the tail catcher electronics, so we have mounted 128 chasnels on a 
double width fastbus 8ized board (the "superboard'), making use of the fastbus 
mechanics but not the fastbus protowf. 

- 

The superboard contains line receiver, shaper, sample-and-hold, and control 
cards. The design is completed, and prototypes are under test. This densely 
packed and rather complicated sidayer boatd was designed on UCD's Mac If 
CAD/CAM computer. Each board can handkl28 channels of analog input signal, 
so a total of forty boards will be teqttired lot the full ?I1 detector. Our CAD tape 
was sent to a l o d  vendor who has supplied us with three boards; a second-source 
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vendor supplied two additional boards. The first vendor's boards are being tested 
and so far have been found to be satisfactory. There are no shorts, line breaks, 
etc., in the power system. The line receiver and shaper units have been tested to 
the output stage. The 161 and 8-1 multiplexers also function aa required, as does 

the sample-and-hold 'poly" which steps the readout through the 128 channels. In 
order to test the board's samplaand-hold function, a homemade eequencer has 
been built that will simulate the actual sequencer sign&, This is being used to 
test the board's functions aa completely as possible at UCD. The next step is to 
take the boatd to CERN at the end o€ Jme, where the Saciay people have the 
complete calorimeter electronics Bystem under test. The analog board will be put 
into this chain to make sure that there are no problems that do not show up in the 
UCD tests. Once checked out at CERN, the board wili be taken to DESY (mid 
July) and used to check out the tailcatcher module that is being prepared for beam 
tests. The beam tests will take place at CERN atarting at the end of July, 1989, 
and continuing injennittently throughout the rest of the year. The early periods 
wili be devoted to the tail-catcher, which will then be used ia the calibration runs 
of the liquid argon &lorimeter components through December, 1989. 

. - 

Testing should have confirined the design by the end of August;' at which point 
the orders for the superboard PC board can be let. The line receivers can also be 
ordered at that ti. Both cofbponents will hiwe d v e d  before the end of 1989. 
The cornponenets that are behg t h g  from the Liquid hgoa Calorimeter (LAC) 
electronics must be ordered 83 p a t  of the dotimeter ordet to reduce costs. These 
orders go out in 1989, some toinmitments having atready been made. Since we 
cannot &age this part of the system in any case, there is no reason to wait for the 
August tests to be completed. Assembly of the PC boards and component cards 
will take place toward the beginning of 1990 md &dmtt ol the superboatds will 
go on during the next month or two. Finished crates of superboards will be sent 
to Aachen/DESY for use in checkout of the tailcatcher modules and eventually 
installed at the H1 detector sometime near the end of 1990. 

- .  

Computing - 
The VAX 8600 waa iastded in the Fdl of 1987 and cantinuts ta serve u9 weli. 

Between AMY and E653 it is nearly 100% utilized, and the theorists, whose use 
was not consided in our computer propaad bf borne yeim ago, have also found 
it to be very duable.  (They done could eeturste the CPU time, if aliowed.) 
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One serious bottleneck that showed up last yeat cahtinues to be a problem and 
that is disk space. The 8600 is the: heart of ow computing capability; it stores 
our program libraries and our frequently-used data bases. Each of the several 
components thht ~ t e  drawn upon for ea& of the ~ n l p i 9  topics (mu-mu and tau- 
tau asymmetry, heavy lepton seat&, K-wro, etc.) of the different experiments 
here (AMY, E653, H1) tequires fast access to these files. Work stations fetch the 
libraries and data files through the local atea network. Our inability to store the 
files for the topics currently beitig worked on is iu~ impediment to o w  analysis 
work. A 456 Mbyte disk would increme the piaductivity ~ignificantly. 



TASK C 

Maturine of AMY 

The AMY detector rolled in on November 1986, exactiy two years after its 
formal proposal (TMSTAN-EXP-03, NOV. 1984). Physics data taking started in 
January 1987. Only $4.3M from the U.S. has been spent on the whole detector 
(together with 1 B Yen from Japan). AMY is the last TRISTAN experiment to 
get approved, yet initially it was one of the only two experiments taking data and 
the first paper was published after one year of data taking. This is the “AMY 
miracle.” 

During the last year AMY d e  an impact in IGgh Energy Physics. Vsing the 
R d u e  measured, we found that the all-importsint masa of the intermediate boson 
2 is somewhat Iower than what was directly measured by UAl and UA2. 

aMeastrrements of the e+e- Totul Hadronic Cross Section a d  a Determination. 
of& and A=”, Phys. Lett. B218,499 (1989). 

The recently commissioned Stanford Linear Collider so far seems to support 
the lower mass. This is some feat as we are still 30 GeV below the Z peak. This 
illustrates the d u e  of doing an experiment in the very valley of the cross section 
and the power of the interference effect,, 

We have accumulated enough data to be useful for the study of QCD effects. 
The first paper in this area, on its non-abelian nature, was published. 

aEqerimental Evidence for the Non-Abelian Naftcre of QCD from a Study of 
iMtclti-Jet Evenfs an e+e’ Annihilations”, Phys.Rev. Lett. Q:1713 (1989). 

With these, .4MY is now a mature experiment. A comprehensive program 
is underway. At the General meeting of the American Physical Society at Balti- 
more, Icaori Maeshima of U.C. Davis gave an invited talk: R e d s  from 
TR IS TAN”. 

In addition we contributed 10 talks: 
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Measunment of Charged Particle Multiplicity in e+e- Interactions at W = 
50 to 57 GeV. Hongwei Zheng, U. of Rochester. 
Forwant-Backwad Charge Asymmetry in e+e- Hadrons. David D. Stuart, 
UC Davis. 
Experimental Evidence for the Non-Abelian Natun of QCD. S .  Schnetzer, 
Rutgers U. 
A Study of Propertics of Multi-Jets Produced in High Energy e+e- AnnJila- 
tions. Young-Kee Kim, U. of Rochester. 
A Determination of QCD Pantmeters fmm a Sfudy of Multi-Jet Events Pm- 
d u d  in e+e- Annihilations from f i  = 50 to 57 G e V .  I.H. Patk, Rutgers U. 
~ e a m h  for ~ e a v y  Leptons, SUSY Particles in e+e- Interactions tdp to f i  = 
60 GeV. John R Smith, UC Davis. 
Scad for fhe b’ Quark. Sarah C. Eno, U. of Rochester. 
Scad for Mono-Jet Production at e+e- AnnJilutaons at fi = 55.5 GeV. 
E. Low, VPI and S.U. 
A Sea& for Charged Scalar Production in e+e‘ Annihilations from 8 = 
50 to 57 GeV. J. Vinson, Rutgers U. 

Ezperimentai Studies of Tagged e+e-e+e- and e+e-p+p- Events. Yiu-Hung 
M. Ho, U. of Rochester. 

These are the physics topics we are pursuing currently and in the near future. 
Long term physics goals will be discussed in a later section. 

U.C. Davis Contributions to AMY Hardware and TJmrade. 

The U.C. Davis group played a crucial role in the construction of the elec- 
tromagnetic shower detector by making its cathode-readout boards and read-out 
boards for the Endcap calorimeter in the AMY upgrade. UC Davis also helped to 
build, install, and operate the Inner Tracking Chamber (ITCh), made of “straw” 
tubes, and again the straw-type vertex chamber in the AMY upgrade. . 

The construction of the “plotted’’ circuit boards for the electromagnetic shower 
detector involved the drawing and etching of over 200, S’x4’ double sided boards. 
Each layer rvas adjusted so that the pads lined u p  in exact tower geometry - to do 
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this, 80 different patterns had to be drawn. The purpose of exact tower geometry is 
to provide best possible angular resolution and angular separation between showers 
with a finite number of electronic readout channels. The method of fabrication of 
the “plotted” circuit boards is that of drawing with acid resistant ink on a large 
board. It is unique in the world. This ability to produce boards of such high 
quality is now again applied to the AMY upgrade. 

The search for a phenomenon may depend on the hermicity of the detector. To 
improve this aspect, we upgraded the endcap region. The new endcap calorimeter 
makes use of gas-iUed plastic tubes. Pickup pads on the surfaces provide readout 
signals in addition to those from the wires running the length of the tubes. UCD 
fabricated the large PC boards that held the pickup pads for the shower counteed 
will do the same for the endcap calorimeter. “Printing” of the designs onto the 
G-10 PC boards as w d  as the etching would be done at UCD. 

The inner tracking chamber is a high precision drift chamber utilizing minim-- 
material. It consists of polycarbonate tubes arranged to form a four-layer closed- 

packed array of drift cells. Each layer consists of 144 tubes. Tube technology was 

chosen for its cylindrically symmetric cathode structure as well as its strength. This 
device is the least accessible of the entire AMY detector. It must be insensitive 
to wire breakage. Individual tubes provide isolation between adjacent sense wires, 
thereby eliminating the possibility of losing the use of large segments of the chamber 
due to one broken wire. 

An important function of the inner tracking chamber is to provide a charge 
track trigger. This trigger processor was designed and built by UCD. The trigger 
processor counts different types of track segments in the ITCh, the total number 
of hits, and assigns a topology number to each event. The trigger decision is 
made using this information. Track segments are identified by analysing the hits 
in a twelve tube cluster. The hits in a cluster are used to address a fast memory 
(4096 by 4 bits). The four outpyts are used to signify different track types. The 
important part of this sophisticated trigger is its ease of programmability for the 
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various track patterns and associated parameters, its continuous monitoring ability, 
and its ability to simulate the trigger by Monte Carlo events. 

The AMY charged particle tracking system includes the Inner Tracking Cham- 
ber (ITC) and the Central Drift Chamber (CDC). Both these detectors measure the 
position of the track in the r-4 plane exceedingly yell (around 180 microns globdy 
in the CDC, and 80 microns in the ITC). Even though these charged particles are 
measured well, the capabilities of the AMY detector need to be and are in the p m  
cess of being substantially improved. For example, the CDC Z-coordinate is poorly 
measured, and the ITC has none at all. The areas of interest include: track recogni- 
tion, track extrapohtion, momentum measurement, reconstructed mass resolution, 
and secondary vertex finding. Monte Carlo studies indicate that all of these areas 
can be enhaaced with the following modifications to the central tracking system: 

1 ) Reduction of the beam pipe radius. 

2 ) Reduction in the amount of material in front of the first tracking layer. 
by changing the beam pipe from Aluminum (2% of a radiation lengthj to 

Beryllium (0.3% R.L.). 

3 ) Enhancing the r - 4 resolution to 50-100 microns. 

4 ) Increasing the resolution in z with the addition of several measurements of - 61rim. 

We (UCD and KEK) are currently constructing the new vertex chamber for 
the AMY detector to be installed just outside of the new smaller diameter beam 
pipe. The outer radius of the current AMY beam pipe is 12.5 cm, thickness of 2mm 
aluminum. The new beam pipe wil be 5 cm in radius, Imm beryllium material. 

It is extremely useful to be able to determine the vertex region accurately, and 
for that we need high accuracy position measurements. We are aiming to produce a 

chamber with r-4 resolution of less than 50 pm, and z-resolution of approximately 
1%. The chamber will be a straw chamber type, and 65 cm long. TLe cross section 

view of the straw chamber is shown in Figure 1. The inner tube starts 5.2 cm from 
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the beam center line. It is a 4layer chamber similar to the ITC (Inner Tracking 
Chamber, already in existence at AMY). 

The primary responsibility of U.C. Davis for this chamber is to design the front 
end electronics (from the chamber wire to just in front of ADC/TDC). For the t 
read-out, we are going to use the charge division method. We have constructed a 
test chamber with 36 straws, and have been testing for the optimum performancc. 
To obtain better than 50 pm resolution, we need to pressurize the chamber gas 

to more than 2 atm for the chamber gas cornmody used (e.g., COZ, Ar-Ethane). 
To fit all the electronics in near the end of the chamber, in the gas can, the 
electronics design has to be not only optimized for the best performance, but ais0 
very s d  Actually, to have the most front end of the electronics as close as 
possible is essential for the good performance (high resolution), because we need 
to keep the signal travelling distance very short. in order to prevent the degrading 
of the signal and to minimize the pick up noise before getting to the preamps. The 

-0.- 

electronics design is closely related to the design of end-plates and gas can. The 
design of electronics, mechanical parts, is almost in final form. Figure 2 shows 
the side view of the straw chamber end region; Figure 3a,b shows the layout of 
the high voltage card and preamps in actual size. Out from the chamber, the 
signal goes to the preamp cards, then into the postamp module. There, the signal 
from both ends of the wire is shaped and fed into ADC for the 2 measurement, 
and also, separately, both ends of the signal will be summed over liieariy, then 
discriminated and fed into the TDC module for R - 4 measurement. Currently we 
are manufacturing all the prototype electronics at U.C. Davis. We shall perform 
the beam test at KEK at the end of June with the test chamber and the prototype 
electronics. 

In the second phase a delay-line technique wiI1 be applied for the 2 read-out. 
The tubes are manufactured by spirally winding a conductive strip into a tube. 
This spiral cathode forms a delay line. The goal is to measure the time difference 
between the arrival of pulses on the two ends of the cathode to measure the z 

coordinate. -4 time difference of 100 picoseconds yields a z measurement of 1 rnm. 



The delay line concept will be tested and the time difference resolution measured. 

AMY Analysis in U.S. and the role of U.C. Davis 

While the majority of the AMY analysis is still carried out on site at KEK on 
the FACOM machine, a significant amount has been shifted to the United States. 
U.C. Davis is taking an important role in developing the U.S. analysis capability, 
due to both its strength in analysis and its geographic location. 

The U.C. Davis p u p  was quite successful in building its VAX-CPU power 
based on a cluster of three MicroVax 3200’s. The tau-pair production analysis 
carried out at U.C. Davis was the f is t  complete analysis in which a major part 
was done in the U.S. The analysis being done primarily at U.C. Davis now includes 
the jet charge FIB asymmetry and Eggs seazch in the tau decay mode. A data 
distribution procedure waa established. For the U.S. collaborators to contribute 
significantly to physics analysis it is very important for them to obtain the data as .- 
fast as possible. We now routinely transmit some selected events through the trans- 
Pacific link to U.C. Davs, which in turn distributes them to other U.S. institutions. 
This proves to be very useful for people working on a special analysis topic to make 
feedback to the running of the experiment. We have a University of California 56K 
baud link between LBL and U.C. Davis. With the anticipated upgrade of the 
trans-Pacific link to 56K baud in the Summer of 1989, a significant fraction of the 
data can be distributed in the U.S. within a day after they are taken. U.C. Davis 
is designated by the collaboration as the data center in the U.S. Even with the fast 
trans-Pacific link, not all data, especially the Monte Carlo simulated data, can be 
shipped through computer links. We have just acquired a dual EXABYTE tape 
unit. It immediately became a very important work horse. The medium, an 8mm 
videa cassette cartridge can pack 10 tapes worth of data (2.3 giga-byte). Thus it 
solved our old problem of delay caused by international shipping. There are SO 

much data packed on the tape, that we often have to use it directly instead of off- 

loading onto a disk. More EXARYTE units can definitely improve the productivity 
of the system. 



t 

VTX Chamber Cross Sectional View 
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TASK D 

.. 

The Research Program at FERMILAB. 

The current research effort at Fermiiab, is the outgrowth of a sabbatical (1977- 
73) spent by Principal Investigator P. Yager at the laboratory in coilaboration with 
MSU, UCSD and Carleton University working on E353, the inclusive production 
of KO from Hydrogen in a K- beam Follow-on experiments, using much the same 
apparatus, culminated in E663, where the polarization of inclusively produced A's 
and anti-A's was measured in pp, If'p and pp reactions. This latter experiment 
led to the dissertation of UC Davis student S.A. Gourlay. The conversion of the 
M4 underpund beam to a CDF test facility prevented further exploitation of the 
neutrai partide spectrometer. Although task D did not yet exist at this time, this 
work was the natural precendent, and the University provided a certain amount of 
support - sabbatical leave, some travel and an 800 BPI tape drive and ControlIer for 
the on-line data-acquisition computer. In 1982, a collaboration was formed with- 
Ohio State University, Oklahoma University, Carnegie-Mellon University, a variety 
of institutions in Japan and Korea and UC Davis. This collaboration submitted 
a proposal (Appendix A) to study hadronic production of charm and beauty in 
a hybrid emulsion spectrometer, and more or less coincident with the approval of 
E653, Task D was funded in February 1983. 

Since this beginning, the task has been almost exclusively devoted to the Charm 
and Beauty production and decay experiments in the hybrid emulsion spedrom- 
eter. A large (3 meter x 3 meter, 12 double sided chambers) muon spectrometer 
and associated electronics was built under the direction of J. Vok and P. Yager. 
The latter spent a full year, calendar year 19S4, of sabbatical leave in residence 
at Fermi, covering the test-run period where at least one module of each type of 
equipment was tested. The UC Davis LSI 11/23 computer was used to record 
data and evaluate module performance during this test-run. Two graduate stu- 

dents were devoted esclusiveiy to this experiment since January 1, 19S4 with one, 

llokhtarani, graduating Dec. 13SS. The second student,  \'. Paoionc. interrupted 

. .* 
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his thesis work to replace 3. Volk as a Research Physicist for the semnd run, but 
has now virtually finished his dissertation. A third graduate student, J. Wilcox 
was added in January 1987, devoted to the second run and its analysis. Univer- 

sity support has induded purchase of a printronix 600 line per minute printer and 
almost half of the Micro-VAX I1 that served as the "On-line brain'' during the 
second run. Sabbatical leave was taken by Yager in residence at Fenniiab during 
the Fall quarter, 1957. 

Originally, the E653-F'NAL Agreement called for three fixed target-running 
periods to expose the complete volume of emulsion. However,-we were fortunate 
emugh to take 6 IOs triggers during t h e , h t  actual running period, which ended 
in August 1983. The improvements to the experiment made on the basis of the 
first run induded general upgrades of the whole spectrometer, data acquisition 

. .-- 
system and beam-line. when the second fixed-target run started in Ju& 1987,. 
the smooth start-up and greatly improved reiiabfity of al l  of the sub-systems in the - 
experiment, including the muon spectrometer, allowed us to take the remaining 9.6 
106 triggers by November 1, with three months remaining in the fixed-target period. 
Part of the remaining time was devoted to reoording test data for the proposed all- 
electronic experiment, P7SO. Although the E653 group remains convinced that ?SO 
was a viable and important experiment, well suited to the existing spectrometer 
with only minor changes, the PAC rejected our proposai in December 1987, and 
again at the review of our appeal in May 1988. Although the opportunity to pursue 
production of heavy ffavor is not forthcoming in an all-electronic configuration of 
the E653 spectrometer as Originally anticipated, negotiations immediatly started 
to join one of the other fixed-target heavy flavor experiments for the forthcoming 
running period. Among those considered by the several E653 groups were P791 and 
E687. Some of our colleagues have joined the former and UC Davis has formally 

joined E687. 

The first run electronic data analysis, which must precede the visual scanning 
of the emulsion by our colleagues in Japan, was completed in the Fall of 19S7. The 
innolvative scanning methods of the emulsion groups were new to this experiment 



and required a certain amount of refinement and shake-down. The success rate on 
finding the vertices in the emulsion on the basis of the electronic analysis is 9S%, 
far more successful than has ever been achieved with these hybrid tedmiques. 

Preliminary resuits from the first run were presented at the DPF meeting in 
Storrs, Connecticut, August 1988. Among the four presentations by E653 were 

two by the UC Davis graduate students. One was on all electronic results and the 
second was on pair production of charm and production characteristics. The ability 
to see both produced &arm particla is the unique facure of emulsion targets, 
compensating somewhat for the labor intensive scanning procedures. Using an A 
dependance of between A213 and A' and a 20 micro barn cross section per nucleon, 
consistent with the WA75 results, we expect an ultimate yield of 1400 charm pairs. 
Furthernore, the high resolution and visual capability of the emulsion will allow us 

to see any unnsual or unexpected short-lived phenomena that would be obliterated 
in most all-electronic experiments, where even observation of both members of the 
pair is rare. One a h  has the potential to directly measure the D, + r branching - - 
ratio by careful scanning of the "kink" type charm candidates that initially appear 
to be D --t p ,  but through our careful measurement it turns out to be D - T - p, 
with a barely perceptible kink on the "D" track. 

* . -  

The 1987 run, as noted above, was remarkably successful. The beam was 
changed to deliver 600 GeV pions, since B production calculations indicate that 
their cross section would increase at least a factor of 3 over that for 900 GeV 
protons due primady to the anti-quark content of the 7r. The electronic data 
analysis for the second run is proceeding smoothly. Extensive Monte Carlo work 
has been done to find methods of selection enhancing the probability of finding the 
B-pairs. At this time, the scanning results from the first run are almost complete, 
and the data reduction part through the second run is 25% complete. Predictions 
will be sent to the emulsion groups in Japan within a month, when their scanning 
of the first run is completed. In addition to the new beam, three larger (9 x 9 
cm) microstrip detectors u-ere added to the downstream end of the vertex SSD 
system for increzsed zcceptance. SaSoya G:niv&ty provided 3 high resolution 



(12.5 micron pitch) detectors for the up-stream part of the vertex SSD system to 
improve the resolution extrapolating back into the emulsion. A moving emulsion 
"tape", essentially a roll of film passing between the bulk of the emulsion and the 
micro-strip detectors, was installed and worked successfully during the run. 

The muon system was improved by the addition of more steel to reduce the 
punch-through confusion in the upstream arm. One of the OSU vector drift cham- 

bers was inserted in the absorbing steel to facilitate the link between the triggering 
muon and the corresponding spectrometer track. The 12 UC Davis muon chambers 

were d reworked with improved amplifiers and better field shaping. The net result 

exceeded our wildest expectations. The muon tracks me clear clean and easy to 
reconstmct with a good muon track on virtually every trigger. Multi-muon events 
present no problem in the second nm d a h  

Modifications to the data acquisition system both in FastBus M&&s and 

in the VAX/LSI on-line system PIUS the increased spill of the Tmtron  for the 
second nm greatly sped up the data Iogging. hproved diagnostics were run on .- 

the UC Davis Micro VAX 11, insuring that all systems were properly functioning. It 
should be noted that the VAX/LSI on-line program was entirely saturated reading 
FastBus, building events and writing tape, so that the Micro VAX was absolutely 
essential to our operation. An interesting sidelight on this particular computer is 
that it a t r i v e d  at Receiving at 1:30 PM on a Friday and that by 4:OO PM that day 
we had brought it to the experiment, unpacked it, assembled it and had it running. 
By 5:OOPM it was on the DecNet and running some of our monitor programs! 

All Electronic production of Heavy Flavors. 

UC Davis, in participating in E653, always intended to follow the hybrid ex- 
perimental program with all-electronic running in the same detector. Although 
the PAC and the lab did not choose to approve our proposal, P7S0, the interest 
in this type of physics remains l w y  strong and several other opportunities have 

arisen for Davis to participate in one of the several Experiments or proposals. The 
two experimental proSrams most seriously investigated were P'i91 i n  the Tagged 



Photon Lab and E6S7 in the Wide Band Photon beam (p-West). W e  have joind 
the latter experiment. The UC Davis Akro Vax was instailed at the exp&& 
in the Fall of 195s. Additional disk and EXABYTE Smm cartridge tape dives 

were added and the system was upgraded to VMS 5.1. This computer is serving 
at the boot-node for the local VAX cluster for E687 and has been in extensive us? 
since Spring of 1989. Apart from general participation and data analysis, UCD 
expects to develop and refine a high transverse mass on-line trigger. Commitments 
to E653 and teaching has prevented full participation until July 1989. At this time, 
Yager wil l  spend the next six months at Fermilab, preparing for the ked target 
run, now scheduled for January 1990. A graduate student will be devoted to this 
experiment, several are under consideration and Paolone will shift from E653 to 
E687 as a Research Physicist. The E687 proposd is appended, B, 

Future Plans, The B-CoEder work group, 

Beginning in Spring, 1987, we have been participating in a €3-Collider Work 
Group, meeting roughly every other month, exploring the design and feasabiity of 
a “B Factory” at the Tevatron. A letter of intent was passed to the Lab and to the 
PAC. A working group of experimenters from UC Davis, Yale, Penn, OSU, Prince 
ton, Florid& Northeastern, 1.I.T. , Oklahoma, F d b  and other institutions is 
convening at the Snowmass D.P.F. workiig meeting to pursue this prospect to 
the proposal stage. One exciting prospect of our proposal is the possibility that a 
p-p capability is being considered at F d l a b ,  which would greatly benefit Beauty 
production factories with the increased luminosity and short interaction region. 
Appendix C contains our Ietter of December 9, 1987 to Fermilab Director L. Led- 
erman, and Appendix D is the proposal submitted January 1989, which has been 
partially approved. 
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A .  Summary oE the Experlmenr 

We propose a n  experiment whlch employs a hybr id  emulsion spectromecec 

t o  measure l i f e t i m e s  and decay p r o p e r t i e s  o f  beauty par t ic les  (B) and charmed 

p a r t i c l e s  ( C )  gr.oduced by i n t e r a c t i o n s  of high energy hadrons. Emulsion is 

t h e  h ighes t  r e s o l u t i o n  d e t e c t o r  (by more than a n  o r d e r  of magnitude) f o r  obser- 

ving s h o r t  l i f e t imes . ,  and the  e l e c t r o n i c  d e t e c t i o n  system Fs needed t o  select  

e v e n t s ,  l o c a t a  them w i t h i n  the*emulsion and provide  Informat ion  abou t  decay 

products.  
' *  

A slmFlar technique  has proven s u c c e s s f u l  i n  measuring t h e  Li fe t imes  

f 1,2;3]  of neucrino-produced charmed particles (Fermilab Experiment 5 3 1 )  We 

b e l i e v e  chat  t he  expetlence therein gained w i l l  permic us t o  s w i t c h  t o  hadronic  

product ion,  where t h e r e  are more beauty and charmed particles t o  be found. 

The key t o  chis experiment Is a new form of solid-state d e t e c t o r  which 

w e  are develoQiag.  With t h i s  d e t e c t o r  as part of the  hybrid emulsion syscem . 

we should be ab le  t o . o b t a i n ,  i n  a Eour-month run w1th.rnodest beam, 15,000 charmed- 

parttcle decays,  and based on a 50 nanobarn c r o s s  s e c t i o n ,  about 200 B decays.  

Nearly 30 t a u  decays shou ld  aiso b e  observed. 

Completing t h e  development work o n  the  new d e t e c t o r  will r e q u i r e  a year, 

so that d a t a  tak ing  could begin l a t e  i n  1983. Since  t h e  technique  we propose 

has many novel f e a t u r e s ,  we request  "shakedown" running 

(convent iona l  or Tevatron)  e x i s t s  a t  that time, 

on vha teve r  machine 
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D o  PhysLCS Ib t iVat iOn 

Ue wish simultaneously t o  s e a r c h . f o r  6 - p a r t i c l e  decays and t o  make a high 

s ta t i s t ics  measurement of charm decays. 

The la t te r  measurement provides a n  acceptable and s e c u r e  mot iva t ion  f o r  

t h e  experimenc. A - + 10% knowledge of lifetimes p e r m i t s  convers ion  of branching 

r a t i o s  i n t o  abso lu te  partial decay -rates without  loss of  p r e c i s i o n .  A c u r r e n t  

experiment (1,2,3.1 .shows h i n t s  of two n e u t r a l  l i f e t i m e s  and t h e  p o s s i b l e  exist- ' 

ence of weakly decaying n e u t r a l  charmed baryons. D e f i n i t i v e  s t u d i e s  of t h e s e  

e f f e c t s ,  plus  the  p o s s i b i l i t y  of observing s e q u e n t i a l  F + tau + o t h e r  l e p t o n  . 

decays ,  creates i n t e r e s t  I n  a high s ta t is t ics  c h a r m  measurement. Obssrva t ion  

of v i s i b l e  decay l eng ths  also .provides a r e i a t i v e l y  background-€ree sample 

or charmed particles f o r  s tudying  decay 'modes and product ion  dynamics. ' 

Of. even g r e a t e r .  i n t e r e s t  than t h e s e  cham measurements, however, is t h e  

oppor tuni ty  t o  measure the  l i f ec ime  of particles (E) c a r r y i n g  the .b  quark ,  

f o r  which s txong evidence now e x i s t s  [ 4 1 ,  and t o  s e a r c h  f o r  o t h e r  new phenomena 
-1s ' which may be assoc ia t ed  with l i f e t i m e s  down t o  10 see. This experiment 

will have a s e n s i t i v i t y  of 4 events/nanobarn f o r  d e t e c t i n g  such i n t e r e s t i n g  

evencs. Should 8 -pa r t i c l e s  be produced a t  t h i s  l e v e l ,  t h e i r  s e q u e n t i a l  B + 

------ - 

charm + s t r a n g e  decays should b e  topo log ica l ly  s t r i k i n g  and r e l a t i v e l y  back- 

ground-free once the  secondary and t e r t i a r y  v e r t i c e s  are i d e n t i f  Led. 

Xeasutement o €  E' Lifet imes and re la t ive  branching tarioa i n t o  charm would, 

in t h e  "s tandard" Kobayashi-Maekawa six-quark model [ 5 1 ,  p e r m i t  de te tminacfon  

I n  tha rt!iproxLinntLorr of siirull O L  

E 4  

h 

r 

COS n L  - C O ~  e - COS o - L I '  2 3 s i n  0 ,  - 9 
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If we also assume t h e  r a t i o ,  

* 4  . The 01 are  given i n  terms of quark mass r a t i o s  by many of the  h ighe r  sym- 

-13 metry models which predict proton decay ( 6 1 ,  and charm l i f e t i m e s  a c e  10 

t o  seconds (1,2,31: 

(10 .- 100) (10'13 to seconds)  

z = 5 x t o  5 x seconds B 

If t h e  Higgs particle comes from a s i n g l e  m u l t i p l e t ,  Lrs coup l ings  are 
--. -.. .- 

flavor d iagona l ,  and its e x i s t e n c e  would have no effect on t h e  E L i f ec ine .  
I .... 

However, f f  there are mul t fpLe  Higgs d o u b l e t s ,  Fa gene ra l  t h e  charged Higgs 

c o u l d  couple  B + H- + (charm).' I f  E$ .> %- + N ~ ,  t h e  B Life t ime could b e  

cons iderably  --.e shortened.  . .. 

A recenc t h e o r e t i c a l  p r e p r i n t  ( 7 1  uses CESR data and a conven t iona l  

six-quark model t o  s e t  bounds on t he  0 Lifetime i n  terms of the r a t i o  t (b+u)/ 

f (b + c ) .  Recant CLEO data [ 8 1  on t h i s  ratLo then may be uocd t o  s e t  an 

uppar l l i n l t  of 1.3 x 10 

o u t  t o  be much shor ter  than expected,  l t  may be t h t  t h e  b quark (and perhaps 

the tau Lepton) are n o t  convent iona l .  I n  C h i 3  case ,  t heo rec t ca f  p tedLct lons  

secotido €or r h o  [I 1 L f o t l l w .  If clia II t i fac l inu  turnu 
-13 

have even m o t e  Ereedom, and Lnfotnacion obtained on B decays could prove 
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t o  be cven m o m  e x c l t i n g .  

1. Design PIotivation 

C. Descr ip t ion  of t h e  Experiment 

The apparatus  is a hybrid emulsion spec t rometer  similar in concept  bu t  . 

t e c h n i c a l l y  more demanding chan the  one used s u c c e s s f u l l y  i n  Experiment 531, 

and it will 'be opera ted  Ln a charged hadron r a t h e r  than in a n e u t r i n o  beam. 
2 

Given a reasonable  t r a c k  d e n s i t y  (lOoO/mm 

a c t i o n s  

1, we can  o b t a i n  2.8 x 108 

i n  100 liters of emulsion, and w i l l  r a p i d l y  check t h e  emulsion f o r  

i n t e r -  
4 

an  f n t e r e s  t ing  s u b s e t  of  6 1  * 000 p red ic t ed  secondary ver t ices . .  
. .  

Reducing secondary I n t e r a c t i o n s  l e a d s  t o  a n  emulslon d e s i g n  l n  which many 

ch in  modules LO c m  x 20 c m  x 1.5 cm are . sequen t i a l ly  exposed in hour ly  i n t e r  

v a l s .  Each module w i l l  be mounted on a p r e c i s i o n  s t a g e  which moves du r ing  

the  beam s p i l l ,  exposing s t r ip s  o f  emulsion. 

The d e s i g n  of t he  spectrometer  fs motivaced by t he  Eollowing, requirements:  

I 

1) Finding events  Fn t he  emulsion quick ly  and e f f i c i e n t l y ;  

2) '  Large acceptance;  

3 )  I d e n t i f i c a t i o n  and momentum analysis of decay products ;  

4 )  Good recons t ruc t ion  e f f i c i e n c y  ' f o r  t h e  expected h i g h  m u l t i p l i c i t y ,  

h ighly  co l l imated  events ;  

5 )  Minimum path f o r  pfon and kaon muonic decays ( s i n c e  o u r  s e l e c t f o n  

c r i t e r i a  depend on ilc and C? muonic docaya);  

6 )  A b i l i t y  t o  t e so lve  secondary v e r t i c e s  e l e c t r o n l c n l l y .  



. 
2. goJfd-St.itc Dccectors 

It  is very d i f f i c u l t  t o  s a t i s f y  t h e  above d e s i g n  c r i t e r i a  w i t h  e x i s t i n g  

technology. D r i f t  chambers, f o r  example, f a l l  s h o r t  of the  p o s f t i o n  r e s o l u t i o n  

r equ i r ed  f o r  beam.tagging and decay v e r t e x  r e s o l u t i o n  by f a c t o r s  o€ 10. Even 

worse, they  can  a c h i e v e  t r a c k  pair r e v o l u t i o n  no b e t t e r  than  2' mm, so t h a t  

tracks more c l o s e l y  spaced than t h i s  are Lost. S ince  p ro jec t ed  ang le s  between 

tracks of < *  I .O 'mrad occur  wi th  a p p r e c i a b l e  p r o b a b i l i t y  i n  hadron f n t e r a c t i o n s  

a t  350 t o  800 CeV, i t  is impossible  LO place d r i f t :  chambers c r o s e  t o  t h e  emul- 

sion targec without  i ncu r r ing  unacceptable r econs t ruc t fon  losses.' Yet, high 
* *  

r e s o i u t i o n  d e t e c t o r s  c l o s e  to the  emulsion taraet are e s s e n t i a l  i f  t h e  appa ra tus  

is t o  be kept s h o r t  and secondary vertices are t o  be r econs t ruc t ed .  

We have, t h e r e f o r e ,  produced a spec t rometer  des& whfch relies on t h e  

- ap id ly  evolv lng  technology of p o s i t i o n - s e k i t i v e  s i l i c o n  d e t e c t o r s ,  and are 

w e l l  i n t o  a program of pro to typing  and t e s t i n g .  Details of our  p rogres s  and 

a photomicrograph of ouc prototype w l t h  40 micron s t r i p  spac ing  are g i v e n  l n  

Appendix I. 

R r i c f l y ,  t h e  de t ecco r s  are t h i n  s i l i c o n  wafers onto which are depos i t ed  

strips with a center-to-cencer spac ing  of 40 microns, as shown i n  fig. I .  

ihen they  are reversed-biased, t h e  ion ized  e l e c t r o n s  r e s u l t i n g  from charged- 

particle passage are c o l l e c t e d  on i n d l v l d u a i  s t r i p s ,  as shown i n  t h e  f i g u r e .  

I n  the reg ion  of  U g h e s r  t rack  d e n s i t y  i n d i v i d u a l  strips wlll be read out, 

and r e s t s t i v e  l n t e r p o l a t i o n  I91 ( w i t h  t a p s  every 3-10 sc r ips )  will b e  employed 

in reglong w i t h  Lower' t r a c k  d e n s i t y *  For the spec t rometar ,  va hove assumed 

d e t e c t o r s  wi th  the following c h a r a c C e t i s t i c s :  6 crn diameter a c t l v e  a c e a ,  0.3 

UUD t h i c k n e s s ,  p o e i t i o n  r e so lu t ion  of a t  l e a s t  + h O / J 1 2  (- + 12)  microns ,  CVO- - - 
crack s e p a r a t i o n  of 40 microns, and the a b l L i t y  t o  Eunccion  Ln magnetic € t e l d s  
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up t o  0.7 Tesla .  

These requirements  are' a l l  ach ievable  us ing  "old fash ioned"  s o l i d  s t a t e  

technology. 

3. Discussion of Apparatus 

A schemar ic  e l e v a t i o n  view of the experiment Is shown ' in  Plg. 2 , and 

an eniarged  view of t h e  charged particle spec t romete r  is g i v e n  I n  fig. 3. Note 

t h a t  t h e  t o t a l  l e n g t h  of t h e  apparatus  between t h e  emulsion t a r g e t  and t h e  

upstream s i d e  of t h e  calorimeter is less than  3.5 a. The major components 

a r e  the  beam and  beam d e t e c t o r s ,  emulsion t a r g e t ,  vertex d e t e c t o r ,  charged- 

par t ic le  spec t romete r ,  charged-par t ic le  I d e n t i f i e r s ,  gamma d e t e c t o r ,  n e u t r a l  

hadron d e t e c t o r ,  muon L d e n t i f l e r ,  and t r i g g e r  counters .  

* *  

a. Beam and Beam Detectors .  We r e q u i r e  a hadron beam of about  5 
4 x 10 /second wi th  a small ( 3  mm x 3 mm) focus and a halo integrated over  10 

cm x 20 cm which is Less than about 7 %  of t h e  beam. i n t e n s i t y .  ' The momentum 

spread of t h e  beam is r e l a t i v e l y  unimportant. 

a pion b e a m  would be pre fe r r ed .  

duc t ion  a t  Tevatron e n e r g i e s ,  a proton beam fs p r e f e r r e d ,  as the  s p o t  s i z e  

and halo requirement are more e a s i l y  s a t i s f i e d .  Possible l o c a t i o n s  are d i s -  

cussed i n  Appendix' K X  . The beam coord ina tes  ( ang le s )  w i l l  be determined t o  

+6 microns ( + - 7 microradfans)  by s e t s  o €  small s i l i c o n  d e t e c t o r s  ay shown 

For 8 produc t ion  a t  400 C e V ,  

For cha rn  produccion a t  any energy and 8 pro- 

- 
I f g .  2 .  Tlw r a l n t f v a  ponLc1oii:i o f  dl aiactrotrlc  r1otr)ctutU w l l l  citlf- 

braced cont inuous ly  o n  t he  h t g h  momentum beam t r acks .  

b. Emulsion. Nuclear emulsion Ls the only d e t e c t o r  w h l c h  can observe 
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s h o r t - l i v e d  particles w t t h  LlEetimes clown t o  10 sec w i t h  high ef f Fc iency  . 
In this experiment  we will u s e  as much emulsion as p o s s i b l e  and as h i g h  a t r a c k  

d e n s i t y  as t o l e r a b l e  t o  g e t  good s e n s i t i v i t y  t o  rare e v e n t s .  

ity b u i l t  a t  Fenni lab  f o r  E531 can produce  32 l i ters  of emulsfon modules p e r  

The p o u r i n g  facil- 

s o n t h ,  so t h a t  an  exposure  o f  100 Liters is w e l l  w i t h i n  o u r  c a p a b i l i t y .  EIaxlmum 

t r a c k  d e n s i t y  Fs a s l i g h c l y  s u b j e c t i v e  number, b u t  t h e  Nagoya group has  exper-  

i e n c e  €tom E531 with d e n s i t i e s  of 2251 , and from NA-L9 a t  CERN with d e n s i -  
2 

2 
ties of up t o  lO,OOO/ aan 

2 a b o u t  10OO/m , 
The.maximum r e a s o n a b l e  i n t e n s i t y  a p p e a r s  to  b e  

* '  
which will give 2 . 8 ~  l o 8  i n t e r a c t i o n s  i n  100 Lftets. 

- H f s t o r l c a l l y ,  a s e r i o u s  drawback t o  t h e  u s e  O P  n u c l e a r  emuls ion  fn s t u d y i n g  

rare p r o c e s s e s  has been  t h e  l i m i t e d  number of evencs which can be examfned 

u n d e r  t h e  microecope. A b r e a k t h r o u g h  o€ this l i m i t a t i o n  'has been  made by t h e  . - 

Nagoya group,  who have developed a microscope with a TV monitor and computer- 

c o n t r o l l e d  d i g i t i z e d  s t a g e .  

z i n g  E531 , n e u t r i n o  i n t e r a c t i o n s  , and has been ex tended  t o  h a n d l e  6,000 fully- 

This s y s t e m  has a l r e a d y  shown i ts  power fn a n a l y -  

measured evencs €or t h e  second E531 exposure ;  good p r o g r e s s  1s being  made coward 

t h e  g o a l  of L0,OUO measured e v e n t s  p e r  year .  Furthermore,  t h e  t e c h n i q u e s  

d e s c r i b e d  below, which t a k e  advantage  o €  t h e  e x c e l l e n t  r e s o l u t i o n  o €  t h e  sili- 

con d e t e c t o r s ,  make L t . p o s s i b L e  t o  e l l m l n a t e  u n i n t e r e s t i n g  e v e n t s  q u i c k l y ,  

qo t h a t  t h e  s c a n n i n a  ra te  s h o u l d  approach  40,000 e v e n t s  p e r  year. 

Fig. 4 1s a s c h e m a t i c  drawing of t h e  emulsion mounting s t a g e  and a module 

of  t h e  " v e r t i c a l "  t y p e ,  Fn which t h e  s h e e t s  a r e  mounted p e r p e n d i c u l a r  t o  t h e  

boain. Tho oinuhLort voluinu L U  dLvLdad L I I L O  inotiuluo LO ctn x 20 cm L i i  acon  b y  

1.5 cm thick. T 1 i h  thlcktless, 0.U4 1itcarnct:Lott lc i igc l i s ,  L Y  a coinptolnlse 

uhich provides  s u f  f l c l c n t  E l d u c i a l  voLume t o  o b s e r v e  decays and mLnLmizo edge 

Losses,  w h i l e  also kcep lng  Yecondory t n t e r a c c i o n s  and gainma cocivecs Lcns t o  
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d tolerable Level.  Each module c o n t a i n s  40 10 c m  x 10 cm x 0.73 am s h e e t s  o € *  

pias tic- backed emulsion.  

I n  o r d e r  t o  m a i n t a i n  t h e  d e s i r e d  t r a c k  d e n s i t y  w i t h  a 3 mm x 3 mo beam . 

s p o t  of optimum i n t e n s i t y ,  i t  is n e c e s s a r y  t o  have t h e  emuls ion  mounted on 

a p r e c i s l o n  microscope-type s t a g e  which moves.cont inuous1y during t h e  beam 

pulse ,  uni formly  expos ing  a band 10 c m  h i g h  x 3 mm wide. T h i s  s t a g e  is d r i v e n  

by computer c o n t r o l l e d  motors ,  anti its p o s i t i o n  is moni tored  w i t h  standard 

Hoire 'fmage encoders  which d i g i t a l l y  r e c o r d  the  p o s i t i o n  o f  t h e  s t a g e  a t  e a c h  

e v e n t  w i t h  1 micron accuracy .  In E531 t h e  i n d i v i d u a l  emuls ion  s h e e t s  were 

r e g i i t e r e d  w i t h  e a c h  o c h e r  mechanica l ly  t o  2 50 microns . 
* *  

Improving t h i s  t o l e r -  

a n c e  w i l l  s u b s t a n t i a l l y  reduce che t i m e  r e q u i r e d  t o  Collow c r a c k s  from one 

s h e e t  t o  another .  To do t h i s ,  w e  w i l l  u s e  t h e  heavy-ion t e c h n i q u e  a l r e a d y  

t e s t e d  s u c c e s s f u l l y  by t h e  Nagoya group. The assembled modules w f l l  b e  exposed 

2 t o  a l o w - i n t e n s i t y  heavy i o n  beam (2  CeV/nucleon Ne, €ew/axi ) which p r o v i d e s  

e a s i l y - r e c o g n i z e d  l o c a l  f i d u c i a l s  . R e l a t i v e  s h e e t  t e g i s  t r a t i o n  w i l l  t h e n  be 

Limited mainly by t h e  mechanical  s t a b i l i t y  of t h e  package between e x p o s u r e s ,  

which s h o u l d  b e  held t o  a' f e w  microns 

The s o l i d  s ta te  d e t e c t o r s  w i l l  b e  a b l e  t o  Locate  vertices t o  b e t c e r  t h a n  

+ 10 microns Ln t h e  p l a n e  of t h e  emulsion s h e e t s  and t o  f 0.2 mm a l o n g  t h e  - 
beam d i r e c t i o n .  This  d e f f n e s  a s c a n n i n g  volume 1000 c fmes  smaller t h a n  w e  

used i n  €531, and means t h a t  a p r e d i c t e d  vertex will c e r t a i n l y  f a l l  w l t h i n  

one microscope Eie ld  O f  view (LOO microns x 100 microns a t  h i g h  power) ,  and 

sec t ion  O ,  ua i n t e n d  co seiccc evonts  w L t h  ciurm Jccays b y  t c c o n e t r u c t i n g  

1 '  

\ 

. l  
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and r e s o l v i n g  t h e  gecondary vertices with t h e  solid-s tace d e t c c t o r s  aecouse  
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of this very short  t h e  requited t o  f i n d  n p r e d i c t e d  v e r t e x  in tlrc emulsion, 

these e l e c t r o n i c  p r e d i c t i o n s  of a decay can  be q u i c k l y  v e r i f i e d .  Nost  vertices 

from s e c o n d a r y  i n t e r a c t t o n s  will have d a r k  n u c l e a r  breakup tracks and can be 

immedia te ly  r e j e c t e d .  Primary ver t ices  w i l l  be even  easler t o  f i n d  b e c a u s e  

o n e  has t h e  a d d i t i o n a l  o p t i o n  of s c a n n i n g  a long  a beam t r a c k .  

does n o t  r e l y  on e l e c t r o n i c  p r e d i c t i o n  of a 0-decay secondary  v e r t e x .  However, 

f f  t h e  B l i fe t fme-is  less than t h e  charm l i f e t i m e  as e x p e c t e d ,  most E d e c a y s  

B s e l e c t i o n  

will o c c u r  i n  t h e  same emulsion s h e e t  and microscope field of v iew as t h e  p t i -  

mary v e r t e x ,  and c a n  be €ound s i m p l y  by v a r y i n g  t h e  d e p t h  of  f o c u s  of t h e  n i c t o -  
- 4  

sco@ D 

I n  order t o  use t h e  high p r e c i s i o n  of t h e  emuls ion  and the s o l i d  scate 

d e t e c t o r s  chc two sys tems must be r e g i s t e r e d  with e a c h  other t o  an  a c t u k a c y  

’ 

small compared w f t h  t h e  t r a n s v e r s e  d i s t a n c e  between i n t e r a c t i o n s  This was 

done t o  - + 50 microns with t h e  t h i c k e r  modules and d r i f t  chambers of E531 using 

t h e  f i d u c i a l  s h e e c  t e c h n i q u e  [1,2,31. In t h i s  exper iment  w e  w i l l  e x p o s e  € o u r  

10 cm x 3 ma bands i n  e a c h  module a t  1/20 normal i n t e n s i t y  (comparable  t o  t h e  

t n t e g r a t e d  beam halo), d u r i n g  which t h e  s p e c t r o m e t e r  will nm w i t h  a t o t a l  

fnreraction t r i g g e r .  The i n t e r a c t i o n s  in t h e s e  Low-intens fey bands can b e  

unambiguously i d e n t i f i e d  by b o t h  p o s f t f o n  and e v e n t  topology; o n c e  Eound, t h e y  

p r o v i d e  l o c a l  c a l i b r a t i o n  good t o  t h e  6 ‘micron a c c u r a c y  of t h e  beam d e c e c t o r s .  

C .  .Vertex  D e t e c t o r .  The v e r t e x  d e t e c t o r  l o c a t e s  e v e n t s  Ln the emulsFon, 

and alvo plays a kay tolu In ovarrt aoluct io ir  by rccot iotructII i8  inor0 ctinn 1 1 t i l P  

of the secondary vertlces from cllncm decay, I t  consLs ts  o f  2 1  s i l l c o n  s c r l p  

d e t e c c o r s  spaced  0.7 cm a p a r t ,  w i t h  7 d e t e c t o r s  rnensurlng each oE 3 projections 

r o t a t e d  6(1 degrees  frcm each o t h e r  ( x , u , v ) .  Each s F l i c o n  vafer ( f i g .  I )  h a s  
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a n  act ive area of 6.0 c m  diameter  and is onl-y 0.3 mm t h i c k  t o  reduce m u l t i p l e  

s c a t t e r i n g .  I n  t h e  c e n t r a l  0.6 c m  band o€ each d e t e c t o r  eve ry  s t r i p  fs read 

Out separately t o  main ta in  40 micron t r a c k  pair r e s o l u t l o n  Fn t h e  r eg ion  of  

h igh  t r a c k  d e n s i t y .  On e i t h e r  s i d e  of t h i s  c e n t r a l  band t h e  c h a r g e  i n t e r p o - .  

l a t i o n  technique ( 9 1  i s  used,  with p u l s e  he igh t  i n fo rma t ion  be ing  read o u t  

from taps every 3 t o  10 s t r i p s ,  thus preserv ing  t h e  s p a t i a l  r e s o l u t l o n  o f  

2s microns but  r e l a x i n g  the  t r a c k  pair  r e s o l u t i o n  where it 1s n o t  needed. 

We have s t u d i e d  the  t r a c k  pair r e s o l u t l o n  performance o P . t h i s  sys tem by 
- - 

gene ra t ing  Nonce Carlo events  whic'h' c o n t a i n  a BB pair cascading  through OD 

and c o n t r i b u t i n g  10 charged particles, toge the r  w i th  an a d d i t i o n a l  ( t y p i c a l l y )  

LO "ordinary" t r a c k s  d i s  t r l bu ted .  l i k e  hadronic  i n t e r a c t i o n s  a t  a n  energy e q u a l  

to  t h a t  l e € t  over  from the.'BB p a i r .  It w a s  then asked what f r a c t i o n  of t h e  

charged t r a c k s  from B o r  D decay was.compromised by shadowing from t h e  20 o t h e r  

- 
- 

t r acks .  It vas found that s u c h  a t r a c k  was shadowed (by a n o t h e r - t r a c k  h i t t i n g  

t h e  same o r  an  a d j a c e n t  s t r i p )  fn 2 'or more views only 4% of t h e  time, and 

Fn a l l  3 views only  0 . X  of t h e  t i m e .  Shadowing of a t r a c k  I n  o n l y  one of 

t h r e e  v iews  should not  p r e s e n t  a s e r i o u s  problem s i n c e  t h e  I o n i z a t i o n  is being 

measured, thus signaling the  presence of two over lapping  t r a c k s .  

* .  This  r e l i a b l e  performance a t  h igh  t r a c k  d e n s i t y  fs an enormous improvement 

over  d r i f t  chamber technology,  in which e l e c t r o n i c  dead time l e a d s  t o  missing 

or gross ly  s h i f t e d  h i t s  l o r  nearby t r acks .  In a reas  o f  high t r a c k  d e n s i t y  

d r i f t  chamber d i s c r i m i n a t o r s  r e f i r e  a t  regular  f n t e r v a l s  equa l  t o  t h e  mintmum 

t r a c k  s e p a r a t i o n  so t h a t  a h f t  mny not Lle o n  any t r u e  t rack,  a s  shown below: 

SHIFTE 

(V E KT 1 c E 
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{ate t h a t  i n  t h i s  example n e i t h e r  hit ad jacen t  t o  the  t r a c k l n  DC 1 is real, so 

30th t r acks  1 and 2 a r e  Lncorrect.  From our exper ience  w i t h  t h e  d r i f t  chambers 

~n ES3L i t  has become ev lden t  that  most spur ious  secondary v e r t i c e s  are gener- 

aced by t h i s  e f f e c t . .  

The s i l i c o n  scr ip ,  . d e t e c t o r s  do not r e f i r e ,  have. a two-track r e s o l u t i o n  

j0 rimes becter than  drift chambers, and r e v e a l  m u l t i p L e  .. t r a c k s  by i o n i z a t i o n .  

Je be l i eve  that t h i s  improved performance will a l low r e l l a b l e  r econs t rucc ion  

~f secondary v e r t i c e s  w i t h  a very L o u  percentage of f a k e s ,  so t h a t  r e so lv ing  . 
4 

v e r t i c e s  will be Limited only by the  12 micron measurement accuracy  and m u l t i p l e  - 
~ c a c t e r i n g .  As dfscuaeed in S e c t i o n  0 ,  this a b i l i t y  t o  r ecogn ize  charm decays 

d t h  an e l e c t r o n i c  d e t e c t o r  is an enormous advantage . i n  e f f  i c ienc  s e l e c c i o n  

3f events t o  be looked a t  i n  the  emulsion. 

d r  Charged Particle Spectrometer. I n  order  t o  a c h i e v e  maximum a p e r t u r e  

lnd m i n f m u m  dep th  we have designed the  spec t rometer  around t h e  small i r o n  magnet 

lhoun schemat i ca l ly  in Lig. 3 and discussed Fn more d e t a i l  in Appendix 111. 

Chis magnet ha8 a pale-piece dep th  of only -40 cm’and allows a v e r t i c a l  (horlzon-  

tal) ape r tu re  from the t a r g e t  of 2200 (240) mrad. By havlng t h e  p o l e  pieces 

open v e r t i c a l l y  outward a t r ansve r se  k ick  o f  0.20 GeV/c is obta ined  wi th  a 

aaxlmum’field of 1.7 Tesla; a kick of  0.30 G e V / c  seems q u i t e  Eeasible (Appendix 

The d i r e c t i o n s  O C  charged .parcLcles downstream of t h e  mngnee a re  measured 

~y rr llLcoii dutactorrr  nc 3 m c i l l  n i r ~ l u n  nirtl by t l r l f  t clirriiibarrr Y LtnAlnr co ttioua 

Jsed i n  E531 a t  larger angles ( f i g ,  3 ) .  Pairs of d r i f t  chamber xuv t r i p l e t s  

Located 8 4 ,  102 and 290 cm from t h e  t a r g e t  cover the EuLl magnet e x i t  aperture. 

Sracks v f t h i n  30 mrad o f  the beam are  picked up by cvo pairs of J i l i c o n  d e t e c t o r  
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t r i p l e t s  which cover the cegiort l n  w l r L c l i  thc t r a c k  p a i r  r e s o l u t i o n  of the d c i E c  

chambers fs inadequate .  An a d d i t i o n a l  s i l i c o n  t r l p l e t  a t  283 c m  g i v e s  a very 

Long l e v e r  arm f o r  very s t i f f  t r acks .  If one uses t he  rule o €  thumb t h a t  t r a c k s  

from B and C decay have t r a n s v e r s e  momenta around 1 CeV/c, t h i s  small-angle  

s y s  t e m  ca tches  t r a c k s  above about  80 CeV/c. All downstream s i l i c o n  d e t e c t o r s  

a r e  6 cm f n  diameter  and use cha rge - in t e rpo la t ion  readout  w i t h  t a p s  eve ry  LO 

strips . 
. The momentum r e s o l u t i o n  of t h e  spectrometec is shown i n  Eig. 5 ;  i t  is 

. * *  
dominated a t  a l l  but t h e  h ighes t  momenta by the  c o n s t a n t  m u l t i p l e  s c a t t e r i n g  

c o n f r i b u t i o n  of  Z Z X ,  and is s t i l l  c n l y  ZSX a t  300 G e V / c .  

I t  is clear t h a t  t o  use t he  e x c e l l e n t  r e s o l u t i o n  of s i l i c o n  d e t e c t o r s  

t o  full advantage w e  must b u i l d  s t a b l e  mounting hardware and monitor  t h e  a l ign -  

ment c a r e f u l l y .  Our experience wl th  the much l a r g e r  appa ra tus  Fn E531 was t h a t  

d r i f t  chamber p o s i t i o n s  could be held s tab le  t o  225 microns over 1-week Fnter- 

.vals, and that absoiuce  survey  d iscrepancies .be tween t h e  drFLt  chambers and 

t h e  emulsion E iduc ia l  sheet were 250 aiicrons ( 2 1 .  In a d d i t i o n ,  we w i l l  now 

have the  powerful. survey  tool of s t i f f  beam t r acks  pass ing  through the  c e n t r a l  

regions of a l l  t h e  h igh  r e s o l u t i o n  devices .  

.e. Charzed P a r t i c l e  Kdentif f ca t ion .  Iden t f f  i c a t i o n  of charged particles 

w i l l  u s e  two complementary cechniques familiar to us f r o m  E S 3 1 :  dE/dx i n  Ar<02 

t o  d i s t i n g u i s h  particles Fn t h e  momencum range 5-30 C e V / c ,  and time oE € l i g h t  

€ o r  s o t  ter tracks. 

Even w l t l r  a n  800 CcV/c beom mote clrnn 20% o €  rlrc c lutged track9 f rom 

c h a r m  d e c a y s  have p < 5 CeV/c. Hore than 80% of these . soft  tracks c a n  be c l e a n l y  

.- 
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i d e n t i f i e d  in t h c  TOF s y s t e m  over il 3 tn fLLght p a t h  € o r  a t h e  r e v o l u t i o n  O E  

+65 (+95) - p i c o s e c  for t h e  c a s e  of s i n g l e  ( m u l t i p l e )  t r a c k s  c r o s s i n g  a scintll- 
- .  

l a t o r .  This r e s o l u t i o n  is a r e a s o n a b l e  e x t r a p o l a t i o n  Erom t h a t  a c h i e v e d  i n  

E531 (+loo, - - +L50 p i c o s e c )  w l t h  much l a r g e r  s c i n t i l l a t o r s .  For t h i s  e x p e r i m e n t ,  

t h e  downstream hodoscope w l l l  c o n s i s t  of a bank of 30 P i l o t  F s c i n t i l l a t o r s  

1.4 m long x 4.0 cm wlde x 2.5 c m  t h i c k ,  vlewed a t  b o t h  ends  by p h o t o t u b e s  

of modest q u a l i t y .  A start t i m e  r e s o l u t i o n  of 230 p i c o s e c  is e a s l l y  o b t a i n e d  

w i t h  3 small beam c o u n t e r s  upstream of t h e  t a r g e t .  
* *  

The dE/dx charged particle i d e n t i f i e r  ( C P I )  w i l l  Fdenclfy a t  l eas t  60% . 

of tfie B,C decay t r a c k s  in t h e  momentum range 5-30 C e V / c .  SLnce t h e  r e q u i r e m e n t  

of  a s h o r t  s p e c t r o m e t e r  limits t h e  a v a i l a b l e  l e n g t h  t o  1.5 m, i t  is  n e c e s s a r y  

t o  run t h e  chamber a t  a p r e s s u r e  of  3 a t m  a b s o l u t e ,  and t o  sample  i o n i z a t i o n  

e v e r y  1.0 cm a long  t h e  t r a c k s  in o r d e r  t o  o b t a i n  t h e  n e c e s s a r y  r e s o l u t i o n .  

The e m p i r i c a l l y  de te rmined  [LO! r e s o l u t i o n  is 

uhere.N=number of samples ,  x=sample s i z e  i n  cm, and P is t h e  a b s o l u t e  p r e s s u r e  

in atm. For a CPI w i t h  150 LOO c m  samples a t  3 ' a t m  a r e s o l u t i o n  o f  - + 3..4% is 

r e a c h e d ,  a l lowing  a 3 S.D. s e p a r a t i o n  of pions and K's a t  30 GeV/c. 

The proposed d e s i g n  of t h e  C P I  c o n s i s t s  of two ce l l s ,  one o n  e i t h e r  s i d e  

of t h e  beam ax is ,  a l lowing  t h e  beam and t h e  u n r e s o l v a b l e  Eorward j e t  Erom had- 

r o n i c  e v e n t s  t o  paas th rough a r e g i o n  w i t h  ~IQ e lec t r i c  f i e l d .  I o n i z a t i o n  Erom 

trncko oucshla tlils LO mrud r a g l a n  l e  c o l l c c t a d  o n  15.0 3ct1uo w l r c u  Ln uoch 

cell. The expec ted  trnck p u l r  r e s o l u t i o n  l a  G mm, and thc  noceu!Jary ' r a l n p l l n g  

I 

I 

I 

clock speed 1s around 60 X l k .  Possfble readout and compaction schemes a r e  d f s -  

cuseed Ln S e c t l o n  3 j. 



L . . 
-19- 

f .  Gamma Detec tor .  The des ign  of t he  e lec t romagnet lc  shower d e t e c t o r  Eoc 

e l e c t r o n  i d e n t i f i c a t i o n  and gamma d e t e c t i o n  Is shaped by the same concerns 

abou t  h igh  t r a c k  denslty which motivated the spec t rometer  des ign .  A simllar 

s o l u t i o n  was chosen: convent iona l  technoiogy a t  l a r g e  a n g l e s ,  and s o l i d  state 

d e t e c t o r s  a t  small angles  I d e a l l y ,  t h e  d e t e c t o r  should measuce bo th  convers ion  

position and energy €or  each incoming e l e c t r o d  or photon; since f u l l y  developed 

showers are l i k e l y  t o  ove r l ap ,  w e  have emphasized g e t t i n g  conve r s ion  p o i n t s  

early Fn the  shower development. 

. 
* *  

- The d e t e c t o r  ls . loca ted  3.1 m from the  target and has. nn active a r e a  

of 1.4 m x 1.4 me The convent iona l  p o r t i o n  . c o n s i s t s  of a l t e r n a t i n g  l a y e r s  of 

l e a d  conve r t e r  and extruded aluminum propor t iona l '  i o n i z a t i o n  chambers (EPIC). 

A similar dev ice  has been used s u c c e s s f u l l y  in t he  second r u n  of E931 .f The 

EPIC tubes w i l l  have a c r o s s  s e c t i o n a l  area of I c m  x 1 cm, and u f l l  b e  run 

a t  a p res su re  of  10 atma To measure accu ra t e  and unambiguous conve r s ion  p o i n t s  

the f i r s t  t h r e e  s e c t i o n s  of t h e  detector w i l l  each  c o n s i s t  of a 1.5 r a d i a t i o n  

l e n g t h  (r.1 .) conver te r  followed by. t h r e e  c ros sed  planes (xuv)  of EPIC tubes . 
The remaining 9.0 r.1. w i l l . c o n s i s t  of 1.0 r.1. conver te rs  e a c h  followed by 

one EPIC plane ( x  o r  u oc .VI. Tubes i n  this s e c t i o n  w i l l  b e  ganged longi tud-  

i n a l l y ,  wi th  a l l - c o r r e s p o n d i n g  wires  from each p ro jec t ion  summed and read out 

Fn common8 The number of d a t a  l ines  f o r  this convent ional  d e t e c t o r  

is 1320. Because of  sharing of  shower i o n i z a t i o n  between a d j a c e n t  tubes we 

expact  A p o s i r i o n  r a s o l u t i o n  of < - +L.5 mm. A n  enorgy r c s o l u t l v n  oE ~ E / E  - 
0.3U/'E lioa buun ochii lvud by ulmLlat d u v l c u o  w l i i g  inul t lwl tc  p r o & r t i o u a l  clinin- 

bers a t  1 atm with I r.1. samplfng [111. The f a c t o c  10 Lncressa tn pressure 

should lmprove t h i s  value t o  0.20/ J E .  

_- . ... .<...-. - 1 
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* . 
Hasking of one shower by  a n o t h e r  grows r a p f d l y  more s e r i o u s  a t  small 

a n g l e s .  Beyond 3 cm from t h e  beam, however, monte c a r l o  s t u d i e s  based on bubble  

chamber e v e n t s  112) i n d i c a t e  t h a t  98% of t h e  showers will b e  s e p a r a t e d  by 2 

o r  more t u b e  s p a c i n g s  i n  t h i s  c o n v e n t i o n a l  d e t e c t o r .  

One t h i r d  of t h e  gammas from pf zero decay  are less ace less t h a n  3 cm 

' from the.beam a t  3.1 m. The c o n v e r s f o n  p o i n t s  (and  a rough meilsuce of t h e  

energy)  of these small angle showers  wlll b e  o b t a i n e d  by a minfatuce gamma detec-  

t o r  p laced  j u s t  ups t ream oE the c o n v e n t i o n a l  one. This d e t e c t o r ,  6 c m  l n  dia-  

meter, will c o n s i s t  of a l t e r n a t i n i  fayers of t u n g s t e n  and s i l i c o n  wafers  w i t h  

1 - s t r i p  s p a c i n g ,  u s i n g  a p a t t e r n  of r a d i a t o r s  and r o t a t e d  p l a n e s  s imilar  

t o  t h a t  i n  the l a r g e  d e t e c t o r .  Because t h e  w a f e r s  are so c h i n  t h e  d e v i c e .  is 

q u i t e  d e n s e ,  and t h e  shower s p r e a d  is small. To escfmate thLs shower s f t e  t h e  

monte c a r l o  program "EGS" w a s  used t o  g e n e r a t e  e l e c t r o n - i n d u c e d  showers.  

Ten slabs of lead [13]  5 . 6  am t h i c k ,  e a c h  followed by an empty space of 3.0 

mm r e p r e s e n t e d  t h e  d e t e c t o r .  Fig. 6 shows the a v e r a g e  number o €  charged  parti-  

cle c r o s s i n g s  (from 10 showers)  v s -  t r a n s v e r s e  p o s i t i o n  a t  t h e  e x t t s  o €  conver- 

ters 1,3,5 and 9 f o r  i n c i d e n t  25 C e V  e l e c t r o n s .  A t  t h e  t h i r d  s p a c e  t h e  i o n i z a -  

tion d e n s i t y  is down a f a c t o r  of .LO from i t s  c e n t r a l  v a l u e  o n l y  0.35 mm from 

t h e  shower c e n t e r .  These c a l c u l a t i o n s  i n d i c a t e  that i t  s h o u l d  be p o s s i b l e  t o  

de te rmine  c o n v e r s i o n  p o s i t i o n s  t o  a Eew hundred rnicrone w i t h  s u c h  a d e t e c t o c ,  

and to. r e s o l v e  c o n v e r s i o n  p o i n t s  o f  showers 2 1  mm apart. The l o s s e s  from 

masking i n  this d e t e c t o r  w i l l  be a b o u t  132, thus  m a i n t a t n i n g  t h e  e f f i c i e n c y  
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of t h e  two complementary detectors a t  93%. 

g. Hadron Calorimeter. The pr imary purpose of  t h e  hadron  c a l o r i m e t e r  

is t o  measure t h e  c o n v e r s i o n  p o i n t s  and  e n e r g i e s  of n e u t r a l  hadrons ( K',A',xI). 

The p o s i t i o n  resolut ion a c h i e v a b l e  (141 is < - +LO mm, or - +4 mrad a t  3.8 m. This 

a n g u l a r ,  error makes a smaller c o n t r i b u t i o n  t o  t h e  o v e r a l l  mass r e s o l u t i o n  t h a n  

t h e  expec ted  e n e r g y  measurement error  o €  about  0.7/& f o r  t h e  e n e r g i e s  of i n t e r -  . 

est (5-35 CeV)  . . 
The proposed d e t e c t o r  ( f i g .  2) c o n s i s t s  of a l t e r n a t e  Layers o €  Fron plates 

2 5 cm_ t h i c k  x 2.4 m h i g h  x 3 m wide, and places of EPIC  t u b e s  1 

s e c t i o n a l  area, o p e r a t e d  a t  a t m o s p h e r i c  p r e s s u r e .  'She f i r s t  s e v e n  gaps Fn t h e  

cm Fn c r o s s  

i r o n  will b e  i n s t r u m e n t e d  w i t h  pairs of EPIC p l a n e s  a t  r i g h t  a n g l e s ,  w i t h  t h e  

p l a n e s  f n  a l te rna te  gaps r o t a t e d  4 5  d e g r e e s .  to give scereo Lnformatfon.  The 

EPIC t u b e s  i n  t h e s e  gape will be ganged t r a n s v e r s e l y  as "follows: e v e r y  v i r e  

read o u t  f o r  a n g l e s  < 60 mrad, a d j a c e n t  tubes added l n  pairs € o r  a n g l e s  between 

60 and 120 m a d ,  and a d j a c e n t  groups of  4 tubes  added f o r  a n g l e s  from 120 t o  

240 mrad. T h e - f i n a l  9 gaps i n  t h e  c a l o r i m e t e r  s t e e l  w i l l  be i n s t r u m e n t e d  w i t h  

one EPIC p l a n e  e a c h ,  w i t h  a l t e r n a t e  p l a n e s  r o t a t e d  by 90 d e g r e e s .  These p lanes  

w i l l  b e  ganged t r a n s v e r s e l y  l f k e  t h o s e  in t h e  first 7 gaps,  and wFLl a l s o  be  

ganged l o n g i t u d i n a l l y ,  w i t h  a l l  x and a l l  y p l a n e s  l n  t h e s e  Last 9 y a p s  read 

o u t  i n  common. In a l l ,  1280 a m p l i f i e r s  are r e q u i r e d .  

The major d i f f i c u l t y  i n  f f n d f n g  n e u t r a l  hadrons t u  s e p a r a e i n g  them from 

tho c h n q a d  Irndron b n c k ~ r o u n d .  Elonto c n r l o  c a l c u l n t t o n o  Lndfcnta  [ 1 5 1  t l m t  

showers produced by.30 C c ~ ' h n d r o n 9  t y p i c a l l y  linvc transvcrsc?  g i z c  < 20 mrn a t  

a d e p t h  Q €  0.5 c o l l i s i o n  l e n g t h s .  We have estimated the masklng Loss c o n t r i b u t i o n  

t o  che d e c e c c l o n  ef fFc lency  by  us ing  "boosted" [ 121 bubble chamber d a t a  t o  
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generace charged hadron h i t s  on the front face of the  c a l o r i m e t e r .  A s u c c e s s f u l  

i d e n t i f i c a t i o n  is assumed if no o the r  cracks have h i t s  w i t h i n  one w i r e  spacing 

i n  any d i r e c t i o n .  The rasultlna e f f i c i e n c y  1s shown in f i g .  7 as a €uact fon  

of po la r  a n g l e  8 On the same p l o c  1s shown the  K 

from B + D ( S n ) ,  w i t h  D + K0(3n).. We f i n d  t h a t  mote than  80% of t h e  K 

0 
angular  d i s t r i b u c i o n  expec ted  

0 
can  be 

resolved under the  assumptions above, and 651: w i t h  the  more r e s t r i c t i v e  r equ i r e -  

ment of two wire spac ings  between showers. 

h. Huon Detector.  The.muon d e t e c t o r  has two func t ions :  t o  reduce the  

hadrbn flux e n o u g h t o  g i v e  a manageable t r i g g e r  r a c e ,  and t o  determine Erom 

the r econs t ruc t ed  event  .whether a a iven  t r a c k  which has  t r a v e r s e d  the  d e t e c t o r  

is indeed a-muon. The first o b j e c t i v e  is simply accomplished by r e q u i t i n g  enough 
. 

range of i r o n ;  5 CeV of range should be s u f f i c i e n t  (see S e c t i o n  D and Appendix 

-7) . 
To meec t h e  second ob jecc ive  i t  is e s s e n t i a l  to  t r a c k  t h e  muon cand ida te  

€tom. t h e  emulsion through the spectrometer, hadron c a l o r i m e t e r  and absorber  

with f r equen t  sampling of positfon and i o n i z a t i o n  i n  t,he i r o n  t o  Look f o r  evl- 

dence of  hadronic  f n t e r a c t i o n .  It  is also very important  t o  make a second momen- 

tum measurement a f t e r  s e v e r a l  fn t e racc ion  Lengths 'of  iron t o  be sure that  no 

large energy Loss has occurred ,  and t h a t  t he  correct muon cand ida te  has been 

tracked through the reg ion  of dense hadron showers . 
The f r equen t  sampllng is  p a c € o m e d  ln t h e  E P I C  chambers o f  t h e  c a l o r -  

l:nutur. Tlia uucond o\ontoc\trrin inuiwueamunc L I I  tlotw w l t h  I\ ciq~taro lrotr t o t o l d  ( o l i n -  

l l a r  t o  t hooc  L n  E6131 1 . 3  m d c c p  atid 2 .5  m 011 a ~ L d a .  riysunrlirg Low curboi l  

s c e e l  (LO10 o r  e q u i v a l e n t ) ,  a cur ren t  o €  LOO0 Amp 3nd 100 t u r n s ,  one obtains 

reasonable sacuracion and a nanr ly  cons tan t  magnet ic € f e l d  of 2.0 T. On e l t h e r  
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eLdo o f  the toro ld  nra 2 KUV t r i p l e t s  of EPIC chatnbctn LnsCrrimerrtcd €or d r i f c  

chamber readout using s u r p l u s  e l e c t r o n i c s  from E531. This sys tem w i l l  have 

a r e s o l u t i o n  

J 

where t h e  first term is the multlple s c a t t e r i n g  c o n t r i b u t i o n  and t h e  second 

comes from t h e  5 . 5  mm r e s o l u t i o n  of t he  chambers. Downstream of t h e  t o r o i d  

are t w o  i d e n t i c a l  modules, each c o n s i s t i n g  of 0.8 m of s tee l  fol lowed by banks 
* *  

. o €  s c i n t i l l a t o r s  .(as i n  E5311 t o  complete the  range requirzment .  Muons of 2.8 

CeV ail1 pene t r a t e  t h e  t o r o i d ,  and the '  downstream abso rbe r s  t r a n s m i t  4.0 and 

5.2 G e V  r e s p e c t i v e l y  i 

f .  .Tr igger  Counters S ince  non-zero d a t a  Erom all e v e n t s  from e a c h  s p l i l  

s i l l  be s t o r e d  i n  a fast bufEet memory, we are s tudy ing  a v a r i e t y  of t r i g g e r s ,  

many of which r equ i r e  East processing before  record ing  on t a p e .  ALthough s e v e r a l  

t echniques  appear promising,  we presen t  here  only  t he  s i m p l e s t  muon t r i g g e r ,  

which should  b e  a b l e  t o  lower the  rate of recorded even t s  t o  about  13 p e r  second. 

This t r i g g e r  requires .a non-halo beam par t ic le  to  i n t e r a c t  in t h e  emulsion,  

. s fv ing  r ise t o  a tagged muon stiffer t han  5 GeV. The fo l lowing  s k e t c h  q u a l i t a -  

t i v e l y  i n d i c a t e s  coun te r  l oca t ions :  

T 
0 
n 
0 

I n 
4 
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The r r i y g e r  will c o n s i s t  o €  

Trigger - (Beam) ( I n t e r a c t i o n )  (Xuon) 

w i t h  components as l i s t e d  below: 
- 

Beam S 1  * . S 2  S3 Halo 

I n t e r a c t i o n  ( S 4  >/ 3 i n  p u l s e  h e i g h t )  ( 3  2 TOF p a d d l e s )  

(Note that t h e  TOF hodoscope w i l l  have a small h o l e  f o r  n o n - i n t e r a c t i n g  beam, 
* *  

and a l s o  that t h e  muon c o u n t e r s  may need s h i e l d i n g  a g a i n s t  slow n e u t r o n s . )  

j: Data r e c o r d i n q .  In this exper iment  It will be  n e c e s a r y  t o  r e c o r d  i n f o r -  

m a t i o n  from 9500 solid state d e t e c t o r  l i n e s ,  520 l i n e s  o €  m u l t i - h i t  d r i f t  cham- 

b e r  wires,  2600 l i n e s  o f  EPIC  ctrambers i n  t h e  gama d e t e c t o r  and hadron c a l o r -  

imeter, and 300 l i n e s  of dE/dx chamber wir.es. In a 20 second T e v a t r o n  s p i l l  

perhaps 2 6 0 e v e n t s  may b e  recorded.  The s h e e r  volume o €  data n e c e s s i t a t e s  some 

p r o c e s s i n g  ' p r i o r  t o  r e c o r d i n g  on t a p e ,  a .  l a r g e  amount of b u f f e r  s t o r a g e  and 

use of h i g h  d e n s i t y  magnet ic  tape d r i v e s .  

The solid state  d e t e c t o r s  (SSD)  will b e  m u l t i p l e x e d  i n  a f a s h i o n  s imilar  

to  t h e  proposed Droege system l o t  t h e  CoLlLdlng Uetec toc  F a c i l i t y ,  in which 

o u t p u t s  of a d d r e s s a b l e  a m p l i f i e r s  a t e  recorded only l f  they  exceed " t a b l e  look- 

up" t h r e s h o l d s .  I n  this way t h e  SSD d a t a  should  b e  reduced t o  t y p i c a l l y  1500 

2-byte words per e v e n t  w i t h  e f f i c i e n t  packing. 

Tho d t F E t  clrnmbar m u l t i - l i l t  a y o t a m  alrcudy c x h t s  nnd'pcovldoo u € E l c l c n t l y -  

packcll data  v l~ ic l i  w i l l  c o u c t l b u c a  porlwpo nciotlicr 500 worda .  E P L C  clicieibr?rs 

may be r e c o r d e d  e i t h e r  w F t h  t h e  LeCroy 2280 processor and 1 2 - b L t ,  lO-€old 2 2 0 2 0  

ADC's, o r  alternatively with t h e  Droege s y s t e m .  We expec t  t y p f c a l l y  1000 2-byce 

1 

t 

, 
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! x t r a c t i o n  of  moments are  under s tudy .  

The dE/dx chamber in ES3L uses CCD p u l s e  h e i g h t  s t o r a g e  and s e q u e n t i a l  

t i g i t i z a t i o n .  Wfth the  advent of stable f l a s h  encoders  and inexpens ive  d i g i t a l  

lemory i t  appears f e a s i b l e  t o  devote  a n  encoder and memory c u p  t o  each  of 

:he 300 sense wires. We a r e  LnVeStigating algorFthm8 t o  e x t r a c t  t h e  a ' r r f v a l  

. .  

: i m e  and t n t e g r a l  pu i se  he ight  o €  each  reso lved  t r a c k  from t he  many tine samples 

,f i o n i z a t i o n  p e r  t r a c k  obtained from each wire. By compressing t i m e  and pu l se  

le ight  i n fo rma t ion  into. a s i n g l e  word,. t h e  Fnforrnatlon c o n t e n t  from a s i n g l e  

!vent shou ld  b e  reduced to  t y p i c a l l y  3000 2-byte words'. 

* *  

i 

Such a system may b e  extended i n  a n a t u r a l  f a sh ion  t o  encompass mote 

; o p h i s t i c a t e d  . t r i g g e r  processing in the. f u t u r e .  

From the  above cons iderac ions ,  i t  is necessary  to record 

~1500+500+1000+3000) = 6000 words per evenc, o r  1.6M words per Tevat ron  s p f 1 1 .  

le are dev.eloping a fas t  memory system t o  b u f f e r  s e v e r a l  events  t o  smooth 

. -+ , s t ica l  f l u c t u a t i o n s  i n  d a t a  a r r i v a l  and p e r m i t  a more uniform race oE 

i e m a n e n t  d a t a  recording.  

The exposure of each emulslon module wlll r e q u i r e  approximately one hour.  

lu r ing  this t i m e  about  one 2400 fooc reel  of  6250 byte / lnch  d a t a  tape will 

,e w r i t t e n .  The system Ls thus well-matched t o  high densi ty .  r eco rd ing ,  bu t  

de will r e q u i r e  a t  l e a s c  CWO such h igh  d e n s i t y  d r i v e s  t o  avoid r e l f a b i l i t y  

)roblems such a s  have been experfenced by ES16. 



D . E v e u t  2 a t e s  and backp,round 
- 

The e v e n t  races f o r  CC and 88 pairs have been c a l c u l a t e d  a s s u n i n g  respec-  

t i v e  c r o s s  s e c t f o n s  o f  25 .microbarns  and 50 nanobarns per pair  p e r .  t a r g e t  nuc- 

l e o n  at.800 CeV. ( I f  r e c e n t l y  r e p o r t e d  p r e l i m i n a r y  r e s u l t s  [16] from CERN are  

verified, t h e r e  is a l e a d i n g  p a r t i c l e  c o n t r i b u t i o n  t o  B p r o d u c t i o n  at t h e  l e v e l  

of a Cew microbarns ,and  t o  charm p r o d u c t i o n  a t  t h e  100 microbarn l e v e l . )  To 

obtain t h e  t o t a l  number of i n t e r a c t i o n s  ue u s e  t h e  measured [17) mean € t e e  

path (HFP) of h igh  energy  protons in emuls ion ,  36 c m ,  c o r r e r p o n d i n g  t o  a t o t a l  

i n t e r a c t i o n  c r o s s  s e c t i o n  of 12.1 mifLlibarns per nucleon. For 100 l i t e rs  oC 

emuls ion  exposed t o  a beam t r a c k  d e n s i t y  of 1000 per  s q u a r e  mill imeter w e  have: 

d i n t  . -. ( t h i c k n e s s  /MFP ( cracks  / a r e a )  ( a r e a )  - (volume 1 ( t r a c k s  /area 1 / (3FP 1 

8 = 2.8 x 10.. i n t e r a c t i o n s  

The number o t ' c h a r m  and beauty pairs p r e s e n c  in t h e  emuls ion  is t h e n  

5 = 5.8 x 10 pairs 
8 3 beauty  pairs = (2.8~10 ) ( 5 0  nanobn) / ( l2 .1  r n i l l i b n )  

The key t o  succe9s  i n  this experiment  €9 s e l e c t i o n  c r i t e r i a  for emuls ion  scan-  

ning whlch have a h i g h  e f f i c i e n c y  for f i n d i n g  t h e s e  char3 and beauty  e v e n t s .  

p o f  t hese  muons w l t h  a product ion  model Ln which charm o r  beauty  p n i r s  r e s u l t  T 

t 

t 
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'ram decay  o f  a heavy p a r e n t  o f  mass )I whfch fs c c n r r a l l y  produced w f t h  a dls- 

:rf bu t i o  n 

;here  € o r  charm ( b e a u t y )  M14.23 (11.10) GaV, 1134.0 (3.01, ba2.0 (1.O)GeV-l, 

Tour-body d e c a y s  s u c h  as B + h v w ,  D -+Knuw g e n e r a t e  t h e  muons. I n t e g r a l  muon 

f i s t t i b u t i o n s  VS. pT .Erom t h i s  monte c a t l o  c a l c u l a t i o n  are shown i n  f i g .  8 

i o r  muons from direct 0 decay,  and Erom d i r e c t l y - p r o d u c e d  and Il-cascade D's. 
* *  

- E s t i m a t i o n  o €  background depends on r e l i a b l e  c a l c u l a t i o n  of t h e  number: 

)f muons from p i  and K decay.  This c a l c u l a t i o n ,  d e s c r i b e d  in Appendix IV, is  

lased on p a r t i c l e  p r o d u c t i o n  daca Prom t h e  LSR [ l a 1  a t  e n e r g f e s  b r a c k e t i n g  

100 GeV l a b  e q u i v a l e n t ;  i t  has been checked s u c c e s s f u l l y  a g a i n s t  a n  i n d e p e n d e n t  

ipproach which scarts from a tape oL measured 360 GeV bubble  chamber e v e n t s  

: U J .  The r e s u l t i n g  mu0 n P luxes from o e r m  t i o n  per meter of  f l i g h t  

,ath are shown i n  Pigs. 9 ,lo. The e f C e c t i v e  decay p a t h  of  t h e  a p p a r a t u s  ts 

3.5 meters. We b e l i e v e  t h a t  most oE t h e  muons from K d e c a y ,  and some Prom p i o n  

iecay as well, c a n  be e l i m i n a t e d  o f f l l n e  by comparison oE t h e  c r a c k  slopes 

p e r p e n d i c u l a r  t o  t h e  s p e c t r o m e t e r  bend p l a n e  upstream and downstream of  t h e  

nagnet,  and by comparison o €  t h e  momenta deterrnlned by t h e  s p e c t r o m e t e r  and 

~y t h e  t o r o i d .  Therefore only  t h e  p lon  c o n t r l b u t i o n  from Eig.  9 

Ln the background e s c l m a t e s  belou. 

has b e e n  used 

'rh ' t i loc t ru i i lc  triRyc!r wlll r u q u l r a  $ i n  l n t u r n c t  t o n  l t i  tliu arnulo t o n ,  pluo 
4 

1 suon of  more than 5 CeV/c b y  rnoge. ThLs shouid reduce tlrc modevt l n t e r a c t f o n  

:ate o f  6OO/scc t o  a r e c o r d a b l e  Level of  about  13 / s e c .  O E E l i n c ,  three t y p e s  

IL s e l e c t i o n  will b e  performed on  reconecruc ted  events co o b t a i n  che sample 
7 

. 

I '  

, 
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1. Cham Selection. We will c a p i t a l i z e  on t he  e x c e l l e n t  r e s o l u t i o n  O C  

t h e  s i l i c o n  d e t e c t o r s  by r equ i r ing  an  e l e c t r o n i c a l l y - r e c o n s t r u c t e d  secondary 

vertex from which a muon‘of p > 8 ,  pT > 0.2 GeV/c emerges. This requirement  

w i l l  p i c k  up not  only direct ly-produced charm, but charm from 8 decays as w e l l .  

AS shown in f i g .  8 , t h i s  weak muon c u t  has a n  acceptance of 40% ( 4 5 X )  f o r  

muons from dftect ly-produced (B-cascade) charm. 

We have t e s t e d  - t h e  a b i l i t y  ‘of t h e  v e r t e x  d e t e c t o r  t o  r e s o l v e  secondary 
* +  

v e r t i c e s  w i t h  a monte carlo program which s imula tes  m u l t i p l e  s c a t t e r i n g  in 

t h e  emuision and i n  the s i l i c o n  d e t e c t o r s ,  and which gene ra t e s  candom measure- 

ment errors of 212 microns a t  each de tec to r .  Piultiprong decay v e r t i c e s  can  

be l o c a t e d ’ t o  - +7.5 microns i n  t h e  t r ansve r se  coord ina te  and 2220 microns along 

the p a r e n t  d i r e c t i o n .  

Table 1 summarizes t h e  e f f e c t s  of  branching r a t t o s  and v e r t e x  recon- 

s t r u c t i o n  c u t s  o n  each charmed species. A secondary v e r t e x  c u t  a t  G s t a n d a r d  

dev ia t ions  s t i l l  r e t a i n s  76% or‘ charzed D ’ s  and ac l e a s t  ha l f  o f  t h e  o t h e r s .  

fhe abundance-weighted t o t a l  e f f i c f e n c y  f o r  th is  s e l e c t i o n  Fs 0.041 (0.051) 

-at d i r e c c  (3-cascade) charm. 

The y i e l d  of dfrect ly-produced charm is 

t:r3;: \ 
- ( 5 . 8  x lo5 >(0.40)(2)(0.041)(0.8) 

- 15,000 f u u i d  clirirm pii f t i  

0 
I * /  

;kaon ) i Scan Found f Events ) /  
cham pairs = \  emulsion : \ s u r v i v o r s  I \ c u t s  

Fn cu c 

’ . \ \  x 
I \ ’ I  I .  

r 

rlie eactor of 2 cotnus Ccoin 2 cticltrcue ott YumLLq)LouLc decay pur pnLr. ‘Thu Lila- 

: ime measurement of one charmed p a t c l c l e  per p o l r  F Y  uribfased by this event 

jelectfon. 



0.20 

0.52 

0.76 

0.07 

0.93 . 

0.59 

* *  
0.079 0.038 

0.026 0.025 

- 
Table 1. U a t a  and Assurnpt f tn i s  f o r  cc E v m t  S e l e c t i o n  

F a r t  Lcle F 

2. e 1. a 9 . 5  3.2 
~ 

-0.04 -0.04 BR t o  v 

2 - 6 prongs - 0.5 - 0.5 

Fract ion passing 
v e r t e x  CUI: of 4 S.D. 0.5 0.5 
- 

Product of  B i i ,  prong 
and v e r t e x  cuts 
- 

Relative ' Abundance 
i n  cc Production ( C )  

0.010 0.010 

0.20' ' I 0.60 0.10 

Cont r i b u t  ion- 
t o  f inding cc pairs'  

Total 
.Ob1 0.001 0.001 

~~ 

Relative Abundance 
i n  €I; decays (d )  

Contribution to Einding 
BB p a i r s  

0 I 0.33  0.67 . - 
Total 
.os1  0 0 

0.13 I 0 . 3 7  
Tota 1 
0.50 - 

Contribution if nQ 

ER t o  IJ required 0 0 
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~e will also o b t a i n  a measurement oE t h e  tau &Lfet ime.  Assuming 3% of 

,he F’S decay t o  taus, and assuming 107. of t h e  charm sample is F’s, we expect 

5 t a u s .  This  number Fs r e d u c e d - t o  2 8  by t h e  smaller e f E f c t e n c y  f o r  f i n d i n g  

ing le-prong k i n k s  fn t h e  emulsion,  as measured i n  E-531. 

The y i e l d  o f  0, pairs found f r o %  t h e f r  charm decays  fs s i m i l a r l y  found 

o be: 

B p a i r s  found 

rhere 100% -decay 

3 p (1.15 x 10 . ) ( 0 . 4 S ) ( 2 ) ( 0 . 0 5 1 ) ( 0 . 8 ) .  - 42 pairs o r  84 B particles 
4 .  

4 

f beauty  t o  chacm has been assumed. Noce t h a t  . -o th  8 - p a r t i c  ;es 

n tne pa i r  are  a v a i l a b l e  for unbiased  l i f e t i m e  measurement. 

The main background t o  teal  charm decays comes Erom s e c o n d a r y  fncer -  

ctions in t h e  emuls ion  from whfch one of t h e  o u t g o f n g  particles h a s  decayed  

0 g i v e  t h e  tagged muon. C a l c u l a t i o n  of this background is d i s c u s s e d  i n  Appendix 

V. The p r o b a b i l i t y  of a secondary f n t e r a c t i o n  fs 0.165, and t h e  chance  O C  

muon f rom s u c h  an  f n t e t a c t i o n  p a s s i n g  t h e  p , p T  and m u l t i p l i c i t y  cuts is €ound 

0 be 0.13 times t h a c  of a muon from t h e  pr lmary v e r t e x ,  which is (fig. 9 )  

.55 x loe3 per meter per f n t e r a c t i o n .  The background ra te  fs t h e n  
8 3C - (0.165)(.13)(.00LSf /m)(3.5 m I ( 2 . 8  x 10 i n t e r a c t i o n s )  - 32,600 secondary  vertices. 

As d i s c u s s e d  Fn t h e  emulsion s e c t i o n ,  s e a r c h i n g  t h e  emuls ion  f o r  a secon- 

[ d r y  v e r t e x  c a n  b e  Llmiced t o  one o r  two s h e e t s  and a s i n g l e  microecope Efe ld  

I f - v l e w ,  allowing UB t o  look f o r  mote then 60,000.such  secondary v e r t i c e s  Lf 

I w u u o n r y *  OC tlroriii r o u u l t L i r ~  from i rwhi i r  ~ l l c i 9 t r l C K l o l l n  I 7!3X c1tt1 ho Iinrtioil~,ituLy 

e j e c t e d  by t h e  prevence O €  dark tracks ftota r iucleat  breakup o c  cecoL1 1201. 
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ij t h e  scandard t y p e  o f  t r t y g e r  proposed by many g r o u p s .  1Je will r e q u i r e  a 

muon w i t h  Q > 8 , PT > 1.3 GeV/c. From f i g .  8 , t h e  E r a c t i o n  of s u r v i v i n g  muonic 

B decays  Is 0.18. Taking L 1% f o r  t h e  0R of B to muons, w e  have 
3 

B pairs €aund = (1..15 x 10 >(2)(0.1l>(O.l8>(o.8> 

= 36 pa i r9 ,  o r  7 2  decays.  

&a& found pair c o n t r i b u t e s  one comple te ly  unbiased  l l f e t i m e  measurement and 

one r e s t r i c t e d  only In t h a t  i t  is a s e m i l e p t o n i c  decay.  

From fig. 9 ,  t h e  background is  
8 * *  

# BG - (2.8 x 10 in t . ) (8 .5  x lo-6 muons/rn/int>(3.5m) 

= 8300. 
l 

If t h e  background is unexpectedly h igh  we c a n ,  a c c o r d i n g  co figs. 8 

9 ,  o b t a i n  an a d d i t i o n a l  f a c t o r  of 2.6 r e j e c t i o n  a t  t h e  c o s t  of a € a c t o r  and 

1.5 in s i g n a l  r e d u c t i o n  by i n c r e a s i n g  t h e  pT c u t  from 1.3 t o  1.5. However, 

w e  p o i n t  o u t  t h a t  u s i n g  a s i n g l e  c r i t e r i o n  t o  c u t  d e e p l y  i n t o  b o t h  s i g n a l  and 

background l e a d s  t o  ra te  and background estimates which are very model-depen- 

d e n t .  For example, o u r  model of muons from B decay a f v e s  (2)(~1.11)(0.030)=0.0067 

B p a i r s  s u r v i v i n g  t h e  c u t  of p > 10, PT > 2. CeVfc used i n  Proposal  694. The 

model used i n  t h a t  p r o p o s a l  o b t a i n s  0.022 f o r  this f r a c t i o n  o €  s u r v i v o r s .  Fur ther -  

.I 

more, our  muon background model g i v e s  t y k e  a s  many muons €tom an 11 m decay 

p a t h  as t h e i r  model. node1 dependence of t h e  very  h igh-p  tails has thus Lntro- 

duced a d i s c r e p a n c y  of  a f a c t o r  7 i n  s i g n a l  to BG, w i t h  o u r  model p r e d i c t i n g  

a s i g n a l  t o  background of  only 1/1000 f o r  t h e  geometry and cucs  oE t h a t  propoeed 

T 

1 oxparimunt 

We chereforo b e l l e v e  it Is d e s i t a b l u  t o  avold  r e l y i n g  too t w o v i l y  on 

inodel-dependenc s e l e c t i o n  c t i t e r l a ,  e s p e c i a l l y  t h o s e  v h i c h  depend totaLLy on 

a s i n g l e  c r i t e r i o n .  For t h i s  reason we a r e  Lnvesc isac ing  n t h i r d  e v e n t  s e l e c t i o n  
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T a b l e  2. Summary of Selection Criteria.  

I I 
FOUND FOUPjD 

B 
DECAYS SZLECT1E)N 

Muon with p > 8 ,  pT > 0 . 2  
31us a Secondary Vertex (- 30 taus) 84 
C m  t aining the Mum 

15,000 

Muon with p > 8 ,  p > 1.3 - 72t f 
I 

Muon wlthp > 8 , 0 . 7  ~ p ~ c L . 3  
PLUS a Secondary Vertex 
Uith no Mum --- L 

72' 

TOTAL 1 L5,OGO 

SUMEER NUMBER 

PARTIALLY FULLY 
SCANNED SCANNED 

TO BE TO BE . 

47,600' 17,000 

1 

13,000 1,000 

60,600 26,300 

* Includes both signal and background 

t Half are semileptmic 

' tt The sum has been corrected f o r  d o u b l e  counting 
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whictr Loosens the  P.r rcrluLrrjrndnt b u t  r e q u i r e s  Ln otidf t i o n  n non-muonLC secondary  

vert ex 

3 ,  S e l e c t i o n  Using a Xuon o f  Xoderate  T r a n s v e r s e  idomenturn w i t h  a Nonmuonic 

Secondary  Vertex.  Reducing t h e  muon PT c u t  from I .3 t o  0.7 would i n c r e a s e  t h e  

B y i e l d  l 7 0 X  over  t h a t  of s e l e c t i o n  2 ,  whi le  i n c r e a s i n g  t h e  background a Eac tor  

of 15. Host of t h i s  a d d i t i o n a l  background can  b e  e l i m i n a t e d  if f t  fs t ' e a s f b l e  

t o  r e c o n s t r u c t  secondary  vertices reliably w i t h o u t  r e q u i r i n g  a muon Prom a 

secondary  v e r t e x  c a n d i d a t e .  From T a b l e  1, t h e  f r a c t i o n  of 6-cascade charm s u r -  

I 

, 

viv iag t h e  prong and vertex c u t s ,  b u t  w i t h o u t  t h e  charm muonic b r a n c h i n g  r a t i o ,  

is 0.50. We estimate t h e  number of s e c o n d a r ~  l n t e c a c t i o n s  w i t h  t h e  r i g h t . p t o n g  

number and v i s i b l e  e n e r g y  t o  be a b o u t  0 . 5 ,  g i v i n g  a r e j e c t i o n  E a c t o r  of 

(0.165)(0.5)=0.08 beyond t h e  muon c u t .  I t  is thus  r e a s o n a b l e  t o  e x p e c t  a y i e l d  

of B's about  e q u a l  t o  t h a t  o €  s e l e c t i o n  2 ,  w i t h  a background of  a b o u t  13,000 

a d d i t i o n a l  e v e n t s  t o  s c a n  € o r  decay v e r t i c e s  as in s e l e c t i o n  1 .  

Table  2 summarizes t h e  c r i t e r i a ,  y i e l d ,  and background f o r  e a c h  of t h e  _ .  

s e l e c c i o n  methods. 

E. I d e n t l f f c a t i o n  and R c o n s t r u c t i o n  of Decays 

I n  o r d e r  co b e  used  t o  full advantage  Ln s t u d y i n g  charm end beauty  d e c a y s ,  

a n  a p p a r a t u e  ulth a h i g h  c e s o i u t i o n  v e r t e x  d t i t e c t o r  muet do more than  merely 

eec sucondary v a r c i c e s .  It muot also be o b l o  t o  dLsClnguFsh dacays €tom Lntat-  

a c t i o n s ,  d a t e r m i n e  che charge o €  a decaying par t ic le  ( n o n t c t v l a l  f o r  g h o t c  

decay d i s t a n c e s ) ,  and r e c o n s t r u c t  and f d e n t i f y  lcs species. 

As d t s c u s s e d  I n  S e c t i o n  D ,  t h e  p r o b a b l l f t y  o f  secondary  l n t e c a c t i o n s  In 



tile emuls ion  1s a b o u t  1 7 A  p e r  e v e n t .  O E  t h e s e  l n t e r a c t l o n s  5% will have no 

v i s i b l e  n u c l e a r  breakup 0:: r e c o i l  and a prong number c o n s i s t e n c  uith a decay  

(201 The background of €ake s i n g l e  charm decays is thus 0.9X.  For 50K e v e n t  

c a n d i d a t e s  c o n t a i n i n g  1SK charm pairs t h i s  background is o n l y  3% of t h e  charm 

s i g n a l ,  and may b e  E u r t h e r  reduced by o t h e r  c o n s i d e r a t i o n s  s u c h  a s  v i s i b l e  

laass. This s o u r c e  of background is also n e g l i g i b l e  f o r  b e a u t y  d e c a y s  v i a  charm. 

In  t h e  case of B decays w i t h o u t  a subsequent  c a s c a d e ,  one a l so  has t h e  s t r o n g  

cons t ra in t  t h a t  t h e  v i s i b l e  mass of t h e  decay must b e  l a r g e ,  so that .only Pot 

t h e  very  small s u b s e t  of unconstrai;ed beauty  d e c a y s  w i t h o u t  charm c a s c a d e s  

is tkera any sianif tcant background. 

An i n t e r e s t i n g  problem for d e t e c t o r s  u i t h  r e s o l u t i o n  a p p r e c i a b l y  c o a r s e r  

t h a n  emuls ion  is d e t e r m i n i n g  t h e  number of prongs emitted by t h e  decay ,  and 

thus its c h a r g e  and  s p e c i e s .  There are two reasons  Pot t h i s  d i f f i c u l t y .  Firs t ,  

when a n  unseen  decay  v e r t e x  must be deduced by measurement,  a s , h a p p e n s  f o r  

decay  d i a t a n c e s  so s h o r t  as t o  be  bare ly  r e s o l v a b l e ,  forcrard-going t r a c k s  a r e  

a f t e n  a m b i a u o u s . i n  t h e i r  o r i g i n .  This famLl iar  problem need not  be e l a b o r a t e d .  

A more s e r i o u s  d L f L i c u i t y  arises from t h e  e x p e c t a t i o n  that much of charm produc- 

t i o n  is v i a  resonances  s u c h  as D*. I n  t h e  p a r r l c u l a r  case of D + D R , or 

of Lc + A 

of t h e  charmed decay p r o d u c t ,  t y p i c a l l y  < 5 mrad a t  T e v a t r o n  e n e r z i e s .  S i n c e  

t h e  average  decay d i s t a n c e  €or s u c h  events  Fs a b o u t  I mm, t h e  r e s o l u t i o n  needed 

t o  d l s c i n g u i s h  t h e  decay v e r t e x  from the accompanying p i o n  t s  5 m i c r o n s ,  easy 

f o r  umuioiori b u t  vary  d l f f l c u l ~  € o r  o t h a r  tochnlquca. L E  tho ducny v a r t a x  L Y  

not  rcsolvcd from t h a  ploti ttiu Do looks Llku n chargcd  daccly, nrrd n A c  l o o k s  

Like the decay of a doubly charzed o b j e c t .  

+ o +  

4- 
IT , t h e  p i o n  is emitted a t  a very  small a n g l e  to t h e  d i r e c t i o n  

f 

An i m p o r t a n t  c o n s i d e r a c f o n  In fitting evcncs  L3 thnc mote t h a n  907. of 
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I 

I 

t h e  d e c a y s  throw oEf otic ot more n e u t r a l .  hadrons.  To o b t a i n  unatnblguous assign-  

ment o f  t h e s e  n e u t r a l s  t o  a vertex i t  4s n e c e s s a r y  not  o n l y  t o  d e t e c t  them 

i n  t h e  s p e c t r o m e t e r  w i t h  reasonable  e f f f c i e n c y  and p r e c i s i o n ,  .but also t o  know 

w i t h  some accuracy  t h e  missing t r a n s v e r s e  momentum a t  t h e  decay  v e r t e x ,  which 

is t y p i c a l l y  300 MeV for each  n e u t r a l .  I n  t h i s  experlment  (as i n  €531) w e  w i l l .  

be able t o  c o n s t t a l n  t h e  d i r e c t i o n  of t h e  decaying par t ic le  because  t h e  trans- 

v e r s e  c o o r d i n a t e s  of b o t h  pr imary and secondary  v e r t i c e s  are measured t o  

#.4 microns I n  t h e  emulsion. Thus f a t  a charmed particle w i t h  a t y p i c a l  momen- 

turn oE 70 GeV/c and decay d i s t a n c e  of 1 am, w e  c a n  c o n s t r a i n  pT t o  0.040 G e V / c .  

- 
+ *  

In fie case of the proposed streamer chamber O K  Nal. d e t e c t o r  e x p e r i m e n t s ,  t h e  

resolut ion is about  220 microns .  i n  one t r a n s v e r s e  c o o r d i n a t e ,  g i v i n g  I .4 .CeV/c  

P r e s o l u t i o n  Fn t h a t  p r o j e c t i o n  and no i n f o r m a t i o n  a t  a11 i n  t h e  o t h e r  pro jec-  

t i o n .  Thus w h i l e  most decays In t h e  emuls ion  c a n  b e  € i t  w i t h  no c o m b i n a t o r i a l  
T 

background,  t h i s  is d e f i n i t e l y  not t h e  case € o r  d e t e c t o r s  In utiich o n l y  one 

vlew is a v a i l a b l e .  We.note t h a t  fn t h e  case of  LEBC, v h i c h  has a p p r o x i m a t e l y  

the same r e s o l u t i o n  as o t h e r  proposed Fermilab exper iments ,  only one p a i r  
- .  

decay has so  f a r  been f i t  from a May,l980 exposure  oE 600K i n t e r a c t i o n s .  

We have made monte c a r l o  s t u d i e s  o f  t h e  mass r e s o l u t i o n  and a c c e p t a n c e  
- 

of our spec t tomecer  for BB and CC e v e n t s  obeying t h e  p r o d u c t i o n  model of S e c t i o n  

0 ,  R e s u l t s  € o r  t h e  " t y p i c a l "  decays B + R - R - R  R and D + K r - R - R  a r e  ghoun 
+ + c o o  + + o  

in f i g .  11. A decay Ls cons idered  t o  be u i t h l n  t h a  a c c e p t a n c e  I )€  t h e  s p e c t r o -  

Ls b e t t e r  t h a n  1.2%. 
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Ln a d d i  t i o r i  t o  those e v e n t s  cornpLctcLy conta,Lnad i n  t h e  s p e c t r o m e t e r ,  

we can e x p e c t  t o  r e c o v e r  events w i t h  one o r  more c h a r z e d  t r a c k s  a t  Lah angles ' 

> 200 rnrad. These slow t r a c k s ,  t y p i c a l l y  1 GeV/c, c a n  be momentum-analyzed 

by  measu r ing  1 o n f z a t i o n . a n d  a u l t i p l e  s c a t t e r i n g  i n  t h e  emul s ion .  The e x p e c t e d  

mass r e s o l u t i o n  for charm and beauty decays  i n  t h i s  c a t e g o r y  is  a b o u t  80 and 

190 HeV r e s p e c t i v e l y ,  and i n c l u d i n g  them i n c r e a s e s  t h e  a c c e p t a n c e  t o  80% o f  

.ALi d e c a y s .  

The a c c e p t a n c e  i n  fig. 11 does n o t  i n c l u d e  e f f e c t s  of " p a t t e r n  recog- 
.* b 

nition" l o s s e s  s u c h  as masking of  charged o r  n e u t r a l  par t ic les  by n e a r b y  t r a c k s .  

These losses are  2 %  for charged t r a c k s ,  7% f o r  gammas, and 30% f o r  long-l ived 

n e u t r a l  hadrons.  Even when t h e s e  l o s s e s  a r e  f o l d e d  in, we s t i l l  e x p e c t  more 

t h a n  6 S X  of a l l  non- l ep ton ic  charm decays ,  perhaps 50% of  b e a u t y  decays, t o  

be fully c o n s t r a i n e d ,  with a negl ig ib le  ( < '  5 % )  fract ion o f '  d e c a y s  h a v i n g  ambi- 
I 

uous fits from c o m b f n a t o r i a l  background. 

c o n s t r a i n e d  non- l ep ton ic  muleiprong decays  i n  E53 1 is S t X .  

For comparison t h e  f r a c t i o n  of f u l l y  

The next q u e s t i o n  t o  c o n v l d e r  fs what f r a c t l o n  O P  c h a r a  d e c a y s  has  t h e  

s p e c i e s  u n i q u e l y  i d e n c i f f e d .  We taKe 5 %  as an a c c e p c a b l e  Level  o f  Eeedthrough.  

In g e n e r a l ,  t h e  i d e n t i f i c a t i o n  is unambiguous C f  one  o r  more o €  t h e  E o l l o u t n g  

is t r u e :  ( a )  t h e  r e s o l u t i o n  fn t h e  c a l c u l a t e d  mass 1s small; (b) some or a l l  

of t h e  decay p r o d u c t s  are  i d e n t i f i e d  by TOF,dE/dx o r  some o t h e r  neans; o r  ( c )  

t h e  pa r t i c l e  comes from t h e  decay o f  a r e s o n a n c e  s u c h  as !I* o r  F*. 

* ;  

If t h e  mass r e s o l u t i o n  is s u € f i c F e n t l y  good, no pa r t i c l e  I d e n t i E l c a t f o n  

Lo ncccnoary tu dLat  Lrlgulali .~poc.i.cn Locnitrla orily orrn IcIncrncrt f c  € t t t l n g  hypo-  

pass f o r  F + KKn o r  A c +  KPn-  Ve f i n d  chat € O K  the 1 / 3  of  e v e n t s  utiLch hove 



maes cesolucion b e t t e r  than Lo XeV,  O n l y  30% O f  the generated 0's a r e  ambi.suoue 

v i t h  t h e  F h y p o t h e s i s ,  and only  L2% are  ambiguous with A = .  O v e r a l l ,  we f i n d  

30% of the events  w i l l  b e  cleanly i d e n t i f f e d  even i n  t h e  a b s e n c e  o €  part ic le  

Fde n t  i€ ica c l o  n . 
t{Owever, more than 9 O X  of t h e  charged  d e c a y  p r o d u c t s  o €  charm and beauty  

have momenta Less t an 40 CeV/c, and r o u g h l y  6 5 %  of t h e s e  c a n  b e  i d e n t i f i e d  

t o  * b e t t e r  than 2 s t a n d a r d  d e v i a t i o n s  by TOF o r  d€/dx. The m a j o r i t y  of charged  

t r a c k s  w i l l  be i d e n t f f i e d  f o r  50% of beauty  decays and 752 of  charm decays .  
9 -  

* 
The f i n a l  h a n d l e  o n  i d e n t i f y i n g  decays comes f rom resonance  p r o d u c t i o n  

o +  + 
(I)*, F*, Ac*, \ ) .  The mass r e s o l u c l o n  for D n 

2 bfeV. We estimate that t h e  backgrounds under  t h e  resonance e C f e c t l v e  mass 

peaks. w i l l  be << 5 % ;  it is zero for  the 18 Do decays from €531. Assuming h a l f  

of charm produccfon t o  go vla r e s o n a n c e s ,  .re have 45X of  D and A c  

of  I)', unambfguousLy tagged .by c h i s  c r i t e r l o n  alone. 

A C f and D+no will be of o r d e r  

0 and 301: 

.. 
To summarize, w e  e s t b o t e  that 85% Of all c o n s t r a i n e d  arid a b o u t  h a l f  of 

mconstrained charm decays  can  be i d e n t i f i e d  by one o r  (usually) more t h a n  one 

,f the above methods. 

). 

I 

.---. -. - - --___- 



CHARM PAIR CORRELATIONS IN HADRONICALLY PRODUCEE EVENTS' 

VITTORIO PAOLONEl 
Depurtrnent of Phyricr, Uniuersity of California, Davh 

Davia, California 35616 

Ab a t  ract 

P r e l b h q  results of charm pair correhtiona in 800 Gev proton-emulsion 
interactions at the FNAL h e d  target erperimmt E653 are presented. Specif- 
i d l y  the transvase 9~ distributions of the cc' system wil l  be discused and 
compared with the results of other erperiments conducted at lower 4 ener- 
gies. 

- 

I Introduction 
The inclusive cross section u(pN -+ a) for the production of charm is supposedly 
dominated by the partonic subprocess of gluon-gluon fusion. In the center of mass 
of the two gluon system the CE pair would be produced back-to-back. In the lab 
frme @T is defined as the angle betmen the c and the z in the plane whose normal 
is pardel  to the incident beam direction. This distribution is a Lorentz invariant 
and should be strongly peaked at 180 degrees with smearing due to the intrinsic Pt 
distribution of the internal partons. 

2 Azimuthal Angle Distribution 
In 1985 the E653 collaboration recorded 5.6 x lo6 triggers to tape horn 800 Gev 
proton on emulsion interactions. Only ii cv 5 x 10' event subsample based on of- 
fline trigger requirements was further scrutinized. Presently - 10% of the emulsion 
has been completely scanned with - 60 charm pair candidates found so far. Ap- 
proximately 5% of the 1985 data sample has been reanalyzed integrating both the 
emulsion and spectrometer information. 

Presented (figure 1) is a preliminary distribution of the azimuthal angle <PT for 
30 charm pairs from the 1985 E653 data run. Only pairs where both decays were 
multiprong or one multiprong and one high Pt kink (Pt > 350 MeV) were included. 
The azimuthal angle should be insensitive to both the dressing mechanisms of the 

Work supported by the Department of energy, contract DE-AM03-76ER70191 
'Representing the E653 Collaboration (See last page) 
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Figure 1: @r Distribution 

a, and the scanning and reconstruction ineEdendes. As shown in figure 1 no 
obvious peak can be seen at 180 degrees and also the distribution seems to be 
equally populated over entire range from 0" to 180O. Typical error on @T is - 15". 

Comparing the E653 results with NA 273 at 360 Gev/c n-p interactions, and 
assuming the NA 27 distribution is correct, we should expect 21 f 3 in the bins 
for  if?^ > 90". Seen are 14 entries which is only a - 2u effect. More statistics are 
needed to confirm or reject any discrepancies between the two experiments. 

SLEBC-EHS Collab., M. Agdar-Bcnites et d., Phys. Lett. 164B(1985) 404. 
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APPENDIX €3 

E687: “High Energy Photo Production of States 
Containing Heavy Quarks and 0 ther Rare Phenomena” 



we propose to study t h e  photoproduct ion of s t a t e s  c o n t a i n i n g  

heavy qua rks ,  charm and b e a u t y ,  usi.ncJ A m u l t i p a r t i c l e  spec t romete r .  

'l'hc a p p a r a t u s  is s i m i l a r  t o  t h a t  used i n  E87 and E401, but is 

upgraded t o  have a much larger acceptance, better -{ and To recon- 

struction c a p a b i l i t i e s ,  and a prompt decay v e r t e x  detector., . To acfiieve 

high s e c s i t i v i t y  t o  low cross s e c t i o n s ,  t h e  e x p r i n c n t  must run i n  

a wide band photon beari, p r e f e r a b l y  the new b c m  proposed for  the 

Proton East  area. 

The experiment  has two phases:  

1, A 500 hour  run w i t h  a thick target (1 i n t e r a c t i o n  length) and a' "' _ ' .  

.-;;:. . .:: I. ... , . ... ;zy: 

. ..-. c 
- .  .. ~ . 

bcnm dump. T h i s  pfisse w i l l  produce a large sample of dimuon I... _, .--szx.: 

C.cczys of ' 7 ' s  and J/(J's  w i t h  energies up t o  450 GeV and w i l l  

neasure the s i z e  of Iscauty photoproduct ion through the detection 

of inultirntlon f i n a l  states. 

2. A lS00 hour  run w i t h  an open geometry and a 10% i n t e r a c t i o n  

.. 

l e n g t h  t a r y e t .  

charxed particle e v c n t s  anc? wi1.l. s e a r c h  for  specific E-meson 

azd I+bc?ryor! final s ta tes  - 
The pover of the spectrometer and t h e  flexibility of t h e  t r i g g e r  

- - - 
5 

schcz? t : ~  c r q l o y  c2zb lcs  us to 20 sens.i . t ive s c a r c h c s  for- conplctely 

new p!icnoncna v i t h  less bias t h a n  o t h e r  exper iments  

T h i s  proposal .is a l o g i c a l  e x t e n s i o n  of  expe r imen t s  c a r r i e d  out 

by ifiCr;i>CL-S o f  t h i s  group over t h e  p a s t  6 years. In particular, t h e  



t - 1- 
II~'ri~oI~~c'Yl ON --------- 

Photons are known t o  couplc t o  heavy quarks (charm, beauty,  etc,) 

and  othcr new phcnornena. In order to take maxiinum advantage of the 

Tevatron c a p a b i l i t y  t o  cxplorc  new rcyions of physics ,  i t  is v i t a l  

to have a v e r s a t i l e  m u l t i - p a r t i c l e  high ratx spectrometer ,  with 

quick analysis c a p a b i l i t y ,  placed in a high i n t e n s i t y ,  high energy 

photon beam. 

We propose t h e  cons t ruc t ion  of such a spec t romete r ,  capable  of 

detailed c h a r a c t e r i z a t i o n  of t h e  complex f i n a l  states that w i l l  be 

produced by the i n t e r a c t i o n  of high energy photons and hadrons 

a v a i l a b l e  at the  Tevatron. We would use this spectrometer  i n i t i a l l y  , ._ .. 
. , .: to study photoproduction r eac t ions  at ene rg ie s  f r o m  200 to 500 GeV. . .. . - - 

This energy and i n t e n s i t y  regime, which i s  c r u c i a l  to our proposed 

p r o g r m ,  is availnble only in broad band photon beams. 

O w  b a s i c  s t r a t e g y  is t o  s u b j e c t  a l a r g e  number of events to . -  

very d e t z i l e d  on-l ine analysis before deciding to record them. 

T h i s  approach allows u s  t o  achieve very high cross section s e n s i -  





6 .  a sophisticatcd t r i g g e r i n g  schcne an<! data acqu i s i t i on  system 

bascd o n  hnrciwarc w h i c h  has already Lacn used i n  experiments 

by a subsct- of this group,  

- I  7. a prompt decay vertex detector which i s  be ing  developed 

for M O O .  . 
Section 111 cicscri.i>es the propc r t i c s  of the  b m n  wc? r equ i r e  

for t h i s  cxpcrimcnt. It has been our experience that the techniques 

t h a t  succeed i n  the  study of photoproduction r t x t i o n s  czn he extend- 

ed (sometimes with some d i f f i cu l ty )  to the study of hadro-production. -.. 
We therefore would. l i k e  t h i s  d e t e c t o r  t o  be located i n  a beam l ine  . ...,:* - I  -. +-. 

~ .- -&-;@-- i;:;z$@; 
* .  . "-::<w.. ,y .:zT 

which can supply either photons or  inc iden t  hadrons.  

proposcd f o r  Proton East seens to have idea l  p r o p e r t i e s .  

The new beam 
- .  . - . . + - ; * . i  

5 

Section 117 suiimarizes t h e  event rates for some of t h e  states - - 
we i n t s n d  to study. For example, the t o t a l  yield of +(.".SI, ?(f..g), 

l ike  s i p  dimians,  and trimuons (from beauty) detected in t h i s  

e x p r i r r e n t  vi11 be 2.0 x 10 , 250, 5100 and 1 2 0 0 ,  res?cctively. 5 

Soctior,  i7 discusses the cost of t h e  cxgerincilt, t h e  tire 

sca le  for cons t ruc t ion ,  the d iv i s ion  of r c s p o n s i b i l i t i z s  , and t h e  





f] t'nc expc"riri1znt I I I U S ~ :  prov ide  a s u f f i c i e n t l y  de t -a i l& characterization 

to trigger on- 

l i q u i d  hydrogen target. 

in E403, capable of.measuring t he  azimuthal and polar angle is 

P a r t  of t h i s  measurement should be done using a 

A simple recoil spectrometer, such as used 
* . .- 

... 
. .  -. 

s u f f i c i e e t  to decide  on the elastic or i n e l n s t i c  nature of the event 

at the t a rge t  v'ertex. 

total i:-nucleon cross s e c t i o n  by mcasuring do/& (t = 0 )  and u s i n g  

The elastic events  can be used to f i n d  the 

/ 

\ the  o;=tical tiisoren. Finally, t h e  Q signal provides an exce l len t  / -* 

C a i i h a t i o n  for a n m  spectroncter, 

The photo-production of the 0 '  has been barely observed at low 

cnersy, The higher y i e l d s  t h a t  we can achict*c Should a l lOtJ  US to 0bsc.r 

scvercl hundred ei:aqjlcs of (:'-+]I f -  E , e'e-, ga+r-. Detailed comparisons 

of the 6 and 9 '  cross sec t ions  w i l l .  be c lu i t c  i n t e r e s t i n g .  

T-FrOlLCt lOI i  

/ 

- -.- 

T-production confronts the same p h y s i c s  as 9-product ion 

except  tha t  the rnass and charge of the c o n s t i t u e n t  q u a r k a r c  not! 

d i f fn ren t ; .  

at t.hc l l i c jh  i r1t:c:lsiti.c.s anct cncrqics ; ~ v n i l ; t b l c  in ii wi dc biind bemi 

I~VCJI  t l l ough t i i c  cross scction is v e r y  s m a l l ,  by rurining 

- 
~7 f~-...- !tutldrc.c! c;:;ir~;>I(:*: o f  'i pi,.'; , CB'C- c<lil Lc? o L t a i n c d .  'I 'his s m p l c  

is I - o u c j t l  1:; tI1c L iz.2 Qf tIlc c L 1 r - I  i c * - 4 -  ~, e l -  p ~ l o t c J i : : - ~ ~ l U ~ t l  on s a r n F l c s  

I.'c.rr.!i ] : I \>  Eront w t l i c : l ~  Z I L I C : ~ I  i .~ST; 1cCir-nccl .  T r i  ; ) ; i r t . 1 c u I c ? r ,  tlic ordlzr o f  

trlc c ~ c J : ; : ,  : , C C : L I O I I  ~ r o u l c i  [ J rov id r !  ;1 c)lk:c}: of ~ I L - C K I L I C L  1 or1 niodcls o f  

of t.hc ~ V C I I L S  LO i i . 1 . 1 ~  t ~ i c  scparati.on of clar;tic arid i n e l a s t i c  

p n x l u c t i o n ,  

measure the r e a c t i o n s  

Thc  most natural way to a c c o m p l i s h  these goals is to 
r 
\ 

y 3. p -+ $ +. )c 

and 





m n e i i i n c x ; ,  .in photmr! l~can!s and  .in hadroii beans - Several powerful 

c?c't.ccLolrs, inc. l .uding I.!Cirk I11 and t h e  Fermi1 ab TacJgcd Photon Lab 

~p11~'1.romcLcr, w i l l  have rc:sult;s bc.Lui-c this oxpcr i rnen t  w i l l  run.  

Never !hiLcss, i n f o r m a t i o n  on charm has b c c n  extxacted only s lowly .  

It-. is our t h e s i s  t ha t -  t h e  study of charm is a much easier task 

ti;c?rt thc stucly of L2-i:ut.y and is thcrefoxc w o r t h  d o i n g  c a r e f u l l y .  

Given the c o i n p l c x i t y  of beauty spectroscopy, w e  may well have t o  

r e l y  on our knowlcdcje of charm to learn how heavy quarks  behave. 

We present hei-c a partial list of open questions which could be 

ar.s.t=ered by t h e  large accumulat ion of charrrect e v e n t s  - of the  order. 

of several n i l l i o n  - that WE! can achieve, 

m z y  of the msz.c;ers w i l l  s t i l l  be unknown a t  t h e  t i m e  we b e g i n  . 

. .. 
,_-: : 
.: c . e. . 

> &;.i 
I ;..'Z ' , We are confident that . ;.- . - .,.+~.; ~ - . .  

_ -  .-:2.-.&!$&?$ 
-.<.; +*%$ < 

. -. . .  

t h i s  cxrJerineat and that  new q u c s t i o n s . w i . 1 1  arise as new r e s u l t s  

cosr; .- --:. A list of t o p i c s  vh  i ch t h i s  e x p e r i m e n t  could i n v e s t i g a t e  

!-:;.ssc..c; and ckczy modes of baryons bear ing  b o t h  charm and 





s po c i f .i c p r oduc ti on mec: ha 11 i s rtt - 

vide var ie ty  of iicw 

depcndencc on any 
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There are two separatc lhancs of this expcri.lwnt. The first 

uses a thick, segmented tnrglet. atid ii beam dURIi1- Tlic physics objcctives 

of t.1i.i.s pzrt of t h e  cxpaririient are prompt clitnuon and multimuon produc- 

.- - 
tion. Thc ::arcjet and clump arranrjcirrcnt is shown i n  f i g - .  5. The 

seconri I_jh:?sC: .is an opcn geoinctry expcrjment with 2 10% in te rac t ion  

For this phase, we would use a t h i n  beryl l ium target, 

F i n a l l y ,  wrs w i l l  have available t h e  l iqu id  hydrogen target 

.- u s e d  i n  EGO1 t o  mike  a brief measurement of I$ production on protons .n, ";- 
- 7 P '  -:%& *. 

..+%<l- 
-,is CIS - - / . . : -i &$* 

s i n c e  w e  feel that the top ic  of elastic $-photoproduction needs - 

addi t F r J m 1  inves t iga t ion .  

'i'r a c f.: I ."-q s i* s tL em -._ 

r;ke trzcking sys tcm is based on 5 s e t s  of m u l t i w i r e  proportional 
.- 

&iiizJxrs, 29-1'4, which mcasure tracks vliich arc not swept o u t  by €-Ill 

Pattern r c c o g n i t i o n  w i l l  L e  done using t h c  wire hit information only, 

i.;i < : r i z L  ti:?:! h . i  ncj UCCJ to t'rovid? higlwx resol.ul-.ion in t r a c k  

f i  tti;ic;.. Y.co zddi ' i ional  upr;trcam s c t s  of chambers, P-2 and P-1, 

w i l l  cxtcncl thc accc?;tancc c l o - ~ n  t o  p r k i c l c s  of mamcntum l G e V / c .  

- 
. . *  c 





on u-si.ng only tshc h i t  .informalion [or i iattxi::~ recognition (i .c. ,  using 

have hem i d c n t i f i c d ,  Tlic routi.iics find projections i.n e a c h  of three 

d i f f e z e n t  views, and then match up t h c  projections to f i n d  tracks., 

!Jticy EOVC sequentially through d i f f e r e n t  categories of tracks,  (tracks , ... 

going a l l  t h e  wag throzgh t h e  spectrometer, tracks going through the.'fiirst - ...... .- ..... - # 

: -..- .e. 'i 5 
mrtc;nct on ly ,  etc. )  clixinating the hits on the found t r a c k s  at each 

.!* .e 

. . . . . . . . . .  . . .  : - - . . . .  - .  
. _ _ _  . .  -. :.- . .  : .. _... ...i-...- 

s t a g c  . 
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way to accomplish this would be to fill C3 w i t h  pure helium. The 

resulting threshold momenta would be 18, 63, 110 G e V / c  f o r  IT, K, 

and p, r e s p e c t i v e l y .  

Photcn-Elez t ron  i d e n t i f i e r  - ---- 
n ~rvo c l c c t r o m a c j n c t i c  shov:Cr counkcrs are rcqtiirccl to i d e n t i f y  

p h o t c ~ s  , z o  ' s a id  electron:;. 

i s  c3:Lckcd to ' ~ ! I C  accci7,tancc for t h e  charged par t ic les .  One shower 

'rile acccptclncc of t h e  neutral detector 
- -  

In ordcr t:, cover thc? en t i re  chargcci pa r t i c l e  acceptancc, t h e  





n i q h t  be rccozf i.gnred t o  match our  required dimensions . 





. . -  

_ .  . _  

thxz: :  nst by the sane factor of t e n .  A t  lGOObpi, 45 inch per 

s e c c i ~ 2  tnpz q x c d ,  2nd 45% loss to intcr--rccarcl gaps, we wrote our 

64:: v;or2'.s t c j  tape in about 4 scc:ondc. Using ii 6250bp.i d r i v e  and 

ccc c ' t t  t h c  Tcvzkron. 





, -  
- '. .. ._.. . - - detailed txiteria.  Fox example, we w i l l  be able to ask fo r  a muon, - .  





! I  t i l l  be 
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t i c1 . c~  t h a t  Iirtvc cssc*nLiallp the total. encrgy of the incident 

photor:. '?he j.nvaxjant mass of t h e  pair  is strongly peaked toward 

.=.- t h e  production threshold. These propert ies  are c h a r a c t e r i s t i c  of . .  .. 
.. - < .  

'T. - Y-.. - ..*<**- 
-t-.:- thi. chzrm events observed in E27. 

I 

#-.* inc acccptcnccs quotccl in Tables IV and V arc based on the  

rcq::: zi:x.;ry?t t i i t i L  t!ic track rcach the pmpor t i o n a l  charr3er station 

1'2. I n  f a c t ,  -,-;e cq:zct  that  it wi1.1 be p o s s i b l e  to reconstruct 
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Abstract 

- 

A dedicated B physics experiment is proposed for the Fermilab Tevatron pp’ Col- 
lider. The god is to study the full range of physics associated with 1Olo produced 
B B  pairs per year. This corresponds to a run of lo7 sec at aa average luminosity 
of 1031 c m - % ~ - ~ ,  with a - 45 pbarnr and a ratio of 1 BB pair/lOOO indastic 
events. Since B decay products have typical PT’S of only a few GeV/c, this physics 
is not accessible to a conventional pp’ detector. The proposed B detector employs a 
cydotron-style dipole magnet and emphasizes charged-partide tracking, vertdng, 
particle identification, mELss resolution, and a flexible trigger system. There is no 
hadron calorimetry or muon system. The detector design envisions upgrades for 
higher luminosities and is compatible with a p p  collider at Fermilab. We anticipate 
first data coUection in 1994. This detector is very s i d a r  to the central part of the 
SSC B spectrometer presented at Snowmass ‘88. 
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1 Introduction 
The Temtron pp' collider, a3redy performing beyond expectations, could produce 
up to 10" BB pairs per year by 1994, thus making it a unique B facility. We 
propose to construct a p o d  detector to study this sampIe of BB pairs, with 
the opportunity to make major contributions to our andemtauding of the standard 
model and beyond. It will likely take 10115 years to explore this rich area of physics, 
as in the case of the K system. The proposed program wilt m e w  a spectrum 
of physics quantities Ieading towards a.thorough study of CP"viO1ation in the 3' 

emination of the elements of thi K-M matrix. 'A. system and the best poSsibIe-det 
natural evolution is-to continue t k  p m p m  at the SSC. e * ' > " I -  * 

The task before us is sdiciently diffirent &om the goals of the existing or planned 
detectors that a new &ort is needed.- A.grecrt deal of effort has gone into the 
study of whether this aperimed is feasible and competitive with other Sppkachd: 
After more than two yeass of meetings, workshops, suninaxs, ccinferincecl aad study 
groups, we fed very strongly that this-exp&&t can be-bdt aad will-play a 
major role in the particle physics pro- of the i9QO'sJ1,23*65*Q The experimental 
techniques and technologes required arc essentially adable -  The next step is to 
begin a realistic engineering design which will capitalize on the &sting t d o l o g y  
but remain flexible to take advantage of advances in technology which arc sate to 
come over the next several years. We are submitting the Letter at this time to dicit 
the support of the Laboratory in this endeavor and to be considered in the planning 
for the Tewtron Upgrade. 

While the physics potentid in the B system is great, the technical challenge to 
harvest it is formidable, and it will require considerable lead time to meet this cha- 
lenge. We believe it is vital that a dedicated team of physicists begin fall-time work 
now on a detector which could take data in 1994. The upgraded Tevatron provides 
the best opportunity for a combined program of major new physics xnezmrcments 
in the 199O's, and of detector development for B physics in the SSC era. 

The prospects for eventual expansion of the B physics program are considerable. 
Factor-of-ten improvements IUC possible in (at least) two directions. The detector 
couid be made to operate at a luminosity of 1P2 rather than los1 nn'2sec"; and 
the experiment could be moved to the SSC where the B cross section is ten times 

This Letter outlines the physics of interest, the conceptud design of the detector, 

. .- : .I ,-,- - .. - -  

larger. 

and its impact on the accelerator. I 



2 Brief Summary of Bottom Physics Gods 
We propose a physics program to study the B system in complete and thorough 
detaii. Many important measurements will be d e  on the way to the major goal 
for this program, CP violation in the B system. The richness of this program will 
likely require efforts beyond the initial experiment proposed here. 

The experiment is designed to study B-decay modes arrefpt for dircct measure- 
ment of the elements of the X-M Ip(Lttix. These merumremeats, if made with suf- 
ficient accurrrcy, wi l l  overconstrain the standard model and thereby probe possible 
physics beyond the staadard mod& For example, with precise ~measurements of the - 

K-M matrix atsmetenr one ca,n iesra about the Y h w a  amplings of the Eggs - *  . 

Here we list what can be studied with a sample of lolo B's (and B's) horn a p-p - 
collidcr. This might be obtained in i run of lo' seconds at an average l d o s i t y  
of 103' cm"se~-~, d g  UBB~E 45 pbams.flM The dgnai-twmise ratio is- . - 1 BB pair/lOOO inelastic events. We snppose the efficiency for reconstruction, 
including the invariant mass, ofan ail-ch&.decay of a B ir 30%. The trigger ' 

efficiency is taken to be 20% if a particle/antipartidc tag is not required, and 3% if 
the tag is rquired. We would measure 

2 .- 

. -  _ -  
- c  sect0r.I 10,11.1~13.14] ..., . 

. 

0 the production CXOSB section for & and B, mesons, and B baryons. 

0 rapidity distributions for the above states. 

0 lifetimes for the above 

. .  

0 branching ratios of B 4 $I-'chatged modes , .  that have a branching ratio 
10-7 $71 

branching ratios of the charmless decay modes that have aU-charged final 
st  ates.(l*] 

0 branching ratios of CP eigenstatea, obtaining a sample of several hundred 
decays kom modes with branching ratios of or larger. 

0 gluon strnctnre functions at low z from the longitudinal-momentum distribu- 
tion of B productio~.@~1 

0 mixing in the B d  and E, systems. The relative amount of mixing is predicted 
by the standard model1 19,20,21] 

a the upper limit or rate for rare decays such as B --+ efe' or B -+ K e f e -  as 
a signal for new physics. 
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0 the strongest signals for C P  violation in the B system, as discussed further 
below. 

f 
K+x- 
B+A' 

W S  
L 

The experimentally accessible signal of CP violation in the B system is an asym- 
metry of the form 

r(B -.+ f) - r(B + f l  
r(B + f) + r(B -+ f)* A =  

r e &am A for 3 u 
10'' 0.06 2400 0.06 

5 x 10'' 0.01 2000 0.07 
10'' 0.01 4.00 0.15 

Such asymmetries are expected to be in the range 0.05-0.30 for some favorable 
m0des.[l4~~1 If the find state f is a CP &genstate the relation between the mea- 
sured asymmetry and the K-M matrix involm no knowledge of strong interactions 
(unlike all measures of CP violation in the K system, see [lo] and references therein). 
But in this case, f = f, so the identification of the patent B as a partide or an 
antiparticle mast come horn a tag based oa the &nstrnction of the other B in the 
event. .- 

As examples we consider t h e  mod=,'f = K+a-, Z+R'T, and +Ks, of which the 
K+n- decay is 's&-taeging,' while the other two &e CP ugcnstates and require a 
tag on the second B. The table lists the sizeof the CP asymmetry needed to produce 
a 3-a efcect in the proposed experiment, for the branching ratios and &ciu~ues also 
stated. The axmmed branching ratio, r, for the $Ks decay indudes f k ~ t ~ ~  of 0.07 
for 9 -.* e+c- and 0.3 for detection of the decay KS -t I&-. Of the l O l o  B's 
produced only about 4 x los arc Bo or Bo. 
1 

TabIe 1: The CP violation asymmetry needed for a 3-a signal in various B-decay 
modes. IE is the assumed reconstruction x trigger tfficiency. The number of recon- 
structed events is for a run of lo7 sec at an average luminosity of IO3' cm-2sec", 
in which 4 x los BO and mesons would be produced. 

The information to be gained from B decays to CP eigenstates is conveniently 
characterized on a triangle, as advocated by Bjorken. An overconstrained determi- 
nation of the K-M matrix consists of measuring the interior angles of this triangle. 
Each angle cw be directly inferred from an asymmetry measurement. Thus a thor- 
ough study invoives determination of the asymmetries in several decay mcdes in 
each of three classes of decays, all to CP eigenstates. A generai-purpose B detector 
is certainly reqxited for such a study. 

3 



. J  

3 Comparison to Other Approaches 

3.1 efe- machines 
The main advantage of the Tevatron Collider and the SSC over existing and proposed 
efe- machines is the larger B cross section at a hadron collider. The Lorentz 
boost of BB pairs produced at hadron collidets is also an important advaatage over 
conventional Y(48) machines, as this permits reconstruction of the secondary decay 
vertex. Bowever, &e- muchines have the advantage of much better signal-to-noise. 
The issue for the hadron machines is the experimental effficiency. The issue for e+e- 
machines is acccltrator technology. 

The key u r p k e n t s l  technique which should permit extraction of the w d e r  B 
signal at a hadron collider is the reconstruction of the secondary decay vertex in a 
silicon vertex detector. In the case of charm physics, once this technique matured, 
experiments at hadron machines matched and now s ~ a s s  those at e+e- ulbchipes. 

The 88 cross section at the Y(4a) is about 1 nb, - 45,000 times less than at 
the Tevatron. On the Z, the 88 cross sedion is about 5 d. At a luminosity of 1P 
cm-2sec-1, it is unlikdy that present-day e+e- madha will observe CP violation. 

Even wuuxing a 100% reconstruction efficiency for B's at an e+e- machine 
compared with 1% at a hadron collider, it would require a lumkosity 500 times 
greater at the e+e- collider than at the Tevatron coUider to produce an equal sample 
of reconstructed B's. Compared to the SSC, a luminosity 5000 times greater is 
required at the efe' machines. 

The prospects of studying CP violation have stimulated many proposals for high- 
luminosity e+e' machines. A d &  and Coignet,I40] and cIiae[411 have suggested 
symmetric tinear collidera with luminosities of loM cm"sec". Other ambitious 
approaches have been put forward by PSI, KEK, and SLACj42*43*441 More recently, 
SLAC and DESY have been rtudying the option of asymmetric collisions, yielding 
a boosted Y(48) . With a luminosity of 10% cm'zsec'l, the number of produced 
B B  pairs per ycur wil l  be on the order of 10". Even with 100% reconstruction 
efficiency, this sample would be only comparable to that obtainable in the first- 
generation experiment proposed here for the Tevatron. As yet, there is no reahtic 
design for such a machine, which would probably be built only after the SSC. 

LEP and SLC have powerful detectors, low-multiplicity events, and, since the 
B's come from 2 decay, they are boosted which d o w s  secondary vertex detection. 
If their luminosity approaches 10IJ cm'2sec-1, they would be quite competitive with 
the BCD. However, it is unlikely they wi l l  produce enough events to address CP 
&lation in the neutral B system. Even at IO7 Z0's produced per year this is less 
B B  's than CESR produces now. 



\ .  

3.2 Fixed Target Experiments at Hadron Machines 
The bottom cross section is - 1000 times larger at the Tevatron collides than at 
fixed-target energies. Furthermore, the ratio of bottom to total cross section is about 
3000 times larger at the collider. These advantages will permit a hadron-collider 
experiment to expiore a much greater range of phenomena in the 3 system compared 
to a fixed-target apehexit  which must focus on very s p d c  issues. Although 
fixed-target photoproduction yields a better uBB/cT~,,~ than hadropduction, the 
size of ~ g g  is down by s c ~ e r a l  orders of magnitude. Recent reviews on this subject 
have been given by Bjorken,@q Garbincius,@*~ and Sandweiss and  COX.^^ 

3.3 . -  . .  
I .  

UA1 at the CERN SHS coUider hss &y ob&d a large BB cross section. 
However the BB cross &ion is about a -or of.5 lower than at the Tevatron, 
and with the upgraded luminosity the Tevatmk'&;daction of B's wil l  exceed the 
CERN production by at least an o& of ma&tuda. 

A workshop held at BNL thb s u m m a  explored the possibiity of a bottom ex- 
periment in the proposed RHIC machine, running in a p ~ '  mode. Again the cross 
section is about a factor of 5 lower, but here the anticipated luminosity could be 
> cm-2sec-1. 

- 

. .- 
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4 Detector Overview 
The experiment is shown in figure 1. The design is driven by the need for large 
anguiiu acceptance, good momentum resolution for low-momentum tracks, preci- 
sion vcrtexing, aad pattide identification. Calorimetry is not important except for 
electron identilieation. The basic chaxactu of the detector is acentraln with greater 
emphasis on the anguiar r*on 2 O  < B < 30° than in present detectors designed for 
W and 2 physics. The main design considerations are listed here and greater detail 
is provided in subsequent sections. - ._ . -  .A 

Figure 1: Overoiew of BCD detector. 

0 A dipole magnet is chosen to optimize the detection of tracks produced be- 
tween 2" < 6 < 178' (pscadorapidity: -4 > 7 > 4). The kinematics of 
BB production are such that both forward and central tracks must be mea- 
sured well. in order to have a high geometric acceptazlce, w i d e  transverse 
momenta greater than 5 GeV/c are seldom of interest.@ A dipole magnetic 
field oriented perpendicular t o  the beams is the best and simplest solution. 

_...-. 
. . -. 
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The magnet design cats for circular poie tips of 4 m  diameter, separated by a 
4 m  gap. 

e Even for smd-angle high-momentum tracks, good momenttun measurement 
can be obtained with a field of one Tesla in the dipole-magnet spectrometer. 
A low-field, large-diameter magnet is preferable for pattern recognition of low- 
momentum tracks. 

0 The gap size of 4 m permits a tracking system with 75-100 samples per track, 
the minimnm acceptable number in a high-multiplicity event, while still acco- 
modating the EM calorimeter, TRD, and RICH counters inside the coil, 

0 The vertex detector is designed $0 iind the secondary vertices of the B particles 
with high efficiency, thereby reducing the combinatoric background. Also the 
ability to measnre the time evolution of the states is particularly important for 
CP studies. Extensive Monte Cad0 ~imulations~*~~ indicate that 3-0 vertex 
reconstruction is necessary to achieve good pattern recognition, and that the 
system should have a worst-case impact-parameter resolution of < 20 pn. Ail 
tracks should intersect at least 3 planes with an angle of incidence < 45’. 
These requirements, along with the size of the intersection region, led to a 
hybrid design of barrefa and planes using double-sided silicon, The detector is 
located outside the beam pipe, at 1,S-cm radius, to minimize effects of multiple 
scattering. Studies of this design, where tracking efliciencies were loo%, gave 
~.KL efficiency for finding B vertices of - 45%. A preliminary mechanical model 
of this detector design has been constructed. 

0 The vertuc detector relies on the gas tracking system for most of the pattern 
recognition. The tracking system is designed for cf€icicnt aad rapid 3-0 pat- 
tern recognition of tracks over the full angular range. There are 75-100 hits 
along e d  track. The technology used is thin straw tubes a.rra.nged in super- 
layers. Straw tubes provide a measurement error of 40 pm per hit. Such high 
precision will. allow a mas8 resolution of 20 MeV/c2 and an extrapolation error 
into the silicon vertex detector of SO ptm. Good mass resolution is desirable 
to separate Bd and B,, and to aet a n m o w  mas8 window around the B as a 
rejection against combinatoric background. 

. .  . ._. 

0 Particle identification is important in reducing the combinatoric background, 
especially for modes such as B 3 Kr and B 3 H. Electron identification 
is reqxirtd for triggering and tagging the particle-antiparticle nature of the 
B. The d e s i p  incorporates TRD’s, RICH counters and an electromagnetic 
calorimeter over thc full detector acceptance and for the full momentum range 
of the B decay products. 

7 
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0 The trigger and data acquisition system is designed to handle a luminosity 
of cm-2sec” and data-flow rates of GigaBytes per second. The trigger 
philosophy is to assemble the full event as soon as possible and pass it to a 
nnmec processor where a d e t y  of trigger algorithms caa be implemented. 
The system is based on the latest communications-industry technology, which 
represents a new approach for high-energy-physics experiments and is suitable 
for SSC data rates. 

.J 



\ .  

5 Detector 

5.1 Dipoie Magnet 
The dipoie magnet for the BCD should have circular poles tips of 4-m diameter, a 
4m high gap, and a field strength of one Tesla. The large glrp acwmodates tracking 
and particle identification systems inside the w e t i c  field, while the c i r d a z  pole 
tips maintain a field symmetry that simplifies the tracking algorithms. The magnet 
design and s t d  arrangement is shown in figure 2. 

I 

i ! I 1 

I circular pole tips 

/ I  

f 

/ 
4 

I 

dimensions in meters 

Figure 2: Dipolomagnet design and s t d  arrangement. 

A comparison has been made with wdating magnets that might be available on a 
time scale dcqtxate for the Bottom Collider Detector. These are the CCM (Chicago 
Cyclotron Magnet), the MFTF (Magnet Fusion Test Facility) magnet, the Fifteen 
Foot Bubble Chamber Magnet, and the Berkeley 184" Cyclotron magnet. 

The CCM would be an ideal magnet for the B Collider, if its gap were opened 
from the present 1 rn to the needed 4 m. It will utilized in the muon-physics program 
fcr several years. If it should become adable ,  the cost of moving it to a new facility 
would be around %750k. 

The MFTF magnet has been turned on only once so this is a virtually new 
magnet. Only the superccnducting coils of the MFTF magnet would be of use at 
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the Bottom Collider Detector. The BCD project would have to pay the cost of 
building the magnet yoke. Four of the existing ten coils codd be used to achieve a 
1-Tesla field. The cost of transport and installation are roughly estimated as $SOOk. 

The Fifteen Foot Bubble Chamber Magnet has not been considered seriously for 
this project because it is bung sought for an experiment at Gran Sasso. As for the 
MFTF magnet, a steel yoke would have to be b d t  to incorporate the existing coils. 

e- 

T 
is  nac mown 

I 
. I .  . . . . I  . ,  . . . .. t I .. :.tau far s5artcy 

Figure 3: The vectors in each mesh element show the magnitude and 
direction of the magnetic-fidd fiux density, for one quadrant of the 
magnet. At the center the d u e  is about 1.14 Tesla, and nebt the 
comer of the pole it is about 3 Tesla (use of a B-H table in the ANSYS 
simulation would reduce this). The plots for the air region and the pole 
have been sepatated for dsrity. 

An attempt had been made to acquire the Berkdcy 184'' Cyclotron Magnet for 
the Bottom Collider Detector. This was not possible because the magnet plates 
are only two inches thick (too many plates, too much rigging cost), they ate mildly 
radioactive, and they axe welded together into a yoke that also supports the crane 
at the Berkeley Cyclotron Building. The estimated cost of the procurement of this 
steel exceeds $lM, and was considered excessive. The copper magnet coils fiom the 
cyclotron are not considered useful because they are oil cooled and radioactive. 

... I 
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5.1.1 Design of a New Dipole Magnet 

We me presently pursuing the design of a new dipole magnet. A stirdy using the 
ANSYS finite-dement analysis program is underway to explore severd design issues. 

As detailed in the Detector Overview section, the magnet-gap size is &yen by 
the need for good momentum resolution and electron identiilcation. This requires 
a long lever arm for tracking, and placcmmt of the detector dements inside of the 
magnet. At present, the magnet modeling uses an o d  dimension of 14 x 10 x 4 
meters for the yoke. The poie tips arc 2 meters in radius. The weight of the magnet 
is estimated to be 3000 tons. With a 1-Tesla centrai fieid, the stored magnetic 
energy is 100 Woule. A cost estimate is induded in section 10. 

Shown in figure 3 is the field map for this design. The j’B dl from the magnet 
center outwards is typically 3 Tesla-meters, as seen in figure 4. With this, a mo- 
mentum resolution of l% or better can be achieved for all tracks with PT less than 
4 GeV/c. 

. 

a 

Figure 4: Shown here is the integral of the component of the magnetic 
field perpendicular to lines emanating from the magnet center at various 
angled with respect to the horizontal symmetry plane. The path length 
available is also shown. 

An important physics issue relates to the transverse length of the iron yoke. 
The azimuthal symmetry of the field is destroyed by the presence of the vertical 



return iron. By locating the iron further from the coils the field symmetry can be 
maintained. This results in a simpler field map aad simpler track finding, which will 
be critical for the fast-tracking trigger of the experiment. The ANSYS simulation 
indicates that the vertical iron yoke should be about 3 m back from the pole tips 
to insure good field symmetry, while a minimal configuration with only 1-m spacing 
would cause considerable field distortion. The extra 2 rn of steel in the horizontal 
yoke pieces adds a datively small increment to the cost of the magnet. 

Another important issue is the size and weight of the largest piece of the magnet. 
The coiIs are the largest pieces, &bout 5 meters in diameter including insulation. The 
weight of the largest stal piece would be limited to about 30 tons. Xn addition, we 
intend to bolt the magnet steel together allowing easy dismantling (for possible . 
relocation at the SSC). 

5.2 Silicon Vertex Detector 
5.2 .I Int roduciion 

The vertex detector is esaential in extracting the B signal in a high-multiplicity 
environment. The clear association of tracks with EL secondary vertex supprtsses the 
otherwise overwhelming combinatoric backgrounds. 

The lifetime, CT, of bottom mesons is about 360 pm. Secondary vertices must be 
reconstructable when their separation horn the primary vertex is of this scale. W e  
propose a microvertex detector based on silicon-strip detectors. Alternative vertex 
detectors a t i k g  the silicon-drift technique are also under consideration. Multiple 
scattering of chqed particles and conversion of photons in the silicon detectors is a 
non-negligible problem. As a consequence we plan to use 200-pm-thick silicon, with 
double-sided readout. 

The difficulty for precision vertexing in B wader experiment is that the sec- 
ondary tracks emerge into the full 47r laboratory solid angle At present, tracking with 
silicon-strip detectors has been implemented only in geometries with ne=-normal- 
incidence tracks. Howwcr, because the interaction region in a hadron collider is 
spatially extended, there is no plausible geometrical arrangement of silicon planes 
which does not have some tracks at 45' incidence. 

Figure 5 presents the angle of incidence (degrees trom normal) on the silicon 
vertex detector for decay products of bottom mesons. 

We anticipate that development of silicon detector technology will permit its use 
for 45O-incident tracks. A normally incident track will traverse the 200-pm thickness 
of a silicon detector giving a signal of 200 pm x 80 electron-hole pairs/pm = 24000 
electrons. We plan to use 50-pm strip width, so that a 45" track would Cioss 70 p m  
of silicon per strip. The signal is then 70 prn x 80 electron-hole pairs/pm = 5600 
electrons. It appears likely that VLSI readout chips for the silicon-strip detectors 

R1. 
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Figure 5: Angle of incidence upon the silicon vertex detector for bottom 
meson decay products (degree from normal). 

wi l l  achieve noise figruts of 1000 electrons, which is entirely adequate. Indeed, if this 
noise level can be maintained even tracks with - Oo incidence should be detectable, 
as these would yield about 4000 electrons. 

5.2.2 Detector Geometry 

The proposed detector geometry that has eooIved over the past year is shown in 
figure 6. 

The silicon vertex detector is I o g i d y  segmented into two regions. The ucentrai” 
region covers mort of the interaction region with a combiied geometry of equally- 
spaced silicon piaseS and three segmented barrels. The “rapidity-spaced’’ region 
covers the outer limits of the interaction region with silicon planes covering equal 
intervals in pscudorapidity. All silicon dements lie outside the beryllium beam pipe. 

The beryllium beam pipe has radius 1.3 cm and thickness 400 pm. All (double- 
sided) silicon elements are of 200 pm thickness and have a strip pitch of 50 pm. Each 
disk has an inner radius of 1.5cm and au outer radius of 13.5cm. The detector 
consists of thirty-one paraUeI silicon disks and three segmented silicon barrels. The 
barrels have strips in z and 4 directions, while the planes have strips in the 2 and 
y directione. The total length of the vertex detector is approximately 210 cm. 

The central region of the vertex detector contains twenty-one planes with an 
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Figure 6: BCD Silicon Vertex Detector 
. _- .- 

interdisk spacing of 4em, The barrei segments arc placed in the interdisk voiumcs 
and extend to the disk edges of the neighboring planes. The inner b a d  radius 
is 1.5 cm; the middle silicon barrel radius is 5.0 cm; the outer silicon barrel radius 
is 10.0cm. The centrd region extends &om the center of the interaction region to 
z = f40cm. 

The rapidity-spaced region is abutted to the central region and covers the outer 
limits of the interaction region. Sicon planes are p l d  every one-third unit of 
pseudorapidity, with the 7 = 3 plans equivalcnced to the outer planes of the central 
region. Five rapidity-spd plams extend from the ends of the central region. 
This detector combines the features of the planar and barrel silicon geometries. 

Planes provide dkt ive  detector surfaces for partides traveling into the forward 
aad backwaxd regions, while barrels provide effective detector surfaces for radially- 
moving particles. The outer radius of the silicon planes has been chosen to be twice 
the interplane distance to guarsnfet three hits for a l l  partides in the central region. 
Since the planes and barrels present relatively perpendicular surfaces to the particle 
tracks, this provides that a l l  tracks that pass through the body of the detector will 
have three acceptable hits. 

Figure 7 presents a scatterpiot of hits per track versus B pseudorapidity for 
B -+ r+n‘. Hits axe required to pass the cluster cut (see next section). (A shorter 
silicon vertex detector, designed for a shorter interaction region, was used in this 
study. Results for the long interaction region are expected to be similar.) 
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Fignre 7: Pseudorapidity of the B mason versns the number of valid 
hits per track in B 4 h r - .  Valid hits arc those that pass the required 
cluster cut. ~ 

A model of the vertex detector has been built to address mechanical design 
issues. 

5.2.3 Simulation of vertex Detector Performance 

PYTHlA 5.1 was used as the event generator for the simulation of the above design. 
Bottom meson events were generated for a pp' collides with 2TeV center-of-mass 
energy. The minimum invariant mass of the hard-scattering parton subsystem was 
set at 10.5GeV/c2; the minimum allowed transverse momentum was O.OGeV/c. 
Decays of secondary particles were prohibited in the PYTHIA event generation-d 
pzirticle decays were handed by GEANTS. 

Bottom mesons only were selected kom among the f d  PYTHIA-generated event 
for entry into GEANT3. Our objective WM to determine whether reconstruction of 
bottom mesons would be possible using this vertex detectot--one should fist check 
that reconstruction is possible without any extraneous particles. Simulations were 
run using two decay modes: Bz + A+X- and Bz -+ +Xz ($ + e+e-). No magnetic 
field was present in the simulations, this being a preliminary design study. 

Analysis was performed using GEANT3's knowledge of the particle decay. No 
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pattern recognition was used; the GEANT3 particle-decay chain was followed to 
identify descendents of each bottom meson. Both of the chosen decay modes allow a 
simple trigger-both provide two prompt, charged particles. Bottom meson events 
were accepted if both charged-particle tracks had at least two hits in the silicon 
detecrors. 

A duster-size cut was imposed on the particle hits in the silicon detectors. The 
cluster size is defined to be the number of adjacent silicon strips which are fired by 
the passage of a single-pattide track. Luge cluster sizes present possible problems 
with signal size, hit location and pattern recognition. Hits with cluster sizes greater 
than four strips were rejected. 

Particle tracks were defined by the first two (vaiid) bits on the track. Cuts on 
the vertex resolution were imposed on the quantity S/AS, where S represents the 
distance of flight of the bottom meson and AS represents the three-dimensional 
distance between the reconstructed decay vertex and the true (Monte Carlo) decay 
vertex. S/AS > 5 was the imposed cut. .Figure 8 shows a scatterplot of S versus 
AS and the applied cut. 
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Figure 8: Scatterplot of separation S VS. delta sepration AS for sim- 
ulated B + $Ks evezts. The region below the dashed line contains 
events that satisfy the cut S/AS > 5. Events with small S are predom- 
inantly produced in the central region, where the lower B momentum 
leads to a lower fraction of events surviving the cut. 

Simulations were performed taking the the Tevztron interaction rtgion to be a 
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cut8 
geometry cut 

duster cat 
vertex cat 

Gaussian distribution of events with cr = 35cm. Vertex-detector acceptance as a 
function of the applied cuts can be seen in Table 2. Results are shown for both of 
the decay modes Bi -+ A+X- and B$ --+ $K;. Application of cnts is cumdative 
down through the rows of the table. 

Bi -+ A+%- BZ 4 +IC: I 
0.768 0.775 
0.751 0,763 
0.466 0,449 

Table 2: Vertex-Detector Acceptaaccintersdion region with Gaussian distribu- 
tion, Q = 35cm. 

Figure 9 presents the accepted-pseudorapidity distributions for bottom mesons 
in the BCD silicon vertex detector. All cuts (geometry, cluster size, acd vertex) 
have been imposed on this distribution. The distribution is for the decay mode 
Bz 4 A+C; the distribution for the decay mode B$ --.) is virtually identical. 

.. 

3 

Figure 9: Pseudorapidity of accepted B mesons 

17 



5.2.4 Silicon-Straw Tube Matching Studies 

General Character of Silicon Hit Distributions 
Because a track has typically only three hits in silicon planes, the task of pattern 

recognition must be accomplished using information from the straw-tube chambers 
as well. Here we consider how well the silicon-hit information can be matched to a 
track as found in the straw-tube system. Diiiidties arise when two or more tracks 
give closely spaced hits in the silicon pla.nu all of which are potential matches to a 
track found in the straw-tube chambers. However, we find this confusion to occur 
in Iess thirn 2% of alI tracks, using the simulation described below. 

i 

Number o f  Tracks 

Figure 10: Multiplicity of tracks that strike the silic n vertex det-ctor. 

We studied simulated hit distributions in the silicon miaostrip vertex detector 
by considering dl the tracks generated in events containing the decay Bo 4 x+x-. 
The effects of decaying patticla, photon conversions, multiple scattering in the de- 
tectors, ck., are induded. The charged-track mdtiplicity per event seen by the 
vertex detector is histogrammed in figure 10. The most probable number of tracks 
is 35 with a long tail on the high side. The number of strips fued per track, assum- 
ing a discriminator cut at 5% of minimnm ionizing, is shown for the inner barrel 
detectors in figure l l a  and for the pla,nar detectors in figure Ilb. The large number 
of strips fired per track in the barrel detectors is due to the cases where a small-angle 
track passes through many z-measuring strips. This condition is common since the 
distribution of track angles in space is highly peaked at small angles. This forward- 

* 
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peaked distribution also results in relatively few multi-hit tracks seen in the planar 
detectors. 

111 
Y 

k 
I3 
8 

Number of S t r i p s  

Figure 11: The number of silicon strips fired per track, with a discrim- 
inator cut at 5% of minimam ionizing. (a) B a d  silicon: (b) planar 
silicon. 

The distribution of path length traversed through a single strip is shown in 
figure 128 for the inner barrel and figare 1Zb for the planes. The peaks at 200 p m  
are due to tracks at normal incidence to the detector, whereas the peaks at 50 p m  
are due tracks at grazing incidence and orthogonal i o  the strips. Hits due to path 
lengths much less than 200 pm coald be suppressed by placing the discriminator 
cut above the 50-pm peak. This option will be explored in future studies. The very 
large path lengths are due to grazing-incidence tracks travelling along the length 
of a single strip. These very long path lengths are not disadvantageous to pattern 
recognition since they result in only one strip firing. 

Effective Spatial Resolution of the Silicon Strips 

The resolution of the silicon strips is dected by the number of silicon hits that 
can be associated with a given track found in the straw-tube system. If only one 
track passed through the window defined by the straw-tube track, then the silicon 
coordinate is given either by the single-strip coordinate or by the mean coordinate 
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Figure 12: Distributions of path length in individual silicon strips. (a) 
Batrel silicon; (b) planar silicon. 

if more than one strip has fired. The resolution in this case is illustrated by the 
histograms in figures t3a-c of the difference in position betwan the mean strip 
coordinate and the true (Monte Carlo) position of the track at the silicon detector. 
For the qbrnamxing b a d  strips and for the planar detectorn the resolution is 
essentially due to the single-strip width of 50 pm. Howwa for the z-measuring 
blurti strips, the residual distribution is widened due to tracks with multiple-hit 
patterns. Most of these tracks, however, wil l  also be mcasured with better accuracy 
in the planar detectors. 

If more than one track has passed through the window defined by the straw- 
tube track, then we do not know which silicon hit to assign to the track. One simple 
algorithm is to take the average of the hit coordinates within the window. The 
residuals in this case are shown in figures 13d-f for a search window of 150 pm, 
corresponding to a f1.S-cr cut for a 50-pm pointing resolution. The main effect 
is to enhance the non-Gaussian tails of the residual distribution. The fraction of 
search windows containing more than one track is 1.6% €or the inner barrel and 
1.4% for the planar disks. These fractions could be reduced if the strip lengths were 
decreased from the 5 cm assumed in this study. 
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Figure 13: (a-c) Residuals between measured silicon hit positions and 
Monte Carlo generated positions; (d-e) Residuals based on the means 
of all hits in the silicon within a window defined by a track found in 
the straw-tube system. 
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5.3 Silicon Vertex Detector: Devices 
Our present design uses the currently available double-sided silicon microstrip de- 
tectors. However, t h e  is a world-wide effort to develop high-rate, high resolution 
pixel detectors. We plan to take advantage of these new devices as they become 
available. Below we discuss the microstrip detectors and two future possibilities. 

5.3.1 Double Sided Microstrip Detector 
W e  will use “double-sided” silicon microstrip detectors with the cathode strips ori- 
ented orthogonally to the anode strips, providing both BLL 2 and y rnclld\llcmCot with 
a single silicon d e r .  Such devices with dimensions 5 cm by S cm by 300 microns 
and 50-micron-pitch readout have been fabricated and An important fea- 
ture is that capacitors integrated on the silicon couple the anode (high voltage) 
strips to the &st-stage VLSI amplifiers. This type of detector w i l l  be used in the 
ALEPH and DELPHI experiments at LEP. A commerad manufacturer produc- 
ing doubled-sided, capacitively-coupicd detectors is Messersr-hmitt Budkow Blohm 
(MBB) GmbH, Munich. 

Figure I.& Observed correlation of pulse heights 
faces of a doubled-sided silicon strip detector. 

collected on opposite 

Tests have been made on a doublz-sided wafer by the University of Oldahom8 
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group[liol to study the correlation of the pulse heights in the anode and cathode 
strips. If more than one track penetrates the silicon wafer, then it may be possible 
to paiit the z and y hits since the pulse heights will be the same in x and y for 
a given track. The p u b  heights for different tracks wi l I  vary according to the 
Landau distribution. Figure 14 show the Correlation of p&e heights obserped on 
opposite sida of a silicon detector. This technique appca,ra promising and makes 
the double-sided microstrip detector a quasi-pixel device. 

5.9.2 Silicon Pixel Detectors . -  

Silicon Detectors based on pix& rather than strips offa two potentia3 advantages 
for a d i d e z q e r i m e n t .  E d  hit is recorded as an unambiguous space point, which 
clarifies pattern recognition and speeds use of the detector information in a trigger. 
Also, as the capacitance of a pixel is quite low, very small chatges can be detected, 
and the active thickness of the silicon c4p be lea than for a strip detector. When 
the detector thickness is comparable to or less than the pixel width the problem of 
angled trackr; is largely removed. 

P. Rehak, which implements ‘virtual pixels7 by recording the history of ionization 
electrons drifting towards a relatively small nuder  of anode pads. Other promising 
techniques arc those pursued by Paxker ef d7 by Shapiro et  d., and by Nygren et 
d, who consider devices with true silicon pixels each with its own readout. 

W e  are investigatinflll the mdtianode sili&n drift chamber of E. Gatti and .- . 

5.4 Tracking 
Multiple scattering in and instnmzenttation costs of the silicon microstrip detectors 
(SMD’s) do not d o w  a number of planes s&cient to reconstruct most tracks in 
threodimcnsional space. The vertex detector mast therefore be regarded as a precise 
vernier which improves the pointing accnracy of tracks reconstructed unambiguously 
in three dimensions by a larger tracking ayutem consisting mainly of wire chambers. 

This outer - t rdng  system must be able to reconstruct curved t rach  coming 
from 811 arbitrary origin in a dipole magnetic field. This is a more difficuit problem 
than that commoniy encountered in collider detectors using a solenoidal field, in 
which the tracks in the h n u t h a l  view are cirdes coming from a single, well-defined 
beam-intersection point. The tracking system must also measure momentum to an 
accuracy of &I% in a 1.0-T dipole magnetic field, must deal with interaction rates 
of 5-10 MHz, and cannot have massive support structures such as end plates which 
would interfere with the nearly 4% electron trigger which will surround it. 

Tracking designs based on straw tubes have several attractive advantages for this 
experiment. They require no massive mechanical supports, their small drift distance 
allows high rates, and the damage due to broken wires is very localized. However, 
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the support is distributed in the walls of the straws, which are a potentially large 
source of multiple scattering. The wall thicknesses must be reduced substantidy 
below those now in common use if this design approach is to be viable. 

DeSdvo@q has proposed a design for aa SSC centrai-tracking detector which is 
based on a large number of straws of 3.O-mm diameter and 30-pm w d  thickness, 
pcessurized to 3-4 atm. In addition to improving the resolution of the straws to 
3 0 4 0  pm, pressurization adds to  the rigidity and allows the reduction in diamettr 
which leads to thinner w&. A "superlayer" of 8 rows of such tubes (figure 15) 
contains only 3.4 x IOm3 radiation lengths, resolves left-right ambiguities locaily, and 
provides both a vector with 2-mrad pointing accuracy and an estimate of curvature. 
The multiple scattering in dght such superiayers induces a &om&tum resolution of 
0.6% when distributed along 0.75 m in a 1.0-T Edd. The tracking design described 
here is based in latge patt on straws which are assumed to  meet these specifications. 

. ... . ' 1 

. I  . .  

.. 
Figure 15: A "superlayer" of 8 rows of straw tubes. 

The maximum radiation exposure which wire chambers can tolerate limits how 
close to the beam the straws can be placed, and leads in turn to a hybrid system 
with additional microstrip detectors for srnall-angle covera e. A conservative Limit 

sec at a gain of 10'. The charged-particle fiux into a normal area element ha at a 

on the safe total multiplied charge in a wire chamber id5 gr 1 0.1 Coul/cm per 10' 



perpendicular distance r l  from the beam is well-approximated 

where E = dN/dq near pseudorapidity 7 = 0, ~ t p d  is the inelastic cross section, 
and L is the luminosity. For the Tevatron, H NN 4.0, 
r u  sz 6-8 cm for 3-mm straws at C = 1-2 x 1CP cm‘’se~‘~. For an SSC detector 
it is e~tirnated[~~1 that H k: 7.0, = 100 mbarns, resulting in r- twice as large 
at the same luminosity. 

dorapiditics q out to 5.0 is shown in figures 16 and 17, It antsins spproxmately 
2 x 10‘ straws, plus a,n additional 10‘ SMD strips with 5O-pm pitch located outside 
of the vertex detector. 

Figure 16 shows the straw-tube panels and SMD’s in a plan view section through 
the median plane of the central portion of one q u i d k t  of ‘the’ tracking system. 
E d  straw-tube panel is a superlayer of eight rows of 3-&xu tbin-wahi strawt~ In 
figure 16, the dipole magnetic field is perpadicuiar to the-page and pardlel to the 
wires in the x straw tube p a d s ,  which measare position hi-the bend plane. The u 
and v straw tubes ate oriented at f 1 4 O  to the x axis to prdvide info&ation for the 

= 40 mbams, giving 

A conceptual outer-tracking design using both straws and SMD’s to cover psea- - 

; - -  - 

- 

nonbend plane and to resolve the stereo ambiguity. Straw orientations with a large 
component of the magnetic field perpendidar to the wires are avoided bkause the 

. . -  
- *  - -  

dects  of the Lorentz force are more difficult to deal with in reconstruction, Gas and 
voltage fceds and signal readouts of all straws are at the ends *e0 cm above and 
below the plane of figare 16. The straw-tube 1: pan& are arranged in an “egg-crate” 
pattern (with x panels both perpendicular to and parallel to the beams) to faditate 
reconstruction of smd-radius curved tracks, 

Tracks in the forward and backward dkections arc reconstructed by u-2-u triplets 
of straw-tube superlayers and/or zy-ud doublets of SMD’s kith double-aided read- 
out, spaced approximately logarithmically along the beam direction z out to f320 
cm from the interaction point. (Three straw-tube triplets and fonr SMD doublets 
are located beyond the largest t induded in figure 16.) Because no straws are 
closer than 8 cm to the beam, tracks with pseudorapidity q 5 2 are reconstructed 
by a combination of straws and SMD’s; those with q > 2 aze reconstructed almost 
entirely with the SMD’s. In reconstructing tracks with this hybrid system it is there- 
fore better to use straws and SMD’s interchangeably in the same projection, which 
requires that the orientation of SMD strips be parallel to the straw-tube wires. In 
this design the z and u orientations of the straws and SMD’s are identical. The 
SMD’s have no u projection, but have instead additional large-angle stereo y and 
u‘ projections {perpendicular to z and u, respectiveiy) to further resolve confusion 
among very smd-angle tracks. 

Figure 17 shows a section of the tracking system through the center of the detec- 
tor and perpendiculaz to the beams. In this view the magnetic field and the 1: wires 
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Figure 16: Plan view section through the median plane of one quadrant 
of the tracking system, showing the location oi straw-tube paneis and 
silicon microstrip detectors. The dipole magnetic field and the wires in 
the z straws afe perpendicular to the page. 
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are vertical. Although the track density in this smd-q region is low, it can be seen 
that the allowed large dip ang~es of zz 70' present diffidties, solved satisfactorily in 
this design, in obtaining a su :ient number of samples in each projection on tracks 
with large dip angle, and in exzrapolating such tracks back to the vertex detector. 

An estimate of the hit occupancy of straws and SMD strips can be made using 
equation (1). In the worst case of 3-mm straws 8 cm from the beam the occupancy 
is about 6%, while for a SO-pm SMD strip at 1.5 cm from the beam the occupancy 
is less than I%. 
The next step in designing the tracking system is to Cohkont redistic simulated 

events in the detector with an actual trcrckfinding algorithm to determine whether 
the system has an aticqnate number of samples in each projection, and whether there 
is snfficient information to combine projections into three-dimensional tracks with 
high efficiency aad small number of fakes. Work on such a trackfinding program is 
well underway. It is designed to deal with configurations of N superlayers of up to 
M samples each, provided only that 811 detectom in a projection arc in the same 
rectangular coordinate system, and can h d  tracks of d o r m  curvature from an 
unspecified origin. On a longer timescale, a prototyping &ort must be established 
to show that the vexy thin-wded straws on whikh this design is based can actually 
be built with the expected mechanical and d&ricai propcztica. 

5.5 RICH Connters 
The use of a ring-imaging Cerenkov counter (RICH) offers a means of rrr-K-p identi- 
fication for transverse momenta up to about 4 GeV/c, as suitable for products from 
B decay. Low-momentom hadrons in the central region can be identified in a time- 
of-%ght system desaibed in a later subsection. In principle, a RICH counter can 
contribute to e-r  separation, although this requires a somewhat different detector 
configuration than that proposed for hadron identification. 

The detector is divided into two angular regions: forward, with 2" < 8 < 30'; and 
central, with B > 30'. Then identification of of particles with transverse momenta 
up to 4 GeV/c implies the forward detector must operate with momenta up to 120 
GeV/c, while the central detector must deal with momenta up to 8 GeV/c. The 
central region could be covered with a single RICH counter using a liquid radiator, 
such as CsFlr, with a threshold ot rt = 2. The forward region would require two 
counters: one with the same radiator as in the central detector to cover the lower 
momenta; and another with a gaseous radiator such as C5F13 with threshold 7: = 17. 
Table 3 summarizes the ranges of particle momenta and corresponding 7's over which 
the RICH counters should operate. 

The space avalilable for the RICH counters permits a thickness of approximately 
25 cm for the liquid counters, and 1 m for the gaseous counter. Complete coverage 



. 

1 P (GeV/c) 7 at P (GeV/c) 7 at 
at 7t = 2 P = 8 GeV/c at rt = 17 P = 120 GeV/c 

x 0.3 56 2,s 840 
K 1 16 8.5 240 
P 2 8 17 120 

Table 3: Ranges of momenta and 7 which shouid be covered by the RICH counters. 
7t = 2 for liquid CsFIr, and 7t = 17 for gaseoas CSFIl. 

of the momentum ranges given in the table w d d  require a position resolution of 
about I mm for detector of the & d o v  photons. In tu& this would require about 
lo* detector pixd elements. In the initial implementstion we plan to use -a wire- 
chamber detector with readout of cathode pads of size 8 mm-x 8 mat, similar to 
that used in experiment E-665. For this about 10" elements are read out. The lower 
position resolution implies that r -K  separation wodd be avbilabe only up to about 
2.5-GeV/c transverse momentum, 

The wire-chamber gar mast be sensitive to UV photons for the detector to have 
reasonable &cimcy. While most RICH counten to date use TMAE as the photo- 
sensitive vapor component, this must be heated to 7OoC for optimal performance, 
and it is subject to radiation damage at relatively low doses. We prefer to use TEA, 
which functions at room temperature and is much l&s sensitive to radiation than 
TMAE. If TEA is usd, then the windows between the i da to r  volume and the 
wirechamber detector must be of CSF, which is sonxewhat more expensive than the 
quartz window suitable for TMAE. The quantum dEciency for TEA is lower than 
that for TMAE, in part because it is s&tim over a smaller range of wavelengths. 
However, became the optical dispersion of TEA is less than for TMAE the former 
has greater resolving power for the &renkov rings. The stated thicknesses of the 
radiators yield about 1s photoelectrons per ~ d o v  ring with TEA. 

An SSC R&D pr0pd[3~1 has been submitted by several members of the BCD 
collaboration to study the methods of triggering with fast RICH input. The results of 
this study will ixduence the option of eitdron identification via the RICH countem. 

Preliminary cost estimates me based on the RICH counters of E665 and SLD, 
and are summarized in section 10. 

5.6 Time-of-Flight Counters 
Partide identification in the central detector will be accomplished through the use 
of several devices. A time-of-flight system will be used to identify charged hadrons 
of momenta up to a few GeV/c, which complements the capability of the FUCH 
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counters at higher momenta. 
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Figure 18: End and side views of the time-of-Eght counters. 

The system will be located 2 m from the beam, a distance constrained by the 
magnet-gap height, It wil l  consist of two lay- of 1" x 2" scintiIlator, staggered by 
1" 2 '  for a total of 640 scintillators. The scintillator will be chosen to have a fast rise 
time and long attenuation Itagtk Adiabatic iight guides w i l l  connect a set of two 
scintillators, ganged in depth (sa figare 18) to two 2" photomdtipiicr tubes, one on 
each end. The phototubes must either operate in the magnetic field, or be located 
outside it. 

The p.m. signals wiU be split, with part of the signal going to an ADC and part 
to a TDC. The ADC ptlrse height wi l l  be used to correct the TDC time, yielding 
a measurement which is better than that d m b l e  using nse-.timecompensated 
discriminatom. The TI)C'(r n d  to have a 50-ps least count. The stop time as 
meauured by each tube wi l l  be combined to yield a single measurement for each 
track. Using this method, it shodd be possible to achieve a timing resolution of 70 
ps per track. For counters at the 2-m distance, thie ailows a 1-u separation of K's 
horn protons at momenta up to 8 GeV/c, and x's from K's up to 4 GeV/c. 

5.7 Transition-Radiation Detectors (TRD's) 
Separation of e's ftom charged pions will be aided by multiple layers of thin-sampling 
TRD's.[~*~ The combination of tracking information with the transition-radiation 



signal should permit an online pion-rejection factor of 50 in the TRD. The utility 
of the TRD's at small production angles needs further studyJ3q 

5.8 Electromagnetic Calorimeter 
The dorimeta hct ions primarily to aid in electton identificationn, rathex than 
providing a precision energy measurement. As such, position resolution is more 
critid. We thus have the option to use a sampiing calorimeter (as opposed to total 
absorption in BGU or lead glass, etc.). 

The &rimetat should have tower geometry, with three longitudinal ~ ~ p l i n g s  
per tower. This ferrttue should permit aa online rejection factor of several hundred 
for charged ~r's. The transverse siee of the towem should be rdiicient that the energy 
measurement is of only a single particle with 99% probabiity, leading to a tower 
count of lo4 @yen an averbge mdtiplidty of 100. A position-sensitive detector will 
be placed between the first and second layers of each tower to reject overlaps of a 
charged pion with a photon €mm r0 decay. For this a two-track resolution of about 
1 cm is desirabIc. 

The partidat form of the electromagnetic calorimeter is not specified at this 
time. 

31 



6 IF'ront-End Electronics 
6.1 Introduction 
The front-end de&ronics wi l l  be in the form of custom integrated circuits, permitting 
low-cost and low+ower readout of the I q e  number of detector elements of the 
Bottom Collider Detector. All of the various chips proposed hue are straightforward 
extrapolations or recodgutations of presently available devices. 

The fiont-end electronics should cpuatc at a collidu interaction rate of up to 
5 MHz. Many of the readout signals are to be used in the h t - l e v d  trigger, and 
all of the signals must be bdered during the 1-2 ps  formation time of this trigger. 
VLSI chips (Bipolar and CMOS as appropriate) arc mounted directly on the detector 
elements in order to amplify, shape, store sad sparsify the signals. The basic module 
is a s m d  number of high-&amd-density ASIC's covering a relatively small physical 
area, tied together on a low-mass printed-drcait board. A6 thir board serves many 
detector channels, the number of cables or opticd fibers to the outside world is 
smd.  

Here we discuss the individud systems. 

6.2 
8.2.1. General Considerations 

Silicon Strip Front End Electronics 

The compact configuration of silicon pfsnea will require local signal processing with 
a high degree of multiplexing. The signal processing speed must be compatible with 
the 2.5-MEz interaction rate at C = 5 x 10s' CIIL'~SCC'~. Analog and/or digital 
delay mnst be provided to allow time for a trigger decision to be made. Finally, 
the readout time must be minimized by use of sparsification. The first generation 
of suitable low-power "micropiex" integrated-circuit readout electronics partially 
meets these goals and probably wil l  be suitable for C < 103' crn-'sec'l. The exact 
limitations will be established by testing. For L: > lo3' cm-2scc-1, we will employ 
the chips currently under development €or the SSC. The currently existing devices 
indude the MPI CAMEXJ4***'] the LBL SVX(sq and the RAL MXI.(511 Below we 
comment briefly on the known properties of these CMOS chips. 
MPI CAMEX 

. .  

The 64- and 128-channel CAMEX chips were developed at the Max Planck Insti- 
tute (Munich) for the ALEPH experiment at LEP. These chips are now being made 
commercially by ELMOS, Duisburg, Fed. Rep. Germany. The 64channel chip has 
a power dissipation of about 120 m W  and has been operated with a sampling time 
of 133 ns with a noise figure of 275 -+ 30 C,[pF] electrons r.m.s., where C D  is the 
single-strip capacitance. The dependence of noise on readout speed has not been 
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measured. Radiation damage measurements have been made with a Cos' source 
and a broad-band x-ray source with a maximum energy of 200 KeV. The tolerance 
is not known for minimam ionizing partides and slow neutrons. 
LBL SVX 

The SVX chip was dcvdoped by Lawrence Berkeley Lab for the CDF detector 
at Fermilab. It has 128 b e l s  with both analog and digital circuitry, and a total 
power dissipation of about 200 mW. The analog section provides up to two pairs 
of double-codated samples, and in addition there is a comparator (discriminator) 
with a setabk threshold. The readout hsr aht-scan feature which selects only those 
channels with signal above threshold, and, if desired, the neighboring channels. In 
the fast-scan mode, channds not requixing readout take up no time in the readout 
cyde. 
MXI 
This chip was developed by Rutherford Appleton Lab for the DZLPHI exper- 

iment at LEP and is a CMOS version of the Stanford Micr0pld5a chip used in 
FNAL E-665f531 and Ma& II at SLC- TIie RAL dpip.has 128 channeIS and dissipates 
55 m W  per chip. There arc two storage capacitors per cha,nnd dowing a single pair 
of correlated sampks- Radistion damage has been studied using a Cow 7 source. 

0.2-2 New Devices 

The c-t generation of VLSI silicon-strip readouts do not allow for a trigger delay. 
This problem is being addressed by the silicon strip readout system being developed 
by Seiden et rrl. at U- C- Santa C m -  In their approach, an andog amplifier and 
ampaxator chip (AACC) provides a fast (15-ns rise time) signal that is digitized 
to 1 bit (yes or no). The bits are stored in a level-1 memory that is 64 cells deep 
and is clocked at the bun&-crossing rate of the acdcrator, This is followed by a 
16ceLdeep l e d 2  memory. 

Another approach is to employ an malog pipeline for a trigger delay. Such a 
VLSI device with 10-MHz dock speed is being developed for the ZEUS calorimeter 
at H E M  by a DESY-Fnunhoffer-Madxid-Nevis collaboration. 

Other considerations are described briefiy below. 
0 A possible feature for the front-end electronics is a pulse-height s u m  with a 

sepatate threshold used to reject greater-than-minimum-and nudear interac- 
tions. 

It is important to note that driving the signal off the chip is very power 
consnming. The data readout would be over a few (IO-IOO) optical fibers. 
Overail power-cost per channel probably can be kept to 1-3 mW/channel. 
With 10' channels, this is still considerable heat to dissipate. 
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0 Bonding techniques such as indium bump bonding or tab bonding may make 
possible the connection of the CMOS chip to the detector strips at these high 
densities. 

0 W e  estimate about $20/chip plus $30 for packaging or about $O.SO/channd. 

6.3 Straw Tubes 
We take as our model the TVC chip set develobed at U. Penn for the SSC (see 
figure 19). The bipolar ampWcr/shaper/discriminator could be used directly and 
the CMOS TVC/snalog store could be used but with a slower clock, typically 5-10 
MHz. 

The system wodd consist of the presmp/shaper/discriminator followed by the 
TVC/analog store/ADC/readout control chip. The bipolar chip vpill have four &an- 
n& and the CMOS chip will have 8 channels. la addition the system would need 
a data-colldon chip (digital CMOS) for eve&-8-32 TVC chips. Total power costs 
would be about 20 mW per &el. A’porrsi& arrangement would have a thin 
printed-circuit board mounted on the ends of 128 straws, with 32 bipolar chips, 16 
CMOS TVC chips; and one data-colledion chip, ii &&tion to &charge protection 
and bypass and mpiing capacitors €or the straw. The cost wodd be about $2-3 
for the bipolar chip/channd, $1-2 for CMOS, $0.25 for the data chip and $0.50 for 
mounting, for a total of < $G/chanael. 

It -d be a d d  to indude segment-.finding dectronicrr for some of the sttpcr~aycrs. 
This should be possible by adding a CMOS digital-logic chip in pardel to the 
CMOS TVC chip. Found segments would then be shipped to the trigger system. 
The increase in power cost should be only about 10% assuming a high level of 
multiplexing. 

. .  

6.4 RICH Counter 
A readout system identical to that for the silicon stzip detector is planntd for this 
system. The RICH counter w i l l  have pad scmom whose signals wil l  be similar in 
magnitude and shape to the signals horn silicon strips. while the dcctronics for this 
detector wj i l  be identid to the silicon system, the mounting problems and power- 
density problems are much different. Individual pads w i l l  have to feed in over a 
fairly large area to a single CMOS chip: small groups of these front-end chips would 
then feed into a local data-collection chip and thence out to the data-acquisition 
system. The relatively low density of connections will keeq the per channel cost 
much less than in the silicon case (< $O.ZS/channel). 

.. - .. . 
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Figure 19: Block Diagram of SSC chip set 
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6.5 TRD 
The TRD detector will have many separate layers of wire-chamber detectors, The 
electronics must sense clusters on individual wires, but the linking and majority 
logic to find tracks would be done outside the detector. While the silicon-detector 
CMOS system would be appropriate in terms of signal handling, the relatively low 
density, linear arrangement of wires would probably argue for the development of a 
lower-channel-count CMOS device that could be more easily tied to the chamber. 
For the lower-channtl-count device (e.g., 8-16 channels), the cffective power per 
channel would go up slightly because of the increased output-drive requirements. 
The cost in dollars however, would scale almost directly with TRD area and should 
be equivatient to the RICH-counter costs per channel. 

6.6 EM Calorimeter 
The calorimeter would use a readout system similar to that of the straw tubes in 
the sense that a bipolar front end would feed a CMOS delay-and-encode section. 
However, the calorimeter requires charge measuranent over a large dynamic range 
and may or may not require an a m a t e  time measurement. Thus the bipolar chip 
win necessarily require rather more power (for the dynamic range) and the CMOS 
chip wil l  require more area for storage capacitors (high- and low-&+e ranges). In 
addition the Cai0rimetc.r wil l  s m e  OLS one of the primary triggering detectors and 
must provide fast signals out of the detector to the central triggering system. These 
signals will require > 40 mW per output, but the trigger outputs wil l  be sums of 
locai channds so that the total power burden is not greatly increased. If a suitable 
clustering algorithm can be defined and tested, it is possible to imagine shipping 
oniy cluster position and size information to the trigger system, greatly reducing 
the burden on and increasing the power of the trigger. W e  estimate that the total 
power requirement per channel would be about 30 mW and the cost per channel 
would rise slightly to < $7. Mounting and cooling is least restrictive in this region 
and we anticipate no major problems for the calorimeter systex. 

6.7 D evelop ment Costs 
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The purely digital CMOS chips are amenable to commercial design and production, 
but the analog bipolar and mixed analog/digital CMOS chips will require careful 
simulation and design. Each of the analog designs will require about three to four 
months of an expert engineer’s time to develop and an additional foundry cost of 
order %25K per chip (per run). Digital CMOS designs can be h a d e d  commercially 
for order %40K per chip with only block-level schematics provided to the foundry. 



6.8 Chips to be developed 
1. CMOS preaxnp/discriminator/delay/encode - 128 channels. 

2. CMOS data-collection fiber driver, all digital, possible to design and fabricate 
commerciauy. 

3. Bipolar pmamp/shaper/discriminator - 4 channels, after the design of New- 
comer, et d - should need little work. 

4. CMOS TVC aaaiog-store/encode - 8 channels, Penn/Lcuvcn design - may 

5. CMOS preamp/discriminator/delay/mcode - 8 chan, a subset of design 1. 

6. Bipolar high-dynamic-range preaznp/shaper/discriminator - 4 chsnnels, vari- 

nced only to be appropriately packaged. 

ation ot 3. 

7. CMOS TVC Charge andog-storc/encode - 4 h c l s ,  variation of 4. 

8. Clustering and trigger-driving chip, analog CMOS, perhaps based on neural- 
net workst Penn. 
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7 Trigger and Data Acquisition - 

7.1 Introduction 
We propose a trigger architecture in which a first-level hardware trigger is followed 
by a software trigger implemented in an online w a y  (farm) of numeric processors. 
The philospohy of this approach is that any trigger decision which uses digital 
information should be made in commercial, programmable processors. 

The first-led trigger should reduce the rate by a hctor of 50 in a 1-2 psec deci- 
sion time, so that even at a luminosity of lV2 cm‘2sec’1, for which the interaction 
rate is 5 MI&, at most 100 kHz of events are presented to the numeric processors, 
The data from the vaxious detector components c89 be organized into event records 
at a 100 kHz rate via the ‘barrei-switch” technology of the telephone industry. The 
nnmeric procesmrs, perhaps 2000 in total, each are the equivalent of 30-50 VAX 
780’s. The archid event rate wil l  be about 1 kHz, which can be accomodated by 
video-cassette tape &vis. 

Two types of first-level triggers will be implanented. A simple trigger is based 
on a requirement of 1 or 2 tracks above a mimimum-& cut of 2-3 GeVjc. Mort 
ambitious is a trigger on an electron above a mimimnm-P~ cut of only 1-1.5 GeV/c, 
which would also provide a tag on the triggering 8 as particle or antiparticle. 

Each of these ht-level triggers is then completed in the numeric processors. The 
topology trigger is followed by a requirement of a reconstructed secondary vertex, 
while some aspects of the electron trigger caa only be implemented with the power 
of the numeric processors. 

7.2 Triggers 
7.2.1 Topology Trigger 

The B mass, as well as its typical production transverse momentum, are large com- 
pared to the average transverse momentum of particles ftom pp’ collisions. Hence a 
“stiff-track” trigger wil l  be enriched with B’s. 

Figureil2Oa and 21a show the number of tracks having transverse momenta above 
a given value in events containing a B -t a+%- decay, and any B decay, respectively. 
For comparison, figure 20b shows the same distributions for dl events (according to 
an ISAJET model) not containing a B, while figure 21b shows these distributions 
for all events. 

We infer from figure 21b that with a requirement of 1 track above PT = 3 GeV/c, 
a factor of 50 reduction in the trigger rate can be obtained. Then the efficiency for 
the B -+ T + X -  decay is sta 90%, as seen in figure 20a. Also, the efficiency for d 
B decays remains about 25%, as seen in figure 21a. 
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Figure 20: (a) The number of charged tracks above a given PT for 
events containing a B -+ r+n- decay, according to  an ISAJET simula- 
tion; (b) the same for events without any B's. 
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Figure 21: (a) The number of charged tracks above a given PT for 
event containing a B decay; (b) the same for all events. 
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A trigger requiring two tracks both above a PT cut might be less vulnerable to 
fake tracks; for a 2-track cut at 2 GeV/c a factor of 50 eohancement can also be 
obtained, but with only about 70% eEciency for the B 4 A%- decay, and 30% 
efficiency for all B decays. 

The events surviving the topology trigger are then fed to the processor farm, 
where an additiond factor of 100 reduction in rate is desired. This muid be attained 
if a secondary-vertex-&ding algorithm can be implemented online, Simulations of 
the necessary algorithms on fast numeric process0rs~35~ wi l l  be performed in the 
coming months to evaluate this trigger strategy. 

7.2.2 Electron Trigger 

Another signature of a B meson which appears suitable as a trigger for the Bottom 
Collider Detector is a moderate-transverse-momtntnm electron from a semileptonic 
decay. As indicated in figare 22 (based on an ISAJET cddat ion)  about 50% of 
semileptonic B decays yield an electron with pT > 1 GeV/c, The s d e p t o n i c  
branching kaction is 12%, and either B of a BB pair is suitable for triggering. 
Thus a trigger cut of PT > 1 GeV/c on electrons a d d  yield a 12% triggering 
efEciency for BB pairs. If the efiicicncy of &&on identification, inciading eventual 
offline reconstruction of a secondary vertex for the B -+ eX decay, is 25% an overall 
trigger efiiciency ot 3% could be achieved. 

cm-fsec-l, m the electrons 
must be identified amidst a S-MHz interaction rate yielding a 500-MHi total rate 
of particles in the detector. The rate of prompt dectrons which would satisfy this 
trigger is 1-2 kHz. 

Only part of the electron trigger could be implemented in the fiont-end analog 
logic, The signals from the electromagnetic calorimeter would be combined into 
candidate dustus. The longitudinal energy distribution within a cluster can provide 
a rejection factor of over > 100 against charged pions. A pad chamber immediately 
preceding the calorimeter insures that the cluster is due to a charged particle. Events 
passing these cuts must be passed into the numeric processors to reject converted 
photons, Dalitz decays, and nf-no overlaps. 

In the rest of this section estimates are given as to the rates of various classes of 
fake-electron events. 

Sources of Electrons 

This is a formidable goal at a luminosity of 

A summary of the rate of electrons from various sources as a function of trans- 
verse momentum is shown in figure 22. Prompt electrons derive from direct elec- 
tronic bottom and charm decay, e+e- decays of vector mesons, and Dalitz decays 
of pseudoscalar mesons. Fakedectron triggers will derive from misidentified ~c*'s,  
including x f - n O  overlaps. .A hint of the seventy of the fake-electron problem is given 
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Figare 22: The rate of electrons per 2S&MeV/c bin from various sourcw 
in pp' coilisions at ,,G = 2 TeV and Iuminosity lost ~ m - ~ s e c - ' .  

by the spectrum for x*, as0 sketchtd in figure 22. 
The present pkiiIo8ophy is to pasr all prompt electrons to the ofIIine event- 

processing stage (supposing the fake-electron triggem can be sufficiently rupprured). 
With a trigger cnt of PT > 1 GeV/c a substantial fraction of the prompt electrons 
are tom B decay, and there is no need to distinguish among the d o ~ s  BOUTCCS of 
prompt electrons in the trigger. 

Misidentified Hadrons 
The rate of charged n's into the detector is about 300 MHz: 60 charged pions 

per event timca the 5-MHz interaction rate. Of these about 15 MHz have transverse 
momentum above 1 GeV/c and so are potential fake triggers if misidentified as 
electrons. The online r - e  rejection must be Veater than lo4 to reduce fake electron 
triggers to a 'mere' I kHz. 

Three types of detectors could contribute to x-e separation: the trsnsition- 
radiation detectors, the electromagnetic calorimeter, and the RICH counter (at Ieast 
for low-momentum particles). W e  suppose that a multi-layer system of tracking 
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TRD’s can yield a rejection factor of 50, but this would be achieved only in the 
numeric processors. The RICH counter might yield a factor of 5 rejection, most 
likely also in the numeric processors. 
The electromagnetic calorimeter is configured with three longitudinal ssmples. 

Comparison of the dative pulse heights in these three layers codd yield a factor 
of 50-100 rejection against pions in a hardware trigger. A match of the shower 
energy with the &argcd-track’s momentum will be made in the numuic processors; 
only interactions leading to A*-@ charge exchange will survive this E / P  cut. The 
overall rejection factor from the electromagnetic wlorimetter is greater than 500. The 
combined rejection factor ftom the three detector could then be lo’, corresponding 

Overlaps of X* and 7’s fiom TO’S 

to a trigger rate of 15O/sec from misidcntiiled hadrons.. .- 

A fakeelectron trigger is generated if the momentum of a charged pion matches 
the energy of a Ira whose shower overlaps the’ ch&gcd-pion track in the &&son 
calorimeter. The TRD and RICH detectors still provide rejection of the charged 
pion, so the rate of dangerous charged pions is 0.01 x 15 MHz = 150 k&. W h e t  
rejection is o b t a k d  by spatially resolving the charged track &om the no shower in 
the electron calorimeter. 

A study of the overlap problcxn was made with the ISAJET Monte Carlo program. 
Initially, an ‘overlap’ was defined as a charged pion whose separation from a neutral 
pion was Ids/ c 0.1 and lAt$l < 0.2. It was found that aboat Wo of charged pions 
with PT > 1 GeVfc had such an overlap. These overlaps cue dangerous only if the 
E / P  cut is also satisfied. Assuming the electron calorimeter has energy resolution 
for photons of UE = 0 . lS f i  the statistical significance of the E / P  cut in standard 
deviations is 

A cut requiring a 2 a  separation of E of the no fsom the P of the r f  yields a rejection 
factor of 15. The rate of overlaps satisfying the combined trigger cuts is then less 
than 1 MZ. 

The definition of overlap used above is satisfied by a pair of pions whose sepa- 
ration is less than 10 cm at l-m radinrr from the beamline. However, two particles 
should be ruolvablein the electron calorimeter if their Separation is only 1 cm, which 
would provide an extra rejection factor of 100. In this case the rate of fakoelectron 
triggers from overlaps would drop to only 10 Hz. 
Dalitz decays and 7-Conversions in Matter 

The branching fraction for the decay no -+ 7e+e- is 0.015, as if the vacuum 
is 0.007 of a radiation length thick. Electrons from conversions of 7’s in material 
will be more numerous than those from Dalitz decay if the photon has traversed 
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more than 0.007 radiation lengths. For example, with a beam pipe whose wall is 
400-pm-thick Be, or 0.001 of a radiation length, photons at angics of less than 1/7 
to the beam are more likeiy to convert in the pipe than during the wo decay. 

Figure 22 shows that the rate of electrons fiom D a h  decay with PT > 1 GeV/c 
is about 10 kHz at a luminosity of los cm"sec". The rate of electrons from 7- 
conversions in matter wil l  be higher. Thus a rejection factor of order 100 is needed 
against these conversions. 

Conversions outside the beam pipe can be suppressed by fast tracking all the 
wag to the ibt  silicon plane. Conversions in the pipe and Dalitz decays could be 
suppresd by a dE/& measntement in the first S;l;con plane. These factors could 
only be obtained via algorithms running on the numeric processors. 

Electron Detection Efficiency 

lost. Rough estimates of the various detection &&encia arc: 
The process of electron identification inevitably causes some rd.electrons to be 

0 Fast trscking: 0.95 

0 E / P  at :  0.95 

0 TRD cut: 0.90 

0 RICHconntcrmt: 0.95 

0 Electron shower overlapped by another particle: 0.95 

e Photon-conversion cuts: 0.90 

The overdl efficiency of electron identification might then be 0.62. 

7.3 Data Acquisition 
7.5.1 

The architecture of the Data Acquisition system takes advantage of several new 
approscha, in particular: 

Basic Architecture of the Data-Acquisition System 

0 Digital trammission via fiber optic cables. 

0 Numeric processors, especiady suited to physics problems, a.re used for the 
second-level triggers employing in some cases full reconstruction algorithms. 

Simple barrel shifter for online event building. 



A block diagram of the proposed data-acquisition system is shown in Figure 23. 
Data flow is from top to bottom. Prompt triggers will fist reduce the data rate by 
a factor of 20-50 (subset of detector elements A-Z in figure 23). From this point on 
in the system there is no other specially built logic for triggering. If the event is 
accepted by the first-lev4 trigger, fragments arc transmitted over fiber-optic cable 
to the Event-Builder Switch. There can be sny number of data sources €torn each 
detector element. 

The Event-Builder Switch receivts event kagmcnts from the detector elements 
and transmits do tma t t ed  total-event streams as its outputs, one total-event stream 
per output. There are no data-flow bottle necks in this system. Data rates of tens 
to a few handreds of GigaBytes/second arc possible. 

The Recciver/Fonnatters receive total-event streams, buff- a s m d  number of 
events, format the data into data structures suitable for higher-kvd-language ap-- 
plications programs, smooth out data flow and transmit formatted events to banks 
of proc,essozs. A block diagram of an example of a Receiva/Fokxnatter is shown in 
figure 24. 

The Rcccivcr/Formatters pass the data to a fa.rm of numeric processors. Industry- 
available n.rrmeric processors especially suited for solving AX +.B 'problems and 
capable of 100 Megdops are used in this farm. Software triggers impiuncntd in 
these procesuor~ reduce the data by a factor of 100-200 permitting the r&aining 
events to be written to tape. These same processors can be used for o a t  data 
processing. 

More details on the individual components follow. 

7.3.2 The Event-Building Process 

The Event-Builder Switch is intended to provide the usual event-bdding function, 
but at a bandwidth which makes it possible to work with total-evcnt data at an ear- 
lier point in the s t e m  hierarchy. Together the Transmitters, Rdver/Formatters 
and the Event-Builder Switch form a communication network which is similar to a 
standard telephone switching systexn. Front-end data is buffered in the Transmit- 
ters. From t h e  the data is time-division multiplexed on high-speed serial channels 
through the Evmt-Builder Switch. F&cciver/Formatters at the Switch outputs serve 
to reassembk and buffer the total-event data. 

The Switch is a simple barrei shifter requiring no significant control logic. The 
serial-line speeds are much higher than is typically used in local telephone sys- 
tems but lower than in many long-distance trunks. The Transmitters and Re- 
ceivers/Fonnatters are basically data buffers with enough control logic to break 
the data into packets and then reassemble it. Like a telephone network, this system 
provides t transparent connection kom every possible data source to every possible 
destination with a limited number of wires. 
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Figure 23: Block diagram of the proposed data-acquisition system. 
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Use of the serial data channels reduces the number of cables leaving the detector 
while also eliminating many of the synchronization problems associated with parallel 
busses. It ais0 moves data directly into the processor modules at rates 10 to 20 higher 
than possiiile using standard backplanes. 

7.3.3 Processors 

Microprocessors with on-chip floating point units in the 20 VAX-equided range 
are a d a b l e  now at reasonable cost. Sooc-to-be-announced devices will provide 
an estimated 30 to 35 VAXsquivalents and by 1993 this number will be about 
50 VAX-equidcnts. We intend to replace much of the specialized electronics used 
in second-levd triggers with programmable  processor^. 

Digital signal processors and RlsC processors which have been optimized for 
graphics applications have many features that wouid be useful in event reconstmc- 
tion. For wwnple, these new proctssors are able to perform fixed- or floating-point 
Az + B operations in a single cycle. 

73.4 Fiber-optic Digital-Data Transmission 

Present fiber-optic data-transmission technology supports rates from less than 1 Mega- 
bit per second to higher than 10 Gigabits per second. These rates are achieved by 
using LED diodes at low frequextciu and laser-diode optical transmitters coupled 
with light-sensitive receiving diodes connected to automatic-gain-controlled ampli- 
fiers at high fiequenues. Costs vary between $200 for the slow devices to over 
$10,000 per pair for the fast devices. 

There are existing communication chips that can be used in an optid-link de- 
sign. Allowing for tranmission overhead, these chips transmit at 12.5 MegaBytes 
per second. These chips are called TAXI chips and axe available from Advanced 
Micro Devices- These chips accept parallel data, serialize and encode the data, 
and transmit the data, with the addition of optical components, over fiber-optic 
cable. At the receiving TAXI chip the data is decoded and converted into par- 
allel form. These rates allow the use of reiativdy inexpensive LED components. 
Present estimates are that optical components can be designed for a short link (up 
to 500 meters) that w i l l  cost about $100 for a transmitter/receiver pair. For single 
source transmissiosi rates higher than 12.5 MegaBytes per second, several fiber-optic 
cables can be used in parallel. 
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8 Machine Issues for Tevatron 

8.1 Detector and Collision Hall Issues 
The accelerator-related requirements for the Bottom Collider Detector are derived 
from the performance needed to achieve the physics goats in section 1, The central 
detector has a dipole magnet with a l-Tesht field transverse to the beam axis, and 
a field volume of roughly four by four square metcrs by four meters dong the beam 
axis. Compensation must be made for the transverse defkction of the beams by the 
dipole magnet. - -  

The detection of the BB decay products requires that a sophisticated solid-state 
vertex detector a d  dectronics, which may be prone to radiation damage, be located 
within 1/2" of the bcamiine, There will also be a forward/bcrckward detector that 
extends several meters u p  and downstream from the central detector. 

The space required in an experimental hall is roughly determined by the o v e d  
dimensions of the detector, As presently eavisioned, the detector occupies a volume 
of about ten by fourtan meters in crass section and 15 meters in length. The 
dimensions of the spectrometer magnet are comparable to those of the Chicago 
Cyclotron Magnet but with 4 times larger gap. 

There are two ideas for a location for this experiment. The fitst is to use the 
BO intersection region. This assumes that CDF no longer occupies this region. The 
region is ideal for the B collidcr experiment. The second option is to build a new 
collision hall, shown in figure 25, that would be available if the proposed Main Ring 
Injector, part of the Tevrrtron Upgrade, is constructed. By removing the main ring 
from the Tevatron tunnel, a third intesection region could be added. Estimates for 
the cost and downtime are included. The construction for the collision hall wi l l  take 
place during the shutdown for removing the Main Ring Injector and would take 6-10 
months. 

8.2 Beam Energy 
The present detector is designed for the 1 x 1 TeV beams of the Tevstron. The 
B g  production cross section varies approximately linearly with collider beam energy, 
so an option to run with 1.5-TeV beams would yield 50% more B's at the same 
luminosity. 

8.3 Luminosity 
As discussed in section 1, systematic exploration of CP violation in the B B  system 
becomes possible for luminosities of order cm-2sec-'. The large investment in 
the Bottom Collider Detector would be problematic if the average luminosity were 
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Figure 25: Layout of a new collision hall for the Bottom Collider De- 
tector. 

only IOm cm-'sec". We recommend an average luminosity of 1033cm"s~" be 
the accelerator god. The higher luminosity and greater reliability of as p-p collider 
make this option extremely desirable for B physics. 

8.4 Length of the Interaction Region 
The length of the interaction rcgion determines the length of the vertex detector. 
At the present Tevatron the interaction region has a Q of 35 cm. A vertex detector 
for this region would have to be at least one meter iong, with severai 10' readout 
channels and unwanted material close to the beam pipe. Current discussions for a 
Tevatron Upgrade indude the possibility of a higher frequency rf system to  bunch 



the accelerated beam, yielding a shorter interaction region with a Q of 10 cm. The 
reduction in a, would grcatiy simplify the vertex detector design, lead to a significant 
reduction in the cost of the vertex detector, and eliminate much undesirable material 
intercepted by small-angle tracks. 

Although all current versions of the Upgrade make provision for a r e d u d  
interaction-region iength, the pp option offers the greatest flmbiity in that a cross- 
ing angie is part of the machine design. By increasing the size of the crossing angle, 
the length of the interaction region can be proportionateiy reduced at the expense 
of luminosity. 

8.5 BeamSize 
A smlltl transverse beam size is desirable for several restsons. An important signature 
of B decays is the detection of thdr decay vertex some few-hundred pm from the 
primary interaction point. If the beam &e is small compared to 100 pm then 
we gain the considerable advantage of regarding the beam as l-dimexisiond. The 
diameter of the beam pipe, and therefore the vertex detector, is determined by the 
beam &e. The motion of the b ~ t m a  within the beam pipe when the spectrometer 
dipole is turned on, which also &ects the &e of the beam pipe, is minimized when 
the beam size is smallest. And, of course, one achievea higher luminosity with a 
smaller beam cross section aa w d .  

8.6 Beam Pipe 
Conversions of photons in the beam pipe aad mdtiple Coulomb scattering must be 
minimized in thb experiment. A suitable beam pipe a d d  be made of 4O-pm-thick 
beryllium and shouid be roughly l/2" in radius. 

8.7 BeamHalo 
Halo associated with the beams will contribute to the radiation utposure of the 
vertex detector and thereby shotten ita lifetime. Present data indicate that the 
silicon detector can survive IO6 rads and the micro-eledronics withstand about 10' 
rads. It is dear that catastrophic beam loss must not occur near the detector. The 
beam-loss level for abort may need to be lowered cornpaxed to present operation. 

8.8 
The presence of a spectrometer dipole in the Tevatron would alter the beam trajec- 
tory unless compensating measures are taken. The scheme that has been chosen for 
compensation uses two dogleg bends, one at each end of the straight section and each 

Compensation for the Dipole Field 
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20 feet from the center of the interaction region, just downstream of the low-beta 
quads. The two magnets are both of opposite polarity relative to the spectrometer 
dipole, and run in series with it (that is, the currents run up together). The spec- 
trometer dipole and compensating magnets are energized only after coasting beam 
has been established, The beams at the crossing region then move laterally a few 
mm as the magnets are energized. 

8.9 The Detector Hall and Support Facilities 
The Detector HaU required for this facility will be comparable in size to that at DO. 
The detector its& will fill about one half the space available in a straight section at 
the Tevatron. The compextsating dipoles are placed at the outer a d s  of the straight 
section, The need for dcctron detection, calorimetry and particle identification wi l l  
require the use of s p e d  gasses and liquids. The detector may use ethane, TMAE, 
or TEA. Additional cryogenic support may be necessary to service the main dipole 
magnet, The detector will require a substantial sipd processing ama. The Detector 
Building must ais0 provide for a control room, office and technician space asd shop 
support. 

An initial design of a new collision hall has been prepared by Nerrtandcr's Engi- 
neering Services Group. 

8.10 Summary and Status of Accelerator Issues 
The broadest issues associated with the accelerator have been successfully worked 
out. The installation of the spectrometer dipole magnet in the Tevatron seems emi- 
nently feasible. The detector &e (except perhaps for the magnet yoke) is relatively 
modest compared to present collider detectors. The magnet parameters are well un- 
derstood. The location of a vertex detector around the beam pipe is a main feature 
of this detqctot and presents special considerations for the accelerator. 

The issues that remain to be solved are those that interface with the accelerator 
beam optics. While the field nonuniformity of the spectrometer dipole is not thought 
to pose a serious problem it must be studied in more detail. Methods must be 
developed to insure that a cataatrophic loss of beam into the vertex detector does 
not occur. 

Finally, although interesting physics can be performed with an average luminos- 
ity of IO3' cm-%ec-',, the detector w3.l operate at IO3' cm-'set-1, and we urge that 
a concentrated effort be exerted to meet this god. With this higher luminosity the 
physics capability will be greatly expanded. 
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9 Prototyping and Test-Beam Efforts 
A Y a l e / F d a b  g0upls9] has bcgnn eduation of the existing VLSI silicon readout 
chips using a test setup at Fennilab modeled after the one developed for CDF. W e  
have obtained samples of all three a d a b l e  CMOS chips: CAMEX, SVX, and MXI. 
The noise pdomance of these chips has t y p i d y  been evaluated for sampling and 
readout s p d  unique to a particdaz experiment. Generally, the measurements 
relevant for the B-detector have not been made. We will measure the levels of 
signal and noise as a fimction of sampling rate, readout rate, number of samples, 
and power dissipation. 
Wh- extensive radiation damage measurements have been made for silicon 

microstrip detectors using intense minimum ionizing beams and nentron sou~ceb, 
the VLSI readout chips have typically been subjected only to radioactive sowces 
for the CMOS chips and synchrotron radiation for the SLAC micropiex chip. To 
study the effect of minimum ionizing radiation we wi l l  place the chip directly in 
a test beam. To study the effect of heavy ionizing radiation we wi l l  place the 
readout chip downstream of various targets of sabstantid interaction and d a t i o n  
lengths. This wi l l  be a realistic test of uaLbcdos cnconntered in a collidcr experiment 
from in&actions in the beam pipe and detector material, W e  wi l l  make these 
measurements over a broad r a g e  of beam energies to simulate those encountered 
in colliding beam interactions. 

A key feature of these measurements wiU be use of readout chips wire bonded 
to a silicon microstrip dectcctor to enable evaluation of the sy&m petformunee and 
not just the redout chip alone. Thus the problems of channel-to-channel variation, 
RF shielding, cooling, and mechanical mounting will be addressed. In addition, we 
will develop the practical expertise necessary to mount aa experiment with these 
devices. 

Other prototyping efforts associated with this proposal include evaluations of 
double-sided silicon detectors at the U. of Oklahorna,[60~ studies of scintillating 
fibers for forward tracking and/or calorimetry at Northeastern U., studies of silicon 
drift chambers at Princeton U.$sll and studies of new-technology numeric processors 
at Fermilab and U. P~nn,(~’1 



10 cost 
The estimated costs are quoted in thousands of dollars . Items 4 8  me for mechan- 
ical components of the detectors; the cost of the front-end electronics is quoted 
separately . 

1 . Magnet 

New magnet coils ................................................... .3. 000 

or. use MFTF coils .................................................... 500 
cryogenics .......................................................... 2. 000 
h n  ..................................... i ........................... 1. SO0 
Assembly ........................................................... 1. 000 

2 . BeBeampipe ......................... .; ............................... 200 

3 . Compensating rncr%nets ................................................. 200 

4 . Sicon vertex detector 

400 wafers @ Slk/wafes ............................................... 400 
Engineering: 4 FTE's x 2 years 0 60k ................................. 480 

5 . Straw-tube chambers 

2 x 105 ~hnnneis o $2 
Enginaring: 3 FTE's x 2 yearn 0 60k ................................. 360 
Test equipment ....................................................... 100 

stmw ....................................... 400 

6 . TRD ................................................................ .l. 000 

7 . RICH ................................................................ 3. 000 

8 . EM calorimeter ...................................................... .3. 000 

9 . Time-of-Flight Counters ................................................ 200 

10 . Prompt trigger ......................................................... 400 

11 . Data acquisition 

.. 

Processor farm ..................................................... . 3 .  200 

100 Exabyte tape drives ............................................... 400 
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Host VAX. disk drives and workstations ............................. .1. 000 

Engineering: 8 FTE's x 3 years 0 75k ............................... 1. 800 
6 FTE's x 3 years @ 50k .............................................. 900 

12 . Front-end electronics 

Silicon vertex detector: 500k cham& 0 $1 ............................ 500 
Straw-tubes: 2 x 10' Q $6 per channel ............................... 1, 200 

RICH IO6 pads Q $1 per channel .................................... 1. 000 

TRD: 10' pads Q $1 per channel .................................... .1. 000 

EM calorimeter: SOk channels Q $6 .................................... 300 

13 . Chip development 

6 analog chips: each 1 FTE x 2 years @ 75k ........................... 900 

Foundry costs: 6 chips x 2 runs x 25k ................................ 300 

3 digital chips: 2 runs x 40k .......................................... 240 
Test equipment ....................................................... 500 

Total .................................................................. .2?. 880 
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December 9, 1987 

Professor L. Merman 
Director 
Fermilab 
Batavia, Illinois 

Dear Leon, 
This letter is in response to your suggestion that we outline the 

basic reqnests of those people actively ptvsuing the design of a bottom 
collider detector for the Tevatron. 

The Beauty Workshop held at Fermilab Nov.11-14 was, in our 
opinion, both s n c c d  in that it attracted over 215 psrticipaats, and 
encouraging to us in that a positive endorsement of a collider approach 
was evident, There was general agreement among people at the workshop 
that a design based around a dipole magnet was a poeitive step. As a 
consequence, we (the undersigned) are working together as a group on 
the feasibility of this design. The stated god of this group is to produce 
a unified, realistic propod h about a year from now. 

A large sort by this group is reqnired & addresa and ans~~er  
the many questions associated with low pt t r i g g e  and the fkll 
reconstruction of bottom  event^ in the collider. There is of course no 
existing experiment at CERN or Ferndab to endate. Therefore the 
simulation && needs to be very detailed and thorough, and only then 
will the Ml scope of the physics objectives be realistically assessed, 

-We need encouragement from the laboratory and the P.A.C. 
before embarking on this year long design study. In particular we 
request: 

1) To be officially recognized by the laboratory a~ the Bottom 
Collider Detector Design Group, We understand of course this does not 
imply a c o d t m e n t  to an experiment, 

2) To have assigned to us an accelerator physicist who can 
work on such questions as skultaneous low beta in AO, DO, and BO, the 
effect of the dipole on the lattice, the prospects for Iuminosity in A0 if 
the machine contains many bunches etc. 

3) Desk space, computer accounts, and terminals be made 
available to us temporarily. 

4) The continued support of the computer department through 
the participation of Lee Roberts, a programmer. 

5) Fermilab support and help to provide resource8 to perform a 
systematic study of available integrated circuits for use with double sided 
silicon. We envision this as enlarging and complementing the present 
laboratory effort being pursued by CDF and E-771. We would provide 
several physicists and clearly strengthen this important effort. We of 
course plan more ambitious test8 later if these early exercises prove 
suczessful. 



We held an ad hoc meeting at Fermilab, Dec. 8, where we 
tried to get at least one person from each institution that expressed 
intereat in the collider experiment at the workshop to attend. Several 
institutions could not d e  the meeting date, but 10 institutions were 
represented. At this meeting new work since the workshop was presented 
and this letter was discussed. 

Much progress has been made recently and support kom the 
laboratory will be very important if a &tic assessment of this physics 
program is to be d e .  

Yours sincerely, 
N. Loclsyer 
N. Reay 
S. Fre!d&en 
K. Reibel 
R Sidwdl 
N. Stanton 
K. McDonald 
M, Schmidt 
P. Karchin 
J. .Slaughter 
I?. Avery 
G. Kalbflekh 
J. Snow 
P. Skubic 
.P. Yager 
R Burpstein 
s. R e t l d  
R S M d  
J. Butler 
L. Roberta 
B. Lundberg 

U. of Pennsylvania 
Ohio State U. 
Ohio state u. 

.Ohio State U. 
Ohio State U. 
Ohio State U. 
Princeton U. 
Yale U. 
Yale U. 
Yale U. 
U. of Florida 
Oklahoma u. 
Oklahoma u. 
Oklahoma u. 
U.C. Davis 
LLT. 
Northeastern U. 
F d a b  
FermiIab 
F d a b  
Fetmiiab 
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e Fermilab 
Fermi National Accelerator Laboratory- 
P.O. Box 500 * Batavia, Illinois * 60510 
31 2-840-321 1 FTS'370-3211 

Directors Office 

December 14, 1987 

Prof. Nigel Lockyer 
Department of Physics 
University of Pennsylvania 
Philadelphia, Pennsylvania 19104 

Dear Nigel, 

The PAC discussed your proposal to do a year-long study 
of the collider approach to B-physics at Fermilab. They 
were ir, fact enthusiastic but had several caveats. Clearly 
there is no commitment to the group to fund a detector. The 
Lab must reserve the right to receive a proposal from any 
other group for the same kind of research and if it is clearly 
better, we must be free to accept that one. Also, we must 
feel free to decide to do only fixea-target B-physics or, 
no B-physics at all. For these reasons, we can't designate 
you as TBE Collider design group. I prefer to call you 
a Collider E-Physics Study Group. As such we'll try to find 
desk space, meeting rooms, secretarial help (modest) and 
a computer account. Ken Stanfield will be your interface. 
W e  will t ry  to give you accelerator advice as is needed., 
but you must realize that that group is very busy and has 
very little manpower to spare. I hope all this isn't too 
negative sounding. The year's study and simulation is just 
what is needed and we'll help as much as we can. 

r, %LA- 
Leon M. Lederman 



Princeton University 
DOE f ER/30?2-45 
June 20,1988 

Status Report of the Fermiiab B Collider Study Group1 

Participating Institutions2 

U. of California (Davis), F d a b ,  17. of Florida, lzlinois Institute of Tech., 
Uo of Iowa, Northeastun U., Ohio State Uo7 Uo of Oklahoma, 

U. of Pennsylvania, Princeton U., and Yale 0. 

Abstract 

The motivation, site and scope of a B-B CP-V~OI&OII experiment, called here the Bottom 
Cdider Detector, at an upgraded Tevatron CoUider t indicated. Prebhary results kom 
detector md event simdation studies by the Bottom Collider Study Group are presented No 
detector design details an dixussed though some o v d e w s  are @yen. Where appropriate, 
discusions on what further study is required is given. The need for an upgraded Tmtron 
is rbsolutely clear. A factor of 200 increw over the present design 1umiPoaity of 1 x 10- 
c~'~Mc'' is highly desirable. Tbis report is not inteaded as a proposal POT as a fipished study 
but mudy represents the status of our thinking .f this the the Bottom CoUider Detector is 
challenging but doable it is the most agrasite pursuit of CP-violation physics possible in the 
near future, and would be a vitd step in the devdopment of the high-rate, 4x instrumentation 
needed for the SSC e m  

. 

Introduction 

The goal of the Bottom Collider Detector is to produce loll B-B events for which 
an efficient single-lepton trigger tags one B and permits detailed study of thc few-partide 
decay modes of the other l3. The trigger efficiency should be at least 5%, and the combined 
acceptance acd veriut reconstruction efficiency for the other B should be above 20%, SO 

that a sample of 100,000 reconstructed events would be obtained for a mode with a lo4 
branching fraction. A sample of this size in each of several few-body decay channels 
permit a detailed study of CP nonconsemtion in the B-B system. A decay mode with 
a branching fraction would still yield 10 events, so the study of rafe processes is an 
obvious byproduct- 

The very large 3-B crass section at 2 TeV (- 45 pb)? the relatively favorable ratio 
of bottom to total cross section (- lo-'), combined with an average luminosity of lo3' 
crn-'sec-' makes the upgraded Tevatron CoUider a unique B faciIity that will produce 
important and fundamental physics results on a time scale of approximately 5 years from 
now. 

1 



Similar ambitious phy6.s goals arc bang considered in the e+e- community; the- B- 
B cross section at the T(4S) is about 1 nb, whiie the trigger efficiency might be close to 
100%. No credible plan exists for a new e+e' machine that could reach the luminosity of 

~rn"~sec'~ with asymmetric beam energies as needed to compete with the hadron 
collider option. 

The Bottom Collider Study Group was formed to follow up on ideas developed at the 
Workshop on High Sensitivity Beauty Physics at F d a b ,  Nov. 1987, which in turn 
prompted by two letters of intent submitted to Fermilab for consideration in 1987.'4 The 
group has taken a very broad and ambitious approach to defining the experimental g& 
and parameters assouprted with performing a high-statistics B experiment in the upgradad 
Tevatroa coilider. The orgaaization set up for studying the issues was to divide the study 
group into several sections, each addressing one aspect of the experimental design, and 
then meeting roughly once a month to present the work to date. 

The starting design parameters used as guidelines are Iisted below: 

p p  or collisions at J3 = 2 TeV; 
0 An average luminosity of about 
0 Interaction rate of 5 M E  (ut = 50 mb); 
0 CBB = 45 pb, or 4500 B-B eventS/sec; 
0 An average event xmtltipliaty of 60 charged pions and 30 TO'S; 
0 A magnetic detector with acceptance from 2" to 178", or roughIy f4 units of rapidity; 
0 A s d e p t o n i c  trigger &aat for dectrons of 1 GeV/c PT a d  above; 

0 At a hadron collider the B-decay modes useful for study of CP violation are those 
which permit reconstruction of the B mass; 

0 Charged tracks from B decay are fully reconstructed induding a p-vertex measurement 
and partide identification; 

0 A B-mass resolution of 25 MeV/c2 is needed. to suppress combinatoric backgrounds, 
and to separate B d  from B,; 

0 Only B-decay modes containing all charged tracks wiU be reconstructed; A" tecon- 
struction is not required; 

0 An hermetic hadron calorimeter is not required as missing-& is not an important 
quantity for B-B physics. - 
The main issues are discussed in the following sections: 

cm'2sec'' ; 

................................................... 1) Bottom Physics Gods.. P- 3 
2) Detector Overview.. ...................................................... p. 5 

4) Srkcon Vertex Detector.. ................................................ .p. 16 
5 )  Tracking ................................................................. P. 21 

7) Signal to Noise.. ........................................................ .p. 28 
8) Data Acquisition.. ...................................................... -p. 29 
9) S u m , m ~ y  ................................................................ p. 30 

10) References. .............................................................. p. 32 

3) Accelerator Issues, Collision Hall and Magnet.. .......................... .p. 12 
* .  

6 )  Trigger.. ................................................................ p. 24 
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1. Bottom Physics Goals 

The major physics goal of this experiment is to observe aad study CP nonconscmaticm 
in the neutral and charged bottom-meson systems. The B-B system provides a detailed 
test of the standard model in that the parameters of the K-M matrix may be overdeter- 
mined by measurement of CP violation in sevcral different modes- The opportunity for 
systematic study is much greater than in the K-K or D-D systems, with the corresponding 
prospect for greatly increased uPderstaLLding of the quark mass matrix. Deviations h m  
present expectations would give importaut dues about the Eggs Scctor and possible new 
generations of quarks. Exploration of the B-B system is v i ta  €or a better understanding 
of the sourcts of CP violation beyond the parametrization that we have now.6 

The proposed experiment is concerned with the systematic investigation of CP viola- 
tion in several &ann& of B-B decay, rather than m d y  providing low-statistics evidence 
that CP violation exists. The technique which appesrs of most general utility in a collidcr 
experiment is a search €or asymmetries of the type 

r(B -+ f )  - r(B -+ f) 
r(B -+ f )  +r(B -+ f j  A =  

When haJ state f is the same as f, as in many potentidy favorable cases, the 
decaying B must be identified as a B or B (which is complicated in an interesting manner 
by bottom oscillations). This identification is made by determining the flavor of the other 
B oi the B-B pair. In a hadron-colIider experiment this is necessary anyway for trigger 
purposes, in that the sign of the electron in the triggering decay B . 4  eX identifies the 
flavor. Decay modes of the Bo such as D+?r- are ‘self tagging’ and would not require a 
trigger on the other B. Likewise, analysis of asymmetries of charged-B decays does not 
require flavor identification of the other B- While these modes will be explored in the 
Bottom Collider Detector we are unlikely to profit from the fieedom to ignore the second 
B. 

We would concentrate on few-partide final states f such as T+A-, K+K’, Hy D+n‘, 
+Ks, $tx+r-, etc., which yield only charged partides in the detector. Estimates of the 
asymmetry parameter A for such decays are of order 0.1, while the branching fractions-are 
expected to lie in the range 10-4-10-5. 

To reach a statistical significance of S standard deviations in a measurement of asym- 
metry A the total number N of tagged and reconstructed decays required is 

. 
I 

Thus a 5 0  signal requires N = 2500 for A = 0.1* but N = 250,000 for A = 0.01. C l w l y  
the experiment must have the flexibifity to profit from those decay modes with A - 0.1, 
but it is not known at present which modes these are. 

It may well be a tradeoff of Nature that modes with large asymmetries, A, have small 
branching fractions. If we then take lo-’ as the more likely branching fraction for the 
interesting modes with A - 0.1, we would need 2.5 x IOa tagged B’s for a significant study. 
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Supposing the tagging efficiency (times reconstruction efficiency) can be maintained at -1% 
in the hadron-collider environment, a total of 2.5 x 10” B-B pairs is required for a serious 
investigation. This sets the scale of eftort required in the proposed experiment- 

- 

4 



2. Detector Overview 

The physics goals of the B-B experiment at a hadron collider mandate two major 
capabilities of the detector: 

0 Tagging of one member of a B-B pair; 
0 FUI reconstruction of chvged decay modes of the other B. 

Geometric Coverage: 2" < 8 < 178" 

Au initial sense of the geometry of the B-B events can be gained from fig. 1 which 
shows the pseudorapidity, 7 = -In tan 6/2, for pions for the decay Bz - vr+n- for B's 
produced in pp' collsions at 4 = 2 TeV. This is taken from a simdation' using the Monte 
Carlo program PYTHIA? About 95% of the tracks hxn a B decay Iie within the ra.nge 
-4 < < 4 &responding to angles of 2" < 8 < 118" with respect to the beam axis. We 
then desire particle detection at all azimuthal angles over this range in pohr.anglcs. 

Fig. 1. Pseudorapidity distribution for decay products kom B: - w + x -  kom a PYTHZA simulation at 
6 = 2 TeV.' 

- 

The basic character of the detector should thus be 'centrd,' but with greater emphasis 
on the angular region 2" < 8 < 30" than in present detectors designed for W and 2 physics. 

At the SSC, with 4 = 40 TeV, the corresponding range of pseudorapidity for B-decay 
products is about -6 < q < 6. The rngulu range corresponding to 1111 > 4 is at very small angles 
to the beams, and would require detectors* resembling those in fted-target experiments." The 
present Bottom &&der Detector is, however, 8 prototype of that needed to cover the centrd 
rapidity range at the SSC. 

The typical transverse momentum of the B-decay products is 1 GeV/c, corresponding 
= 2 TeV (see fig. 2). The exciting B to total momenta in the range of 1-50 GeV/c, at 

physics occurs in rather 'soft' events at coUider energies. 
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Fig. 3. The h a y  plot 3hstrating the momentum resolution atbinable with a Z-Tetfa dipole magmet in 
the Bottom Collide Detector. The interaction point b at the origin md the bumr Ke dong the horiaont.1 
(r) r r j ,  The magnetic field is perpendicpiu to  the paper (S-Z +e) nad is taken to be d o r m  within 
the rectrngle which represents the top view of one half of the 2 m x 2 LP x 6 m field volume. The curves 
Iabeiied a) through d) show the path length, projected onto the 2-2 pIme, of a trcck emerging from the 
origin with a given (e, 4) & d o n .  This path iength is represented as the  distance from the origin of the 
plot. The momentum resolution of the detector ruieS as BZ2 where I is the path length shown on the plot. 
The countours labeiied 1% and 3% show the required path length to achieve a momentum resolution of 1% 
and 3%. respectively, for tracks of transverse-momentum PT = 3.5 GeV/c, supposing the measurement 
accuracy in the sagitta is 40 pm. For example, at Q = 90° a momentum resolution of better than 3% cart 
be obtained at aU polar angles except ?So < 8 < 1 0 5 O .  For 4 < 5 5 O  a momentum resolution of better than 
1% is obtained at all polar angles. 

~ .* 

Broad Requirements for Tracking and Partide Identification 

To accomplish a full reconstruction of charged tracks from B decays in a high- 

0 A 3D microvdex detector with a worst-case impact-parameter resolution of 20-&~. 
0 A magnetic field integral of 2-3 Tcsla-m €or smd-angle tracks, 
e A tracking chamber with 50-100 of s&ples per track for pattern recognition and 

momentum rnemmment of accuracy AP/P  = 0.01 for tracks with PT < 3 GeV/c; 
0 Identification of A, K, p ,  e, and if possible p .  Bowever, reconstruction of xo + -yy 
and hadron calorimetry may not be necessary. 

multiplicity environment we shall need __-- 

. -  

Figures 4 and 5 sketch a detector which incorporates these features. We briefly intro- 
duce the various detector elements in the remainder of this section, from the intersection 
regions outwards. Greater detail is presented in the subsequent sections. 
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Beam Pipe 

The beam pipe must not only be thin to minimize secondary particle interactions but 
also must have a very small radius to permit high accuracy in the vertex reconstruction. 
We propose to use a beryllium pipe about 1 inch in diameter with a 400-pm-thick wall, 

Microvertex detector 

The lifetime, CT, of bottom mesons is about 360 pn. Secondary vertices must be 
reconstructable when their separation from the primary vertex is of this scale. We propose a 
microvertex detector based on silicon-strip detectors. Alternative vertex detectors utilizing 
pixel devices are also under consideration. 

The novel difficulty for precision vertcxing in a collider experiment is that the sec- 
ondary tracks emerge into the full 47r laboratory solid angle (sa fig. 6 )  At present, tracking 
with silicon-strip detectors has been implemented only in geometries with near-normal- 
incidence tracks. However, because the interaction region in a hadron collider is spatially 
extended there is no plausible geometrical arrangement of silicon planes which does not 
have some tradrs at 45" incidence. . - & -  

- .. 

. .  .. .. 
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Fig. 6. 
bottom mesons. 

Angle oi incidence (degrees from normal) on the silicon vertex detector €or decay products of 

- 
We anticipate that development of silicon detector technology will permit its use for 

45O-incident tracks. W e  plan to use 50-pm strip width, so that a 45" track would cross 
70 pm of silicon per strip. The signal is then 70 pm x 80 dectrori-hole pairs/pm = 5600 
electrons. It appears likely that VLSI readout chips for the silicon-strip detectors will 
achieve noise figures of 1000 electrons, which is entirely adequate. Indeed, if this noise 
level can be maintained even with - 0" incidence should be detectable, as these would 
yie!d about 4000 dectrons. 

Multiple scattering of charged partides and conversion of photons in the silicon de- 
tectors is a non-neglible problem. As a consequence we plan to use ZOO-pm-thick silicon, 
with double-sided readout. 

The number of channels required in the vertex detector is very large. If the interaction 
region is roughIy l-rn long, as in the  present pjj  running at the Tevatron, approximately 
IO6 strips are needed. Furthermore, there must be a n  inaer 'barrel' of silicon l - m  long 
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and concentric with the beam pipe in order to collect the large-angle tracks which emerge 
dong the entire interaction region. This places considerable materid just after the beam 
pipe which will be traversed by most small-angle tracks, leading to severe backgrounds of 
converted photons. 

It would be much more favorable if a short interaction region were avaiiable, of order 
IO cm. The inner barrel need only extend the length of the interaction region, so the- 
number of silicon channels could be r e d u d  by a €actor of four, and  conversions would 
be greatly reduced. For this reason the Bottom Collidcr Detector is much more suited to a I 
pp machine with a finite beam-crossing angle and correspondingly short interaction region. 

Tracking Chamber 

The silicon vertex chamber wi l l  provide typically only two measurcm~ts  per track 
(in each of two coordinates) as the cost of, and multiple scattering in, additional planes 
is prohibitive. Therefore the inner vertex chamber must be surrounded by a tracking 
chamber capable o€ cxcdcnt pattern recognition in high-multiplicity events. The position 
resolution of and material traversed in crossing this chamber should permit a 2S-MeV/cZ 
resolution at the B-meson mass to distiguish Ba from B,. 

As we also wish partide identification for tracks in all 43r solid angle it is useful to have 
a tracking chamber which does not have massive end plates. The self-supporting 'straw' 
chambers are very appealing for this reason. In addition they offer high-rate capability 
and rather good position resolution. 

A straw chamber for the Bottom ColIidu Detector might have about lo5 channels 
of 3-mm-diameter tubes operating at 3-atmospheres pressure. E d  track would cross 
approximately 80 tubes. The resolution transverse to the wire would be about 40 ~LIIL. 

Charge-division, or a pad readout, could be used to measure the longitudinal coordinate 
to a few mm accuracy. Development work is needed on t h i n - d I  tubes to minimize the 
multiple scattering in the chamber. 

. .  

RICH Counters 

Separation of s, K and p will be accomplished with Ring Imaging Cerenkov Counters, 
with a liquid radiator for production angles above 30" and liquid plus gaseous radiators 
at smaller angles. Time-of-fight counters in the central region will help identify very soft 
tracks. 

Transition Radiation Counters (TED'S) 

Separation of e's from charged pions will be aided by multiple layers of TRD's, about 
20 cm each. The combination of tracking information with the transition radiation signal 
should permit a pion rejection factor of 20 in the TRD. The utility of the TRD's at small 
production angles needs further study." 
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Elect rornagnet ic Calorimeter 

The calorimeter functions primarily to aid in electron identification, rather than pro- 
viding a precision energy measurement. As such position resolution is more critical. We 
thus have the option to use a sampling calorimeter (as opposed to total absorption in 
BGO or lead glass, efc.), with a tracking chamber after two radiation lengths. The firrrt 

charge exchange. The particular form of the electromagnetic cdorimeter is not specifid 
at this time. 

Where space permits the electromagnetic calorimeter should be followed by a post- 
calorimeter of 1-2 hadron interaction lengths to help identifp. hadron showers which sim- 
ulate electrons in the earlier detectors. The post-calorimeters could be located in the 
forward and backward detectors, and to the sides of the magnet aperture. 

two radiation lengths can then serve 8s a preconverfer to aid in rejection of a+ + 1 0 
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3. Accelerator Issues, Collision Hall, and Magnet 

General Characteristics of the Detector and Coilkion Hall 
The accelerator-related requirements for the Bottom Collider Detector are derived 

from the performaace needed to achieve the physics gods sketched above in see, I. In 
order to study CP violation in the B-B system, the experiment should produce abmt 
10" bottom events per running year. The detector (see figs. 4 and 5 of sex. 2 above) 
will cover nearly 4r stcradians. The central detector has a dipole magnet with a 1-Tesla 
field transverse to the beam axis, and a field volume of (at least) three by three square 
meters by four meters dong the beam axis. Compensation must be made for the transverse 
deflection of the beams by the dipole magnet. 

The detection of the B-B decay products requires that a sophisticated solid-stak 
vertex detector, whjch may be prone to radiation damage, be located witbin 1/2" of the 
beamline. There will also be a forward/backward detector that extends several meters up- 
and downstream from the central detector. 

The space required in a.n experimental hall is rougldy determined by the overall dimen- 
sions of the detector. As presently envisioned, the detector occupies a volume of about six 
meters square in cross section and 12 meters in length. The dimensions of the spectrometer 
magnet will be comparable to those of the Chicago Cyclotron Magnet. 

Beam Energy 

The present detector is designed for the '1 x 1 TeV beams of the Tevatron. The B- 
B production cross section varies approximately linearly with collider beam energy SO an' 
accelerator with 500-GeV beams is still a serious contender for the B-physics experiment. 
For beam energies considerably above 1 Tev a substantial fraction of B-decay products 
emerge at extremely small angles to the beam, which likely requires a detector with multiple 
magnets. The Tevatron energy is perhaps the largest for WE& a detector based on a single 
central magnet will suffice. 

Luminosity 

. -- 

- 
As discussed in section 1, systematic exploration of CP violation in the B-l? system 

becomes possible for luminosities of order cm-2sec-1 . The large investment in the 
Bottom Collider Detector would be problematic if the average luminosity were only '10'' 
cm-2sec-' . We recommend an average luminosity of 10j2 C K I - ~ S ~ C - ~  be the accelera- 
tor goal. The higher luminosity and greater reliability of a pp collider make this option 
extremely desirable for B physics. 



Length of the Interaction Region 

The length of the interaction region determines the length of the vertex detector. At 
the present Temtron the interaction region has a u of 35 cm. A vertex detector €or this 
region would have to be at least one meter long, with IO6 readout channels and unwanted 
material close to the beam pipe. Current discassions for a Tevatron Upgrade include the 
possibility of a shorter interaction region with a u of 10 cm. The reduction in u would 
greatly simplify the vertex detector design. 

Although d current versions of the Upgrade make provision for a r e d u d  interaction- 
region length, the p p  option offirs the greatest flexibility in that a crossing angle is part 
of the machine design. By increasing the size of the crossing angle, the length of the 
interaction region can be proportionately r e d u d  at the expense of luminosity. Because 
high luminosity can best be achieved in the pp option, the experiment would have the best 
chance of achieving an intersection-rcgion length of about 5 cm at a luminosity of IOs2 
cm-2sec-' . 
Beam Size 

A small transverse beam size is desirable for several reasons. An important signature 
of B decays is the detection of thdr decay vertex some few-hundred pm from the prima& . -  * 

interaction point- If the beam size is small compared to 100 pm then we gain the con- 
siderable advantage of regarding the beam as 1-dimensional. The diameter of the beam 
pipe, and therefore the vertex detector, is determined by the beam size. The motion of the 
beams within the beam pipe when the spedmmeter dipole is turned on, which also dects 
the size of the beam pipe, is minimized when the beam size is smallest- And,'of course, 
one achieves higher luminosity with a smaller beam cross section as well. 

Beam Pipe 

Conversions of photons in the beam pipe and multiple Coulomb scattiring must be 
minimized in this experiment. A suitable beam pipe could be made of 400-pm-thidr 
beryllium and should be roughly 1/2" in radius. 

Beam Halo 

Halo associated with the beams will contribute to the radiation exposure of the veitex 
detector and thereby shorten its lifetime. Present data indicate that the silicon detector 
can survive lo5 rads and the micro-electronics withstand about 10' rads- It is clear that 
catastrophic beam loss must not occur near the detector. The beam-loss lev4 for abort 
may need to be lowered compared to present operation. 

The Spectrometer Dipole Magnet 

The dipole magnet should be rather like the Chicago Cyclotron Magnet, but with 
its gap increased to 3 m in height- Such a magnet will weigh about 2500 tons, and will 
determine the transverse size of the detector hall. The cost of powering conventional coils 
for such a large magnet favors the use of superconducting coils. The cost of construction of 
a new magnet might be $1.2SM for the steel at %500/ton, plus $1M for the superconducting 
coils, plus cryogenics, plus instdation. 

. .  
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A Comparison of Existing Magnets 

A comparison has b a n  made with existing magnets that might be available on a time 
scale adequate for the Bottom Collidcr Detector. The magnets that have been studid 
are the CCM (Chicago Cyclotron Magnet), the NFTF (Nuclear -on Test Facility), the 
Fifteen Foot Bubble Chamber Magnet, and the Berkeley 184" Cyclotron magnet. 

The CCM would be an i d 4  magnet for the B-Collider, if its gap were opened from 
the present 1 m to the needed 3 m. It will be tied up in the muon program for s e d  
years. If it should become adable, the cost of moving it to a new f a t y  would be around 
$750,000. 

The NFTF has been turned on only opcc so this is a virtually new magnet. Only 
the superconducting coils of the NFTF ~~iagpct would be oi use at the Bottom Collider- 
Detector. The project would have to pay the cost of building themagnet yoke. A rough 
design shows that four of the existing ten coils could be used to achieve a 1-Tesla fidd. 
The cost of transport and installation ate not known. 

The Fifteen Foot Bubble Chamber Magnet has not been considered seriously for this 
project because it is being sought for an experiment at Gran Sasso. As for the NFTF - 
magnet, a steel yoke would have to be built to incorporate the existing Coils. No cost- 
estimates are available. 

An attempt had been made to acquire the Berkeley 184" Cyclotron Magnet for the 
Bottom Collidtr Detector. This was not possible because the magnet plates are only 
two inches thick (too many plates, too much rigging cost), they are mildly radioactive, 
and they are welded together into a yoke that also supports the crane at the Berkdq 
Cyclotron Building. The estinkted costs of the procurement of this steel utcecds %lM, 
and was considered excessive. The magnet coils from the cyclotron are not considered 
useful because they are oil cooled and radioactive. 

Compensation for the Dipole Field 

The presence of a spectrometer dipole in the Tevatron would alter the beam trajectory 
unless compensating meuurts are taken. The scheme that has been chosen for compen- 
sation uses two dogleg bends, one at each end of the straight section and each 20 feet 
from the center of the interaction region, just downstream of the low-beta quads. The two 
magnets are both of opposite polarity rdative to the spectrometer dipole, and run in S&CS 

with it (that is, the currents run up together). The spectrometer dipole and compensating 
magnets are energized only after coasting beam has been established. The beams at the 
crossing region then move laterally a few mm as the magnets =e energized. 

The Detector Hall and Support Facilities 

The Detector Ball required for this facility will be comparable in size to that at DO. 
The detector itself will fill about one half the space available in a straight section at the 
Taatron. The compensating dipoles are placed at the outer ends of the straight section. 
The need for electron detection and calorimetry will require the use of special gasses and 
liquids. The detector may use ethane, TMAE, TEA, or liquid argon. The detector dl 
require a substantial signd pT0CCSSing area. The Detector Building must also provide for 
a control room, ofice and technician space and shop support. 

14 



Summary and Status of Accelerator Issues 

The broadest issues associated with the accelerator have been successfully worked 
out. The installation of the spectrometer dipole magnet in the Tevatron seems eminently 
feasible. The detector size (except perhaps for the magnet yoke) is relatively modest 
compared to present collider detectors. The magnet parameters are well understood. The 
location of a vertex detector around the beam pipe is a main feature of this detector and 
presents special considerations for the dcra tor .  

The issues that remain to be solved ste those that interface with the accelerator beam 
optics. While the fidd nonuniformity of the spectrometer dipole is not thought to pose a 
serious problem it must be studied in more detail. Methods must be developed to insure 
that a catastrophic loss of beam into the vertex detector does not occur. 

- 

. ... 
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4. Silicon Vertex Detector 

Overview 

During the past year, the B Collider Study Group has specified the basic geometrical 
layout of a silicon-microstrip vertex detector suitable for the long interaction region of the- 
present Fermilab pp coUider.t In brief, this design consists of mosaics of Sificon wders of 
20O-pm thickness and 5epm strip width, and double-sided readout arranged as in fig. 7 
to form: . 

1) 2 cylindrical shells around the beam pipe with length 80 cm and radii of 1.5 and S 

2) 27 annular disks of radius 10 c m  oriented perpendicular to the beam and outside the 
cm, and 

beam pipe, with a total extent of 210 cm along the beam. 

Fig. 7. Layout of the silicon vertex detector 

This design is described in detail in ref. 7 along with a description of a Monte Carlo 
simulation of the decays B --.* X+A- and B - $Ks, ($ + e+e-). The simulation shows 
that efficiencies (per B-decay) of 45% are possible with a vertex cut of S/AS > 5 (see fig. 
8), where S is the distance from the primary interaction vertex to the measured secondary 

~ ~~- 

t As noted in sec. 2 it is extremely advantageous to have an interaction region of < 10 
cm LO simpIify the vertex detector. The vertex reconstruction efficiencies associated with 
a short interaction region are, however, only slightly larger t han  those reported here. 
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vertex, and AS is the error in S (taken here as the distance between thcreconsCtuct+* * 
I .  

decay vert= and the Monte-Carlo-generated decay vertex). I . .  
Rardware Development 

Although some optimization of plane spacings and sizes is no doubt possible, it wodd 
be prudent to assess the realization of tbis design in actual hasdwart devices. Fortunatdy, 
the basic hardware devices already exist. Double-sided silicon wafers have becn succtssf~.U~ 
fabricated and low-power CMOS readout chips ("microplex &ps") have been developed" 

However, a number of crucial operating parameters remain to be established: 

a) The amount of material in mechanical moynting, cooling, and signal fanout. The 
simulation, so far, has included only the effects of the 200-pm-thick silicon-detector 
wafers and the 400-pm-thick Be beam pipe. The additional material must be included. 

on pattern recognition. So far, the simulation has not considered the efficiency of 
detectors or the effects of emrs in pattern recognition. 

c) The detection effiaency for large angle of incidence, above 45". Silicon detectors have 
not been used in the past to detect partides at large angle of incidence. 

d) The effect of radiation damage in a hadron environment for specific devices. DC~CCS 
could be tested in fixed-target beams or near the beam pipe of the collider. It is well 
known that radiation tolerance yaries with manufacturing techniques. 

To address these problems, members of the B Collider Study Group have expressed 
interest in a number of future projects. We will obtain and evaIuate a double-sided silicon 
wafer from a commercial vendor (MBB-Messerschmidt, FRG) and study the large 
of incidence problem, and other characteristics of these devices. This work, and construc- 
tion of a mechanical model of the silicon mosaic will be pursued a t  the U. of Oklahoma 

b) The noise rate for a given detection effiaenq and the effect of efficiency and 

I ?  
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Physicists from Yale U. will obtain a variety of a d a b l e  micropiex drips and evaluate 
the efficiency and noise as a function of gating time, Simulation efforts, building on the  
existing work, wifl focus on the effects of realistic material estimates, pattern recognition 
problems, and more sophisticated vertex fitting. 

Detector G tomet ry 

The silicon vertex detector under consideration is logically segmented into two re- 
gions. The central region covers most of the isteraction region with a combined geometry 
of equally-spaced silicon planes and two segmented barrels. The rapidity-spaced region 
covers the outer limits of the interaction region with silicon planes at equal density in 
pseudorapidity. All silicon dements lie outside the beryllium beam pipe. Figure 7 presents 
a GEAMT3'3 picture of the detector geometry. 

The beryllium beam pipe has radius 1.3cm and thickness 400pm. All (double-sided) 
silicon elements are of 200-pm thickness and have a strip pitch of SOpm. Each disk 
has ac inner radius of 1.5cm and an outer radius of 1Ocm. The detector consists of 27 
parallel silicon disks and two segmented silicon barrds, The barrels have strips in t and 4 .  
directions, while the planes have strips in the t and y directions. The total length of the- 
vertex detector is approximately 210 cm. 

The central region of the vertex detector contains 17 planes with an interdisk spacing 
of Scm. The barrel segments are placed in the interdisk volumes and extend to the disk 
edges of the neighboring planes. The inner barrel radius is 1,Scm; the outer silicon barrel 
radius is 5.0cm. The central region extends horn the center of the interaction region to 
z = i 4 0 c m  

The rapidity-spaced region is abutted to the centrd region and covers the outer Limits 
of the interaction region, Silicon planes are p i a d  every one-third unit of pseudorapidity; 
with the 7 = 3 planes cquidenced to the outer planes of the centra3 region. Five rapidity- . 
spaced planes extend from the ends of the central region. 

This detector combines the features of the planar and barrel silicon geometries. Planes 
provide effective detector surfaces for particles traveling into the forward and backward 
regions, while barrels provide effective detector surfaces for radially moving partides. The 
outer radius of the silicon planes has been chosen to be twice the interplane distance 
to guarantee two hits for all particles in the central region, The silicon thicknesshas 
been adjusted to 200pm to guarantee satisfaction of the duster cut parameter for tracks 
incident on detectors up to 45" from normal incidence. Since the planes and barrels present 
relatively perpendicuiar surfaces to the particle tracks, this provides that all tracks that 
pass through the body of the detector wi l l  have two acceptable hits. 

Event Simulation 

PYTHIA 4.8 was used as the event generator for this sirnulalion. Bottom-nieson events 
were generated for a pjj collider with 2-TeV center-of-mass energy. The minimum invariant 
mass of the hard-scattering parton subsystem was set at 10.5 GeV; the minimum dowed 
transverse momentum was 0.2 GeV/c. 'Decays of secondary particles were prohibited in 
the PYTBIA event generation-dl partide decays were handled by GEANT3. 

Bottom mesons only were selected from among the full PYTHIA-generated event for 
entry into GEANT3. Our objective was to determine whether reconstruction of bottom 
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mesons would be possible using this vertex detector-one should fitst check that recon- 
struction is possible without any extraneous particles. Simulations were run using one 
of two decay modes: B! -., w+x- and'B: - $ICs, ($ 4 e+e-). No magnetic field 
was present in the simulations, this bung a preliminary design study. (Current Bottom 
Collider Detector designs include a 1.0-1.5 Tesla dipole field.) 

Analysis was performed using GEANT3k knowledge of the particle decay. No pattern 
recognition was used; the GEANT3 particle decay &in was foUowed to identify descen- 
dants of each bottom meson. Both of the chosen decay modes d o w  a simple trigger-both 
provide two prompt, charged particles. Bottom meson events were accepted if both charged 
particle tracks had at ieast two hits in the silicon detectors, 

A duster size cut was imposed on the particle hits in the silicon detectors. The cluster 
size is defined to be the number of adjacent silicon strips which are fired by the passage 
of a single particle track. Large cluster sizes present possible problems with signal size, 
hit location and pattern recognition. Hits with duster sizes greater thaa four strips were 
rejected in this dass of simulations, 

Partide trads were defined by the first two ( d i d )  hits on the track. Cuts on the 
vertex resolution were imposed on the quantity S/AS, where S represents the distance of 
fight of the bottom meson and AS represents the three-dimensional distance between the 
reconstructed decay vertex and the true (Monte Carlo) decay vertex. S/AS > 5 was the 

c -  

imposed cut. . -  r 

Results I 
Simulations were performed using a realistic model of the Tevatron interaction 

region--a normal (Gaussian) distribution of events with u = 35 cm. Vertex detector accep- 
tance as a function of the applied cuts can be seen in Table 1 below. Results are shown for 
both of the decay modes Bd - A+X- and Ba -+ $Ki. Application of cuts is cumulative 
down through the rows of the table. 

Table 1. 
u. = 35cm, of primary vertices. 

Vertexdetector acceptance for an interaction region with a normal (Gaussian) distribution, 

r 

I B d  + 7rT+k- : B d  - $KS 1 cuts 
i- geometry cut 0.768 I 0.775 

0.763 i 
0.449 i I cluster cut 0.751 

0.466 vertex cut i 1 
I 

Figure 9 presents the accepted pseudorapidity distribution for bottom mesons in the 
BCD silicon vertex detector. All cuts (geometry, duster size, and vertex) have been im- 
posed on this distribution. The distribution is for the decay mode B d  + a+x-; the 
distribution for the decay mode B d  + +Ks is virtually identical. 

Computer simulations of the vertex chamber are presently being extended to include 
the problems of pattern recognition in the presence of non-B-decay tracks, noise hits, 
&rays, sampling fluctuations, and the curvature of low-momentum tracks. 
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Fig. 9. Pseudorapidity distribution of generated B mesons (top) and accepted B mesons (bottom). 
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5. Tracking 

Tracking Requirements 

Multiple scattering and instrumentation costs in the silicon microstrip vertex detectors 
do not d o f f  a sufficient number of planes to reconstruct tracks in thne-dh&ond space. 
The vertex detector must therefore be regarded as a precise vernier to improve the pointing 
accuracy of tracks reconstructed in three dimensions by an outer tnrcking system of wire 
chambers. 

The outer t d n g  system must also measure the momentum of tracks with PT < 
3 GeV/c to an a,ccuracy of APIP < &I% in the dipole magnetic field, and be abIe 
to reconstruct curved tracks coming .tiom anywhere along the interaction region. This 
reconstruction problem is more diEcult than that for detectors having a solenoidal field, 
in which the tracks in the azimuthal view are circles coming from a well-defined point (the 
beam intersection). The outer tracking system must operate at interaction rates of 5-10 
MHz, and cannot have massive support structures such as end plates which mould interfere 
with the 4n electron trigger which d surround it. 
General Approach ,- 

* 

There are two traditional approaches to tracking. One such approach (commonly 
used in collider experiments) is to have one strong view with 50 to 200 sampling points 
in the magnetic bend plane, and a..cocaker orthogonal view with subsidiary information 
such as small-angle stereo or resistive & q e  division to resolve the stereo ambiguity. The 
opposite approach (commonly used in fixed-target experiments) is to have at least three 
independent views with approximately the same number of samples in each view. This is 
necessary when the track density is high, as it will be at small angles in this experiment, 
and when resolving the stereo ambiguities is not trivial. If the totd number of samples is 
limited (by multiple scattuing considerations, Cor example) this means fewer samples per 
view. 

The Bottom ColIider Detector must have higher quality tracking at small angles to 
the beam than in most present collider experiments. Therefore we are pursuing a tracking 
configuration with precision measurements in both z and y, and with the large number of 
samples required for pattern recognition in high-multiplicity events. The proposed tracking 
chamber is based on ‘straw-tube’ technology. 

Straw Tubes 

Tracking chambers based on straw tubes have several advantages for this experiment: 

0 no massive mechanical supports are required; 
0 the small drift distance allows high rates; 
0 resolutions of better than 40 p m  can be achieved with pressurized straws; 
e the damage due to a broken wire is confined to its own tube. 

However, the support for the wire tension is distributed in the walls of the straws, which 
are a potentially large source of multiple scattering. The wall thickness must be reduced 
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substantially below that now in common use. For example, one published design" uses -one- 
atmosphere straws 7.0 mm in diameter with 85-pm aluminized-mylar walls. The multiple 
scattering from a double row of such tubes is approximately equident to  that from a 
silicon wafer, aad 40 such double rows (0.08 radiation lengths) unifody distributed in 
0.75 rn of IO-kG field would degrade momentum resolution to greater than 1%- 

DeSal~o'~ has proposed a design for an SSC central-tracking detector which is based on 
a large number of straws of 3.0-mm diameter and 3&pm wall thickness, prcssunzed t o 3 4  
atm. In addition to improving the resolution of the straws to 30-40 pm, the pressurization 
adds to the rigidity and dlows the reduction in diameter which leads to thinner walls. A 
"superlayer" of 8 rows of such tubes (fig. 10) contains only 3.4 x 10'' radiation Icngthb, 
resolves left-right ambiguities locally, and provides both a vector with 2-mrad pointing 
accuracy and an estimate of curvature. Eight such superlayers in 0.15 m of 10-kG fidd 
contribute only 0.6% to the momentum resolution due to multiple scattering. 

- :I . .  

fig. 10. A 'superlayer' ol8 rows ai straw tabes. - 
A conceptual design for the outer tracking chamber using such superlayers of straws * -  

is shown in figs. 5 (sec. 2) and 11. The silicon vertex detector is immediately surrounded 
by a superlayer of straws aligned pardel to the bearu (2) axis. In the central region (in 
which the track density is relatively low) nearly all straws are parallel to the magnetic 
field, taken to be dong the y axis. The coordinate (y) in the xion-bend plane is obtained 
from the superlayer of axial straws surrounding the silicon detector, and from resistive 
charge division in the wires. It is Likely that at least one additional superlayer of straws 
measuring the coordinate in the non-bend plane will be required to ensure unambiguous 
extrapolation into the silicon vertex detector. In the forward and backward directions 
(where track densities are higher) there are  alternating superlayers measuring coordinates 
in the bend (2 -2)  and nonbend ( y - r )  planes. Resolution of the stereo ambiguity would 
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Fig. 11. View dong the beam through the center section of the straw-tube tracking system. 

be accomplished by rotating a few of the non-bend superlayers to an intermediate stereo 
angle. 

'Ikacking Simulation - 
The next step in designing the tracking system is to conkont realistic simulated events 

- in thc detector with an actual track-finding algorithm, We must determine the number of 
samples and the number and kind of stereo information needed to establish unambiguous 
three-dimensional tracks, and to extrapolate reliably into the silicon vertex detector. Work 
on such a "genericn trackfinder is underway at Ohio State, and will form the basis for 
studies at Snowmass. This program is designed to deal with configurations of N superlayers 
of M samples each, provided o d y  that all detectors in a view are in the same rectangular 
coordinate system; it can find tracks of uniform curvature from an unspecified origin. On a 
longer timescale, a prototyping effort must be established to  show that  these very delicate 
straws can actually be built with the expected mechanical and electrical properties. 

4 
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6. Xkigger 

Goals 

The signature of a B meson which appears most suitable as a trigger for the Bottom 
Collider Detector is a rnoderat~-transversernornen~u~~i electron from a sedeptonic decay. 
As indicated in fig. 12 (based on an ISAJET'6 calculation) about 50% of semileptonic 
B decays yield an electron with PT > 1 GeV/c. The sedeptonic branching fraction is 
1290, andeither B of a B-B pair is suitable for triggering. Thus a trigger cut of PT > 1 
on electrons could yield a 12% triggering &cjency for B-8 pairs. If the efficiency of 
electron identification, including eventual o s n e  reconstruction of a secondary vertex for 
the B -.) ex decay, is 40% an overdl trigger &aeacy of 5% could be achieved. 

This is a formidable goal, as the electrons must be identified amidst a 5-MHz interac- 
tion rate yiilding a 500-MHz total rate of partides in the detector. The triggering scheme 
will be implemented in a multilevel processor. If we anticipate a trigger rate as high' as 
1 kHz the dead-time associated with the highest level should not be much more that 10 
ps. The difficulty in achieving this suggests that, as an alternative, B-candidate events be - 

pipelined for the duration of the highest-level processor. 

* 

Fig. 12. 
and luminosity loJ2 crn-'su-' . 

The rate of electrons per 2SO-MeV/c bin horn various sources in p p  collisions at & = 2 Tev 
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Sources of Electrons 

A summary of the rate of eltctrons h m  various sources as a function of transverse 
momentum is given in fig. 12. Prompt electrons derive from direct electronic bottom and 
charm decay, e*e' decays of vector mesons, and Dalitz decays o€ pseudosdar mesons- 
Fake dectron triggers will derive from misidentified r*%, including r*-xo overlaps. A hint 
of the severity of the fake-electron problem is given by the spectrum for x*, dso sketched 
in fig. 12. 

The present philosophy is to pass all prompt electrons to the software-event-proccssiq 
stage (supposing the fake electron triggers can be sufEciently suppressed). With a trigger 
cut of PT > 1 CeV/c a substantial kaction of the prompt electrons are from B decay, 
and there is no need to distinguish among the ViUjous sources of prompt electrons in the 
trigger. 

Misidentified Hadrons 

The rate of charged z's into the detector is about 300 MHz: 60 charged pions pet event 
times the 5-MHz interaction rate. Of these about 15 MHz have transverse momentum 
above 1 GeV/c and so are potential fake triggers if misidentified as electrons, The online 
It-e rejection must be greater than lo' to reduce fake electron triggers to a 'mere' 1 ItHt, 
Such rejection factors have been achieved in omne analyses but not yet at the trigger level. 

Three types of detectors wiU contribute to w e  separation: the transition radiation 
detectors, the RICH countcrs,.and the dectromagnetic calorimeter. We suppose that a 
two-layer system of tracking TRD's can yield a rejection factor of 20 online, and that the 
RICH counter yields a factor of 5. 

The dcxtromagnetic calorimeter is con5gurcd with its first two radiation lengths as 
an active preconvertn, in which a 'shower' of three charged particles must be detected for 
an electron candidate. If the calorimeter is d e  with tungsten plates the two radiation 
lengths correspond to 0.04 of an interaction length, providing an immediate rejection factor 
of 25. A comparison of the shower energy with tbe charged-track's momentum wiU be 
made; only interactions leading to ~*-d '  charge exchange will survive this EIP cut. AS 
such interactions comprise less than 5% of the total, the overall rejection factor from the 
electromagnetic calorimeter is greater than 500. 

The combined rejection factor from the three detector will then b+ 5 x lo', come- 
sponding to a trigger rate of 300/sec Gom misidentified hadrons. As mentioned above, the 
difficulty is to obtain this rejection factor online. 

Overlaps of T* and 7's from ~ ' " s  

A fake electron trigger is generated if the momentum of a charged pion matches the 
energy of a r0 whose shower overlaps the charged-pion track in the electron calorimeter. 
The TRD and RICH detector still provide rejection of the chatged pion, so the rate of' 
dangerous charged pions is 0.01 x 15 MHz = 150 kHz. Further rejection is obtained by 
spatially resolving the charged track Zrom the xo  shower in the electron calorimeter. 

A study of the overlap problem was made with the ISAJET Monte Carlo program. 
Initially, an 'overlap' was defined as a charged pion whose separation from a neutral pion 
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was 1Aqi < 0.1 and 11.141 < 0.2. It-was found that about 7% of charged pions *th 
PT > 1 GeV/c had such an overlap. These overlaps are dangerous only if the E / P  cut 
is also satisfied. Assuming the electron calorimeter has energy resolution for photons of 
UE = 0 . 1 5 a  the statistical significance of the E j P  cut in standard deviations is 

!E - pi 
0 . 1 5 a '  

S.D. = 

A cut rquiring a 20 separation of E of the no ftom the P of the nf yields a rejection 
factor of 15. The rate of overlaps satisfying the combined trigger cuts is then less than 1 
kHz. 

The definition of overlap used above is satisfied by a pair of pions whose separation 
is less than 10 cm at 1-rn radius kom the beamline. However, two particles should be 
resolmble in the electron calorimeter if their separation is only 1 cm, which would provide 
an extra rejection factor of 100. In this case the rate of fake electron triggers horn overlaps 
would drop to only 10 fiz. 

Daiitt decays and ?-Conversions in Matter 

The branching ftaction for the decay .cro --+ .. 7e+c- is 0.015, as if the vacuum is 0,007 
of a radiation length thick. Electrons from conversions of 7's in materid wil l  be more 
numerous than those from Dalitz decay if the photon has traversed more than 0.007 radi- 
ation lengths. For example, with a beam pipe whose waU is dOO-)rm-thick Be, or 0.001 of a 
radiation length, photons at angles of less than 1/7 to the beam are more likely to convert 
in the pipe than during the ro decay. 

Figure 12 shows that the rate of electrons from DaJitz decay with PT > 1 GeV/c is 
about 10 kHz at a Iuminosity of lo3' q11'~5ec'* . The rate of electrons from yconvdons 
in matter will be higher. Thus a rejection factor of order 100 is needed against these 
conversions. 

More study is needed as to how this rejection wiiI be achieved. Conversions outside 
the beam pipe can be suppressed by fast tracking all the way to the fmt silicon plane, 
Conversions in the pipe and Dalitz decays could be snppresed by a dE/& measurement 
in the first silicon pIane, but very large numbers of channels are involved. 

Electron Detection Efficiency 
- 

The ptoctss of electron identification inevitably causes some real electrons to be lost. 
Rough estimates of the various detection efficiencies are: 

- Fast tracking: 0.95 
- Preconvertor cut at 2 radiation lengths: 0.90 
- E / P  cut: 0.95 
- TRD cut: 0.90 
- RICH counter cut: 0.95 
- electron shower overlapped by another particle: 0.95 

The overall efficiency of electron identification might then be 0.62. Great care will be 
needed t o  achieve an efficiency this high? 
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7. Signal t o  Noise 

Here we consider three issues related to signal strength: flavor tagging, combinatoric 
backgrounds, and reconstruction efficiency 

Flavor Tagging 
Even when the electron trigger has successfully identified a B-B event there remains 

the question as to whether the ffavor of the B's can be properly detcrxnined. This is critical 
when the 'other' B decays to a mode accessible both to a B and B, as the flavor of the 
'trigger' B must be identified before the 'other' B can be used in the measurement of the 
CP-violating asymmetry, as discussed in sec, 1, 

If the trigger electron is from a direct decay of the form B 3 CX the sign of the 
electron determines the Bavor of the B, But if the ekxtron is from a D decay in the 
cascade B -., DX, I) - CY, the sign of the electron aaticonreistes with the flavor of the 
B. In the direct decays, B .-) eX, X indudes a D or D' most of the time. Hence the 
question of flavor tagging of the 'trigger' B is largely q u i d a t  to that of associating the 
trigger electron with the secondary B-decay vertex or with the tertiary D-decay vertex. We 
estimate that the electron can be properly associated with its vertex only. 40% of the timc, 
based on the studies described in sec. 5. This factor has been included in the estimates of 

In the case of the 'self-tagging' modes, B + f, where f # f, the trigger efIidency will 

- 

overall trigger efficiency given elsewhere in this report, . . ..- : 
. . '_ thus be 2.5 times higher. 

Comb'iatoric Backgrounds 
A B-mass peak could not be identiiicd against the continuum due to combinatonc 

backgrounds without the requirement that B-decay products have a significantly nonzero 
impact parameter with respect to the primary vertex. However, a smali &action of non- 
B-decay tracks will appear to come f o m  secondary vertices due to measurement errors- 
This problem is certainly most severe when attempting to find the decay Bo * %+%-. 

A study of minimum-bias events collected by CDF at 4 = 1.8 TeV indicates that 
the number of eveots in the R+Z- continuum mass.spectrum in a 120-McV/cz i n t e d  
around the B mass is roughly IO3 times the number of B + x+x' decays, assuming a. 
branching fraction of lo-' for this decay. Thus to obtain a 1O:l signal to noise in the mass 
spectrum after applying the impact parameter cut, each pion track must have less than 
0.01 probability of being wrongly associated with a secondary vertex. Existing fixed-target 
experimenis have achieved better rejection of tracks &om the primary vertex than this- 
We anticipate that the demonstrated noise rejection of the silicon vertex detector wiU be 
available to the Bottom Collider Detector. 

Reconstruct ion Efficiency 
0 Geometrical acceptance = 0.9 
0 Track reconstruction efficiency = 0.95 
0 Vertex reconstruction efficiency = 0.4 
4 Particle identification efficiency = 0.9 
0 Overall B-decay reconstruction efficiency = 0.32 



8. Data Acquisition 

Overview 

In order to harvest the 10" B-B pairs produced in the Bottom Collider Detector 
all events that satisfy the electron trigger should continue through the data acquisition 
system for further analysis. System architectures appropriate for data acquisition in this 
experiment have been considered in detail at the Workshop on High Sensitivity Beauty 
Physics at Fermilab."~" 

We antiagate an event size commensurate with the size and complexity of this detec- 
tor. Due to the large number of detector dements and channels, zero suppression will be 
required and thus the recotding of addresses as well as hit in€ormation wil l  be necesssry. 
An estimate of the event record size is lo5 bytes per event, supposing each of the 100 
particles per typical event is sampled by 100 detector element with 10 bytes of information 
per sample. Tbe total trigger rate of events emerging from the online processors is about 
1-2 kHz, including the expected rate of 500 B-B pairs per second and about 1 kHz b m  
other prompt electron sources. This gives a net information transfer rate of up to 200 
Mbytes per second. 

- . -  

Recording Devices 

Contemporary data-acquisition systems using parallel transfer to multiple video cas- 
settes, such as that proposed in E-791 at F d a b ,  will record about 8 Mbytes/sec to this 
permanent medium, Based on this, recording 100-200 Mbytes/sec to a permanent stor- 
age medium is not a s  unreasonable god for an experiment planned for 5 years from now. 
Steve Btackcr has pointed out that tape systems developed and in use by the Haystack 
Observatory of the astronomy department at MIT presently record 100 MBytes/sec. This 
custom system is s e r e d  years from bung useful for high-energy-physics experiments but 
nevertheless indicates the state of the art. In addition, we are considering the viability of 
rejecting the other sources of prompt electrons using software flters as a futher reduction 
in rate to permanent storage. 

For the near future, it will be necessary for this group to become involved with I&* 
ratory efforts to develop high-rate data-acquisition systems. Discussions with such experts 
as E. Barsotti, C. Swoboda, and S. Brasicer are underway. W e  anticipate that this exper- 
iment will benefit greatly from the rapid evolution presently occuring in data-acquistion 
technology. In addition, the introduction of RISC processors suggest that large increases 
in online computing can be expected in the next several years. 

We conclude that although the needs of the Bottom Collider Detector are very de- 
manding, the data-acquisition system can be designed and built in the next few years. 

.. 

.- 
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9. Summary 

We s u m m a x i ~ t  here the accomplishments of the B Collidcr Study Group towards a 
t d s t i c  proposal for an experiment to study CP violation in the 8-B system at a hadron 
collider, and sketch the directions for continuing study. 

Accomplishments 

Merging of the two eaflier proposals for B colIider  detector^^*^ into a single concept 

e Setting of overall goals of the experiment: 
based on a central dipole magnet. 

- Production of B-8 pairs; 
- Reconstruction and partide identification only of charged tracks from B decay; 
- lo5 reconstructed decays for charged-particle modes with a branching fraction of 

- 5u evidence for a CP-violating asymmetry of 0.1 in such a decay mode. 
104 ; 

e Identification of d e r a t o r  puformance goals vital to the succe~s of the B-coEder 
experiment: 
- An average luminosity of order 10j2 ~ m - ~ s e c ' ~  9 

- A short (< 10 cm) interaction region; 
- Compensation magnets to counteract the cf€cct of the dipole magnet on the 

beams. 
e Speaiication of the overall architecture of the experiment; 

- Central detector inside the gap of the dipole magnet, plus forward and backward 
arms for tracks below 35" - Sicon vertex chamber 

- Straw-tube tracking system 
- Partide identification via liquid and gas RICH counters, TRD's and electron 

calorimetry, with muon identification in the forward/backward arms 
0 Identification of performance goals for a silicon vertex chamber: - Innermost detector elements at a radius of 1.5 cm &om the beam; - Use of double-side, 200-~m-thick silicon to minimize multiple scattering; 

- Need to measure tracks with 45" incidence to the detector plank - Nttd for reliable noise performance of 1000 electrons, 
0 Scenario of a tracking chamber system based on straw-tube technology. 
e Statement of a triggering scheme based on electrons of PT > 1 GeV/c fiom the decay 

B 3 ex. 
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Work to Do 

Topics which will be under consideration at the Snowmass Wor-shop indude: 

e Experimental Signal 
- Flavor taging 
- Self tagged modes 
- Time development of mixing 

e Accelerator Liaison 
0 Design of the dipole magnet 
0 Simulation of the vertex detector - Effect of high event multiplicity - Use of latge clusters of hits - Effects of noise, signal fluctuations, &rays 

- Silicon-strip architecture 
- Readout electronics, cabling 
- Alternatives based on pixel devices 

0 Design of the central tracking system - Charge division vs pad readout 
- Development of very thin-wall tubes - Effect of scattering in the tube-end material 

- Vertex-hding - Track-finding 
- Overlapping events - Fast tracking algorithm at trigger level 

0 RICH counters, liquid vs solid - ?r-K-p separation of3ine 
- e-x separation online 

Transition radiation detectors 
- 3D tracking in the trigger 
- backgrounds at small angles 

- Type: warm vs cold; total absorption FS sampling 
- Segment ation: preconvert er, pos t-calorimeter 

0 Eardware design of the vertex detector 

e.  Pattern recognition in the tracking system 

0 Electromagnetic calorimeter 

Forward muon detection 
0 Triggering 

- Electron trigger scenario, efficiency, background, hardware implementation 
- Other triggers: p, K, secondary vertex, etc. 

0 Front-end elecrronics 
0 Data acquisition 
0 Online procasing 
0 Staging and time scale of the experiment 
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Abstract 

We propose a program of research and development into the detector systems needed 
for a B-physics experiment at the Fermilab pp Collider. The initid emphasis is on the 
critical issues of vertexing, tracking, and data acquisition in the high-multiplicity, high-rate 
collider environment. R&D for the particle-identification systems (RICH counters, TRD’s, 
and EM calorimeter) will be covered in a subsequent proposal. To help focus our efforts 
in a timely manner, we propose the first phase of the R&D should culminate in a system 
test at the CO collider intersect during the 1990-199I run: a s m d  fraction of the eventual 
vertex detector would be used to demonstrate that secondary-decay vertices can be found 
at a hadron collider. The proposed budget for the R&D program is $800k in 1989, $1.5M 
in 1990, and $1.6M in 1991. 
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1 Introduction 
We have recently submitted a Letter of Intent[’) to inaugurate a study of B physics at the 
Tevatron coEder with the god of observing the strongest signals for CP violation in the 
B-B system. This experiment combines a rich physics program for the 1990’s with the 
opportunity for development of detector technoiogy needed in the SSC era. The progrsm 
is ambitious and is not a direct extension of any existing experimeat. We propose here to 
begin research and development of several critical detector systems as a means of dedicating 
our efforts towards the 8-physics program prior to the approval of the full experhen$. 

One B-B pair is produced kt every 1000 hkractions at the Tevatron diderT@A while 
each interaction produces about 60 ‘background’ partides. To extract the B mesons from 
this background we will employ two techniques: reconstruction of a secondary decay vertex 
for the B’s (whose lifetime, CT, is 360 p d 4 I ) ,  and reconstruction of the invariant mass of 
the products of B decay into d-charged final states. In recent years, the deveiopmept 
of silicon vertex detectors has permitted hadronic fixed-target experiments to compete 
favorably with ef e’ d iders  in the study of charmed mesons. We propose to demonstrate 
that silicon vertex detectors are also appropriate for a hadron collider. 

decay 
modes of the B mesons; some IO8 rcconstructiile B’s wiU be needed to establish the 4 
fect ~IeSrfy.[~] Hence the experiment must be performed with a reasonably high coIIision 
rate, and we adopt C = 6 x LO3’ ~ m - ~ s e c ‘ ’  as the detector-design luminosity. This corre- 
sponds to an event rate of 2.5 ME, and requires the experisnext to have a very high rate 
data-acqusition system by present standards. We propose to develop a data-acquisitian 
architecture based mound a ‘barrel switch’ that can b d d  lo6 complete events per second, 
which events are then processed in a large ‘famn’ of numeric processors before archid 

The issues of vertex detection and data acqnisition are the most critical for B physics 
at a hadron coEder, and are emphasized in the present R&D proposal, A discussion of the 
technical issues to be studied is given in section 2, which indudes a number of secondary 
items to be covered by the present proposal, as d as ixnportant items beyond the scope 
of the initial effort. Schedules and costs are presented in section 3, with the rough scenario 
that 1989 is devoted primarily to bench tests with a budget of $0.8M, leading to tests 
of individual devices in an external beam in 1990 with a budget of $1.5M, followed by a 
system test in 1991 at the CO intersect with a budget of $1.6M. 

CP violation is expected to manifest itself prominently only in rare (I’ N 

storage of at most IO3 events per second. -. 



2 Issues for Research and Development 
The current vision of the Bottom Collider Detector is shown in fig. 1. The detector is 
comprised of 5 detector systems, plus the electronics for data acquisition. In this section 
we outline the technical issues related to these systems thag zequire study, as w d  as s d  
issues of the impact of the experiment on the accdcrator operation. 

While some discussion is given of R&D for the particle-identification systems (the RICH 
counters, the TRD’s, and the EM catorimetu), work on this is not part of the initial 
proposal detailed in section 3. Our p h  in this area should become much more wdl- 
defined foUowing the upcoming Symposium on Particle Iddifi&ion at High Luminosity 
Hadron Collides, organized by 3. M o h  and to be held at Fennilab on April $7,1989. 

The present detector design is based on the assumption that the Tevstron collider 
will operate with 44 bunches with a spacing of 21 rf buckets, so the time between bun& 
crossings is 400 nsec. 

Bottom Coilider Detector 

..... 

v 
c 

Figure 1: Overview of the Bottom Collider Detector. 

2.1 Dipole Magnet 
Reconstruction of B-decays requires magnetic analysis. The kinematics of B production 
and decay at the Tevatron collider indicate the need for coverage for particies primarily 



with PT < 5 GeV/c and pseudorapidity -4 < 77 < 4 (lab angles 2 O  < B < 178'). A dipole 
magnet with field transverse to the colliding beams is the best configuration, and provides 
good accuracy for high-momentum tracks in the forward and backward directions, at the 
expense of a small loss in useful solid angle around the direction of the magnetic field. 
This 'dead' region will be useful for cable paths out from the intezior of the detector. 

The magnet should have a field integrai of J B d l a  3 Tesbm out from the interactbn 
point dong the beam direction, and an integral of 0.6 Tesla-m outwards transversely to 
the beams. The central-detector systems should be entirely witbin the magnet (there is no 
hadron calorimeter), while in the forward/backwsrd directions the particleidentification 
systems can be outside the field volume. 

A magnet with circular pole tips (such as a cyclotron magnet) meets these requirements, 
while providing a field with circular symmetry to simplify the track-finding algorthm. Such 
a magnet is rda t idy  open in both the forward and sideways directions, permitting great 
flexibility in co&uring the detectors. 

Design studies for such a magnet have been initiated at Fermilab by R Wands and A. 
Wehmann, and should be continued. A magnet with pole tips 4 m in diameter and with. 
a 4-m gap wouid weigh 2500 tons. With a central field of about 1 Tesla the stored eperg~ 
is 100 d o d e .  Superconducting coils are needed to keep the operational cost down, and 
represent the major design issue. A scenario to recycle the Livermore Magnetic Fusion Test . 
Facility coils could be pursued, but an engineering study is needed to determine whether. 
this option wodd be cost effective. 

2.2 Silicon Vertex Detector -. . . .  

At a hadron C O U ~ ~ ,  the intersection region is typically teas of centimeters long, and tracks 
of interest emanate in all directions &om this line source. Thus the geometry of tracking 
is much more complicated than in a ked-target experiment, where most tracks of interest 
have near-normal incidence on detector planes in the forward direction. Further, to obtain 
good reliability for &ding secondary vertices, the vertex detector must provide all three 
coordinates of each intercept of a track with a detector plane. In the future this may be 
best accomplished with pixel detectors, but at present we are exploring the use of silicon 
strip detectors each with two strip orientations. 

Because the collider intersection region is extended, the only practical arrangements of 
silicon detector planes aze those in which some partides must be observed at angles up 
to 45' incidence. This leads to mechanical and electronic sp&cations somewhat beyond 
presently achieved dues.  The present proposal is to develop the technology to meet these 
specifications. 

Silicon detectors have reduced sensitivity for tracks with large angles of incidence. We 
currently plan to use silicon strip detectors with 5epm strip width, ZOO-pm thickness, and 
double-sided readout (a.c. coupled). A minisnun-ionizing partide creates 80 electron-hole 
pairs per p m  of silicon traversed, so the signal is 16,000 electrons at normal incidence, 5600 
electrons per strip at 45" incidence, and only 4000 electrons at grazing incidence. We are 
setting a goal of an r.m.s. noise level of 600 electrons in the preamplifier, so that tracks 



of less than 45" incidence will have better than 9:l signa-to-noise. The preamplifiers are 
to be implemented in VLSI technology and bonded directly to the silicon detectors. The 
R&D program to produce such amplifiers is h e a d y  underway, and is elaborated upon in 
section 2.9 below. 

The mechanical configuration of the silicon planes is sketched in fig. 2. Tracks with 
angles less than 45' to the beams are to be observed in detectors oriented perpendic* to 
the beams, which are cded disks. Tracks with aagies between 4S0 aad 135" to the beams 
are to be observed in detectors arranged in barrels around the beams. 

R R P i  blT 
C C N T R A L  S P A C E D  

BARRELS 

Figure 2: A section through the silicon vertex detector including the 
beam axis. In this view the disks are vertical and the barreis are 
horizontal. 

If the intersection region were a point, there wouid be no overlap in the solid angle 
covered by the disks and barreis. But for a finite interaction length these two detector 
types must be interspersed, leading to si&cant mechanical complexity, especially for the 
cooling of the pre-puers mounted on the silicon detectors. 

In principle, each particle might pass through so many silicon detectors that the en- 
tire task of tracking codd be accomplished with the resulting signals (although multiple 
scattering in the silicon would limit the accuracy). However, the cost of this is deemed 
prohibitive at present, and we plan for a configuration in which each particle penetrates at 
least 3 silicon detectors (each providing an z-y-z space point) at an angie of incidence less 

4 



than 45'. Even so the number of silicon strips is roughiy 2 x los + (10' x interaction length 
in meters). The task of pattern recognition of the tracks must be accomplished in the 
tracking system described in the next sectioa; the silicon detectors provided an accurate 
measurement of the track segments in the vicinity of the beams. 

Doublesided silicon detectors only 200-pm thick are used to reduce the multiple scat- 
tering in the detectors. The barrel detectors intermingle with the centrd disks to form 
a dosed, Iayertd structure. Penetrations must be provided for signal readout, and for 
cooling of the preamplifiers. This leads to a nontrivial mecbanicd structure which requires 
immediate study. 

Figure 3: Sketch of a model built to study the assembly of the silicon 
vertex detector. 

Two sets of models have been built to help characterize a suitable arrangement of the 
detectors into a largely self-supporting structure. These first steps must now be followed 
by more realistic models, eventually made of silicon, which include heat sources simuiating 
the anticipated load of 2 mWatt per strip (about 2000 Watt for the whole silicon vertex 
detector). 

If the detector is to be gas cooled a flow of order 100 c h  is needed, which flow must 
be channeled into the inaccessible interior of the detector without inducing vibrations. A 
scheme in which the disks of the centrd silicon detector are only p a r t i d y  implemented in 
azimuth is under study. An alternative scheme involving local cooling of the preamplifiers 



by liquid in small tubes is also under consideration. 
The individual silicon detectors wi l l  be assembled into the overd structure via s m d  

channels of beryllium or kevlar, machined to a few p m  accuracy, and glued to the silicon at 
a minimum number of points. The detectors may need to be cradled in an exterior trough 
to counteract sagsing over its 1-m length, and to provided means of alignment of the vertex 
detector with the exterior tracking system. Figure 3 shows a preliminary conception of 
the assembly that was the basis for one of the models, and which revealed the need for 
continued evolution of the design. 

The silicon vertex detector will be operated in the 1-Telsa dipole magnetic field. The 
effect of the Lorentz force on the drift of the signal electrons must be characterized for 
each of the several orientation of strips relative to the magnetic field. 

* 

2.3 Straw-Tube Tracking System 
The outer tracking system must reconstruct charged-particle tracks unambiguously in 
three-dimensional space and extrapolate them into the silicon vertex detector, which func- 
tions as a vernier. The tracking system must measure the particles’ momenta to &I% in 
the dipole field of about 1 Tesla, and cannot have massive support structures such as end 
plates that would interfere with the particle identadion systems which surround it. The 
tracking system should be configured so that a fast measure of the particles’ PT could be 
obtained for triggering. 

The requirements of Iow-mass devices with high spatial resolution s e e m  weU met with 
straw-tube technology. A possible layout of some 2 x lo5 pressurized straws is shown in 
fig. 4. The tubes a ~ c  codgared in ‘superlayer’ modules comprised of 8 layers of tubes each. 
Each track should pass through at least 8 superlayers, yielding a minimum of 64 measure- 
ments per track. With a tube diameter of 3 mm and a gas pressure of 4 atmospheres, a 
spatial resolution of 50 pm per hit should be achieved. To minimize muitiple scattering in 
the walls of the tubes it is advantageous to use tubes of only 30-pm thickness, half of that 
achieved to date. 

The straw-tube systems will bear the primary burden of pattern recognition for partide 
tracks. Further study is needed to confirm that our configuration of the straws has sufficient 
stereo-matching capability. We are exploring the possibiiity that ‘neural-net’ hatdware 
processors might be developed which associate vector track segments with the patterns 
in each superlayer for use in the trigger. The front-end electronics €or the straw tubes 
are relatively modest extrapolations of present designs, as discussed more in section 2.9.2 
below. 

A hardware R&D program for straw tubes should be initiated in the near future. We 
must determine whether thin-walled straws can be manufactured, and determine their 
mechanical stability under pressurized operation. Low-mass end plug must be developed 
with gas and electrical feed througk. Spacers may need to be inserted into the longest 
straws, whose length might be 2 m. The effect of high rahiation dose on the chamber 
gas must be studied along with the more usual aspects of optimizing the gas mixture. 
Assembly and alignment schemes are to be specified and tested. A lengthy scenario for 
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smott-onqte tracts 

Figure 4: Plan view through the median plane of one quadrant of the 
tr&g system, showing the configuration of the straw-tube ‘super- 
layers’ and the silicon strip detectors. The dipole-magnet field and 
the wires in the z straws are perpendicular to the page. . ’ 

- -  

. -  A . .  straw-tube development has been given by DeSdvo.@f . - . .  

2.4 Ring Imaging Cerenkov Counters 
_ .  .: 

Identification of hadrons in the Bottom Collidcr Detector will be accomplished primarily 
with RICH counters, supplemented by a time-of-flight system in the central region. The 
goal is to provide flavor tagging for all hadrons of transverse momenta less than 5 GeV/c. 
This could be done with RICH counters with a liquid radiator in the central region, and gas 
+ liquid radiators in the forward/backward directions. The desired ranges of momentum 
coverage art summarized in table 1. 

The space a d a b l e  for the RICH counters persnits a thickness of approximately 25 cm 
for the liquid-radiator counters, and 1 m for the gas-radiator counters. Complete coverage 
of the momentum ranges given in table 1 would require a position resolution of about 1 mm 
for detection of the Cerenkov photons. This implies the need for about IO7 detector pixel 
elements. Readout electronics suitable for such large-scale implementation are currently 
being designed at the Rutherford Laborat~ry.;~] 



P (GeV/c) Y at P’( GeV/c) 7 at 
at = 2 P = 8 GeV/c at = 17 P = 120 GeV/c 

x 0.3 56 2.5 840 
K 1 16 8.5 240 
P 2 8 17 120 - 

Table 1: Ranges of momenta and 7 which shotdd be covered by the RICH counters. 
for liquid CeFll, and rt = 17 for gaseous CsFI2. 

= 2 

The detector €or the UV Cerenkov photons needs R&D. The issue is complicated by 
the use of a liquid radiator, which absorbs photons of energy great- than 7 eV. These 
photons are to be detected in a photosensitive gas, such as TMAE, and the ionization 
electrons observed via the signals induced on cathode pads of a multiwire chamber. The 
drift velocity for the photoelectron is about 15 nsec/mm, so if the signal width is desired 
to be, say, at most 200 nsec, the active depth of the photodetector must be only 6 mm. 
However, the absorption depth for TMAE at room temperature is about 2 cm, so only 
30% efficiency could be achieved within the desired time window, unless the TMAE is 
heated. There is a clear need for a ‘designer molecule’ whose photoionization properties 
are better matched to the experimental requirements. Some progress in this direction has 
been recently achieved by Ypsilantis in collaboration with a chemist, Alas Katzrik of the 

Another ptoblem which must be faced in a collider experiment is the large signals 
due to chatged particles passing through the detector gas. The partial pressure of the 
photosensitive gas is only a few Torr, so operation at atmospheric pressure is obtained by 
adding a buffer-gas mixture such as argon-isobutane-methane. About ten times as many 
electrons arc ionized directly by a charged particle as are io&d by the 6erenkov photons. 
With a high gas gain to observe the Cerenkov signal, there is risk of discharges due to the 
minimum-ionizing ‘background.’ A possible solution is to operate the photodetector at only 
a few-Torr pressure, which nearly eliminates the signal fiom minimum-ionizing particles, 
and actually improves the gas gain. However, considerable developement is needed on the 
mechanical cofiguration of a lage-area, low-pressure detector. 

. 

U.ofFioridam - _.,. < -  

2.5 Transition Radiation Detectors 
While evidence for CP violation in B decays will likely come p r i m d y  from measurement 
of asymmetries in all-charged decay modes, it is important to tag semiteptonic modes, 
B 3 e v X ,  as weU The best modes for observation of CP violation are those where the 
find state f is a CP eigenstate, so the particle/antiparticle character of the parent B cannot 
be detennined from measurement of this decay alone; the second B of the produced B-8 
pair must be tagged. This leads to the need for electron identification systems, comprised 
of TRD’s and electromagnetic calorimeter. 



Of all the technologies to be used in the BCD, the TB.D’s are the most well-developed at 
present.[$ However, it will be advantageous to use next-generation thin-sampling detectors,(la 
in which some 30 detectors each 1.5-cm thick yield better pion rejection than the 15- 
cm-thick devices currently in use. An o n h e  rejection of 1OO:l  against pions shodd be 
achievable, presuming some processing of the 30 samples per track. 

The BCD requires about 60 m2 of TRD’s. I€ the size of the cathode readout pad is 
taken as 1 an2, there are 6 x lo6 pads per layer of TRD. Thus a 30 layer system of this 
granularity has about 2 x 10’ readout elements, W e  the cost of VLSI electronics in such 
numbers is not excessive, the question of mechanical costs of mounting these chips on a 
low-density board must be explored. 

2.6 Electromagnetic Calorimeter 
The calorimeter functions primarily to aid in electron identification, rather than providing 
a precision energy measurement. As such, position resolution is more critical. We thus 
have the option to use a sampling calorimeter (as opposed to total absorption in BGO or 
lead glass, etc,). 

The calorimeter should have tower geometry, with three longitudinal sampkgs per 
tower. This featare shodd pennit an online rejection factor of several hundred for charged 
R’S, The transverse size of the towers should be sduent  that the energy measurement 
is of only a single particle with 99% probability, leading to a tower count of lo4 given an 
average multiplicity of 100. A position-sensitive detector will be p W  between the fkst 
and second layersof each tower to reject overlaps of a charged pion with a photon from 
TO decay. For this a two-track resolution of about 1 cm is desirable. 

Of the tedmoiogies available for calorimetry, liquid argon appears the most satisfactory 
in terms of pcdomance, but is cumbersome to impiemtnt in a 4n experiment. A wamn- 
liquid system could be advantageous if perfected. A caorimeter with scintillator as the 
sampling medium is adequate, if the diiliculty of an optical readout in a magnetic field can 
be solved. 

A speculative option is to read out the scintillating fibers of a ‘spaghetti’ calorimeter 
with to-be-developed devices cded ‘silicon phototubes.’ In these, a small photodiode has 
a silicon pixel detector as its anode, which is bonded to a low-noise amplifier inside the 
vacuum. About 300 electrons would be liberated per photoelectron per 1000 volts across 
the diode. For a small pixel size the noise could be held to perhaps 500 electrons, SO with 
a 3-keV voltage, the noise level is 0.5 photoelectrons. The silicon phototubes might have 
cathode areas of 1 cmz, matched to a 2 x 2 cm2 segment of the spahghetti calorimeter, 
assuming 25% coverage by area with the scintillating fibers. Because they are photodiodes 
with a s m d  gap, the silicon phototubes are relatively insensitive to magnetic fields. A 
possible drawback is that the anode is sensitive to charged particles which pass through it, 
each such giving a signal equivalent to one photoelectron, It would require a large R&D 
program in cooperation with an interested vendor, perhaps Burle Industries, to develop 
the silicon phototube. 



2.7 Signal-Processing Architecture 
Because the B experiment is based on reconstruction of all soft charged tracks, a large 
amount of data is produced by each event. Each of 60 tracks will be sampled approximately 
100 times for a total of about 6000 words per event. A word will typicdy consist of 4 
address bytes and one data byte, for a total of 30,000 bytes per event. The detector is to 
operate at event rates of up to 2.5 MHz, so the potential data rate is 75 gigabytes/sec. 

By utilizing the technology of modem telephone switches we can process this high data 
rate in 3 levels, as illustrated in fig. 5: 
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Figure 5: Schematic of the signal-processing architecture. 

0 A fast trigger reduces the event rate by a factor of 25, for a maximum of 100 kHz 
of surviving events. The fast trigger is based on analog signal pr0CtS~kg; d trigger 
decisions based on numefical calculations are to be deferred to the second level. 

0 A 'barrel switch' organizes that data from up to IOs events/sec into individual event 
records, which are fed to a farm of perhaps 10,000 numeric processors. Each processor 
is about 50 VAX-780 equivalents, and must make a second-level trigger decision in 
0.1 sec, with a desired reduction in the event rate of roo. 

0 The remaining event rate of up to 1 kHz is archived to some storage meciium such as 
video cassette, or perhaps the new technology of 'digital paper.' The archival data 
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rate is theu about 30 Mbytes/sec, which woulil require 120 present-day Ekabyte 
cassette drives. The archived events would later be analyzed on the processor farm, 
whose combined processing power is about 0.5 TIPS (0.5 x 10l2 instructions per 
second). 

In the next three subsections we discuss issues relating to the fast trigger, the f r o n t 4  
electronics, and the data-acquisition system. 

2.8 Fast Trigger 
As discussed in our Letter of Intent$'] two kinds of fast triggers are under consideratioa 
for the Bottom Collider Detector: 

0 A topology trigger which is satisfied whenever n or more tracks in an event have 
PT above a cut value. For n = I the cut might be 3 GeV/c, while for n = 2 the cat 
could be at 2 GeV/c. Either could yield a f'actor of 25 reduction in the event rate 
according to preliminary Monte Carlo simulations. This trigger would be based on 
fast tracking, and could use coarse-grained position inforxxzation from pad chambm 
(i.e., the first and last pad layers of the TRD's) as wedl as sign& from the straw-tube 

' tracckingsystem, 

- kr addition, the fast-tracking system must have precise (a =tl cm) z-coordinrrte 
information within a few hundred nsec after a collision, This component of the 
fast trigger would be provided by a scintillating-fiber tracking system located 
several meters upstream and downstream of the interaction region. One en- 
couraging design consists of 4 identical 9-plane arrays of fibers positioned to 
cover the rapidity range from 4 to 6. Each detector plane consists of 200 fib- 
oriented in the nonbend piane. 

0 An electron trigger with a minimum-P~ cut of about 1 GeV/c. Since each event 
will have about three charged pions with PT > 1 GeV/c, an online pion rejection 
of greater than 75:1 is needed to reduce the event rate by the desired factor of 25. 
This should be achievable using signals from the TRD's, and from the longitudindy 
segmented electromagnetic calorimeter. 

Thus the fast trigger will be derived primarily from signals in the outer layers of the 
detector, but the design shouid preserve an option to incorporate signals from the inner 
tracking systems as well. This may be particuiazly important for rejection of electrons 
from photon conversions. 

Continued study of the trigger scheme is needed, with emphasis in the near term on 
computer simulations. 



2.9 Front-End Electronics r 

The front-end electronics d be in the form of custom, very-large-scale integrated (VLSI) 
circuits, permitting low-cost and low-power readout of the large number of detector de- 
ments of the Bottom Collider Detector. All of the various chips proposed here are straight- 
forward extrapolations or reconfigurations of presently a d a b l e  devices, although they wiil 
necessarily be ‘state-of-the-art’ devices. 

The experience of a number of high-energy-physics groups has shown that such chips 
can be successfully developed by a small number of peopie, but that turn-around times 
with the silicon foundries dictates a time scale of perhaps two years per chip. Resistasce 
to radiation damage is of particular interest to us, and wi l l  require additional studies best 
performed once the chips are electronically operational. 

For running of the Bottom Collider Detector at the Tevatron collider we take the 
bunch crossing time to be 400 nsec (compared to 16 nsec at the SSC). Hence any sigxtais 
not requiring a fast timing pulse can be shaped to a full width of 400 nsec. This permits 
the use of low-power CMOS technology for most chips. The notable exception is the 
preampEer for the straw tubes, which must use Bipolar technology to provide a time 
resolution of 0.5 mec, corresponding to the desired 50-pm spatial resolution. 

While the detector will have a channel count in excess of lo1, ody about lo4 chauuds 
wiU be struck during an event of interest. The kont-end electronics must include functions 
to spar* the data, outputting only addrcsses,.and digitized data for the struck channels. 
Further, the data must be stored at its source until the fast trigger is formed, perhaps as 
long as 6 psec, before passing it on to the data-acquisition system. 

The flow of data out of the detector should be on fiber-optic cables whose higher rate 
capability d minimize the number of physical cables. This requires a class of d a b  
collection chips on the detector which format and buEer the data before transmission off 
the detector. 

The front-end electronics for the various detector systems will be designed with the 
maximum of commodty. Efforts will begin on chips for the silicon strip detectors. Only 
the straw-tube chambers will require dedronics with considerably different features. 

2.9.1 Silicon Strip kont-End EIectronics 

From the considerations outlined in section 2.2, we have arrived at the following specifica- 
tions for the front-end chip (designated the BVX) for the silicon strip detectors: 

1.25-pm CMOS technology. 

0 Power consumption: 1 mWatt/channel. 

0 R.ms. noise < 600 electrons. 

0 Signal shaped to 400-nsec full width at base. 

e Adjustable discriminator threshold in the range 3000-6000 electrons, with option for 
a second discriminator threshold. 



On-chip storage of the analog signals for about 6 psec = 16 bunch crossings. 

e Six-bit ADC for signah above threshold, with digitization beginning only if the fast 
trigger is satisfied. 

e Sparsifid readout of the 128 channels which make up a physical BVX chip. 

Individual channel electronics sized for the 50-pm strip pitch of the silicon detectors. 

Radiation hardness to 100 had, the expected yearly dose at 1 cm from the beam at 
a hminosity of XP crn-’sec-’. 

These spdcations are sli ti beyond those met by the current genexktion of chips, 
such as the MPI CAMEX) ‘-6 the LBL Svx[131 and the RAL MXI.[141 However, the 
relatively long bunch crossing time at the Tevatron, 400 nsec, should permit the sttingent 
noise rcquirtmtnt to be met. Also, we plan to use a.c. coupiing to the amplifiers, which 
renders them largely immune to leakage current, and eliminates the need for quadruple- 
correlated sampling. 

-D+iHHt---- PreSmO sh8prt levrl 1 stotsga 

level 2 storage 

Figure 6: Block diagram of one channel of the BVX readout chip for 
the siticon strip detectors. 

A block diagram of one channel on the BVX chip is shown in fig. 6. 
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Tracks with angle of incidence greater than 45' present an additiond problem for the 
readout. Such tracks may deposit signals of greater than 4000 electrons into a large number 
of contiguous strips, called here a cluster. It is not necessary that these signah be processed 
further, because the silicon is arranged so that all tracks strike at least three detector at 
angles of incidence less than 45'. However, signals as low as 5600 electrons, due to tracks 
at exactly 45' incidence, must be kept. Because the r.m.s. noise is a substantial &action 
of the dif€exence between 5600 and 4000 electrons, it is dangerous to set a threshold in this 
region; because of noise Buctuactions the cluster of struck strips would be processed as a 
number of isolated hits, filling the event records with useless data. 

If would be preferable if there were an on-chip capability to sense the number of con- 
tiguous struck strips above a threshold of, say, 4000 electrons, and suppress the readout of 
the entire cluster (or entire chip!) if more than 6 contiguous strips were struck. 

The BVX chips are to be bonded directly to the silicon wafers, without requiring a dead 
space near the readout end of the wafer. Figure 7 sketches how this might be accomplished 
with a tabbonding technique. 

P R  -& 

Figure 7: Possible scheme for bonding the BVX readout chips to the 
silicon strip detectors. 

If there are lo* silicon strips serviced by the 128-channel BVX chips, then about 10' 
of the latter are requited. If separate data lines emerge to the outside world from each 
BVX chi;, the cabling probIern would be severe. However, the average occupancy of a BJX 



ckip should be less than one channei per event (if disters of greater than six strips can 
be suppressed). It will be advantageous to route the signals from 10 to 100 neighbohg 
BVX chips into a ‘data couection’ chip, which further buffers the data until the data- 
acquisition system is ready to receive it. Details of the data-collection architecture need 
further specification; this architecture should be suitable for collection of signals from ail 
systems of the Bottom Collider Detector. 

2.9.2 Straw-Tube Electronics 

The high spatial resolution of the straw tubes is obtained by measuring the time of a n i d  
of the first ionization electron. A resolution of 50 pm requires a timing accuracy of 0.5 
nsec. Hence the preamplifiers for the straw tubes must be fast devices even though the 
event rate is at most 2.5 MHz. The speed requirement dicates the use of Bipolar technology 
for the integrated circuits, at the expense of a heat load of about 15 mWatt per channcL 
Cooling the low density of straw-tube preamps is, however, a straigthforward matter. Once 
the electron-arrival time has been converted to a voltage, the rest of the signal processing 
(trigger dday and digitization) can be performdin CMOS circuitry very similar to that 
on the BVX cbip 

The block diagram of the proposed Bipoiar/CMOS chip is shown in fig. 8, which closely 
follows the so-called TVC chip set developed at U. Penn for the S S d 5 1  The Bipolar 
amplifier/shaper/discriminator of the TVC could be used directly, and the CMOS analog 
store codd be used but with a slower clock, typically 5-10 MHz. 

The system would consist of the Bipolar preamp/shaper/discrixxinator followed by the 
CMOS analog-store/ADC/readout-control chip. The Bipolar chip wiU have four c h d  
and the CMOS chip will have 8 channels. In addition the system would need a d a b  
collection chip (digital CMOS), similar to that for the silicon strip electronics, for every 
8-32 front-end chips. Total power costs would be about 20 mW perchanoel, 

A possible arrangement wouid have a thin printed-circuit board mounted on the ends of 
a group of 128 straws, with 32 Bipolar chips, 16 CMOS TVC chips, and one data-collection 
chip, in addition to discharge protection and bypass and coupling capacitors for the straws. 
The cost would be about $2-3 for ihe Bipolar chip/channel, $1-2 for CMOS, $0.25 for the’ 
data chip and $0.50 for mounting, for a total of < $6/chael .  

It will be useful to include segment-finding electronics for some of the straw-tube SU- 
perlayers. This should be possible by adding a CMOS digital-logic chip in pardel to the 
CMOS TVC chip. Found segments would then be shipped to the trigger system. The 
increase in power cost should be oniy about 10% assuming a high level of rndtipl-. 
An intriguing alternative possibility for the segment-finding chip is an anolog processor 
based on ‘neural-net’ concepts. This option is currently being explored for the Bottom 
Collider Detector by Bruce Denby.llq 

2.9.3 RICH-Counter and TRD Electronics 

Both the RICE counters and the TRD’s will have pad sensors whose signals will be similar 
in magnitude and shape to the signals from silicon strips. Thus we have the option that 
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Figate 8: Block Diagram of the Bipolar/CMOS readout chip set for 
the straw-tubes. 

the 3Bvx chips may be used for these devices as well. However, the number of channels in 
the RICH counters and TRD is greater by at least an order of magnitude compared to the 
siiicon vertex detector, so the major cost of electronics for the entire detector is iikely that 
of the pad readout. Eace the pad readout may deserve a spe&cdy optimized solution. 

It should be possible to design pact-readout chips with rate capabilties signiscantly 
higher than those reqaired at the Tevatmn, but which could be suitable for the SSC. 
Very recent1 we have made contact with an electronics group at Rutherford AppIdon 

In any case, the low density, large channel count, and large physical size of the pad 
readout mandates a large R&D program addressing cost-effective methods of chip mounting 
and signal routing, in additional to the development of the readout chips themselves. 

LaboratoryJ T 1 who may be interested in a coltaboration towards this end. 

2.9.4 Electromagnetic Calorimeter 

The calorimeter could use a readout system similar to that of the straw tubes in the sense 
that a Bipolar front end would feed a CMOS delay-and-encode section. However, the 
calorimeter requirts charge measurement over a large dynamic range and may or may not 
require an acurate time measurement. Thus the Bipoiar chip will necessarily require rather 
more power (for the dynamic range) and the CMOS chip will require more atea €or storage 
capacitors (high- and low-charge ranges). 

In addition the calorimeter will serve as one of the primary triggering detectors and 
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must provide fast signals out of the detector to the cential triggering system. These signals 
will require > 40 mW per output, but the trigger outputs will be sums of local channels 
so that the total power burden is not greatly increased. If a suitabb clustering algorithm 
can be defined and tested, we could ship only cluster-position asd -size idonnation to the 
trigger system, greatly reducing the burden on and increasing the power of the trigger. 

We estimate that the total power requirement per channei would be about 30 mW and 
the cost per channel would rise slightly to < $7. Mounting aad cooling is least restrictive 
in this region and we anticipate no major problems for the calorimeter system. 

2.1 0 Data- Acquisit io n System 
The overall signal-processing architecture for the Bottom Collider Detector has been in- 
troduced in section 2.7 and illustrated in fig. 5. The data-acquisition system incorporates 
three new technologies which require an R&D program: 

e Fiber optics for digital-data transmission. 

e Barrel-switch event builder. 

0 Industry-supported numeric proct+ors for the second-level trigger; 

The design goal for the data-acquisition system is an input of lo5 events/sec containing 
about 5 gigabytes/sec of data, and an output of 1000 events/sec to archival storage. A 
design to meet this god has been prepared by the group of Ed Barsotti at FermiU as 
past of the present 

2.10.1 Local Buffers and Transmitters 

Figure 9 shows a portion of the data-acquisition system between the front-end electronics 
on the detector aad the event-buiider switch. The Mock labeled ‘local bder’ resides on the 
CMOS data collection chips described in section 2.9.1. A fiber-optic link connects the local 
buffers to a smaller number of transmitters. The latter must organize the data from each 
event into units, cded  ‘fragments,’ whose format is suitable for processing by the event 
builder switch. A transmitter would receive data from the local buffers in pardel streams 
at a rate of 1 Mbyte/sec, and send out a serial data stream at a rate of 10 Mbyte/sec. 
About 512 transmitters wi l l  be required to accomodate the expected total data rate of 5 
Gbyteisec. 

2.10.2 BarreEShiRing Event-Builder Switch 

The key section of the data path is the event-builder switch. This should organize the 512 
event fragments from the transmitters into individual events at a rate of lo5 events/sec 
(compared to lO/sec presently achieved in the CDF detector). This can be accomplished 
via the barrel-shifting technique used in the telephone industry. 

A barrel-shifting event-builder switch is an N-input, N-output device with ody 
possible interconnects at any given moment (in contrast to a crossbar switch that has N !  
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Figure 9: Block diagram of Iocal buffers (data collection chips), 
‘event-&pent’ transmitters, and their fiber-optic interconnections. 

interconnections). The pattern of the N interconnections is altered at every cycle of a 
clock, so after N clock cydes aU inputs have been connected to all outputs once. Since 
there are WtaCtfJT as many interconnects as inputs, the switch can transmit the id input 
bandwidth. 

To illustrate how the barrel switch organizes data fragments into whole events, consider 
a simple example h fig. Iff. Fixed-length event fragments pws through the system with 
each input c h ~ d  delayed by one clock cycle relative to the adjacent channel. With the 
switch-control word set to 00 (fig. loa), the first fragment of event 1 (labeled 1A) passes 
directly through the switch dong with three empty fragments. The switch-control word 
is the incremated by one (fig. lob) and the second fragment of the first event (1B) and 
the first fragment of the second event (2A) are transmitted; because the pattern of the 
interconnects has changed, fragment 1B now follows 1A. During the next cycle of the switch 
(fig. ~ O C ) ,  fragments lC, 2B, and 3A are transmitted. After one full rotation of the switch 
control, the system reaches a steady-state condition, shown in figs. 10e and 1Of. P d e i  
event fragments are converted to assembled event streams with no low of bandwidth. 

As a fist step in the development of the barref-shifter technique, a 16-channel demon- 
stration system wiU be constucted, shown in fig. 11. 
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Figure 10: Principie of operation of a Cinput, 4output barrel-shifting 
event-builder switch. 

2.10.3 

The a s d M  events emerging from the event-budder switch are fed to a farm of numetic 
processors in which the level-2 trigger caicdat io~~ ate performed. No special-purpose 
numerical processors will be built; we propose to take maximum advantage of industry 
support of high-speed processors optimized for numerical calculations. Prototypes of 30- 
MIP processors will become a d a b l e  in Spring 1989, which we plan to incorporate them 
in the 16-channd demonstration system. 

W e  anticipate the need for 5000-10000 processors in the eventual configuration of the 
Bottom Collider Detector. Then each processor would have about 0.1 second to make the 
level-2 trigger decision, with the goal of a factor of 100 reduction in the event rate. 

The total archivai data rate is expected to be 1000 events/sec, or 30 Mbyte/sec. This 
could be handled by an array of 120 Exabyte drives. Options for the use of fewer devices 
wil l  emerge in the next few years. In 1989 the so-called 'digital paper' devices should 
become available from Creo.[lq In this, one terabyte can be stored on a 2400' red of write- 
only opticd tape, with a data rate of 3 Mbyte/sec. A more virtual device is the Haystack 
drive, being developed for the radio-astronomy community, in which a magnetic drive with 
100 heads should eventually be capable of writing 100 Mbyteslsec. 

Numeric Processors and Archid Storage 



Figuse 11: Proposed demonstration of a 16-channel basrel-shifting 
event- builder switch. 

2.11 Accelerator Physics Issues 
2.11.1 Luminosity 

The window of opportunity for observation of CP violation in the B meson system at the 
Tentron collider opens for iuminosities above IO3’ an-2sec-z. We strongly support the 
Tevatron upgrade programs which would make thispossible. 

2.11.2 Beam Pipe 
The resolution of a silicon vertex detector improves when the innennost detector is doser 
to the beam. W e  plan to use a beam pipe I inch in diameter with w& of 400-pm-thick 
beryllium. 

2.11.3 

Most of the mechanical complexity of the silicon vertex detector arises because of the finite 
length of the interaction region which it must cover. We wish to explore the possibility of 
reducing the lunZiaous region to a u of 10 cm, down from the d u e  of 35 cm in present 
running. Following discussions with Dave Finley, this might be accomplished in two PP~~TS: 

0 Reduce the P’ at the intersect with stronger quads. This might be possible because 
the 1-inch beam pipe would permit a smaller bore €or the quads, and the experimental 

Length of the Interaction Region 
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configuration might permit the quads to be closer than 1.5 m fiom the intersect. Of 
course, a lower ,B' is ais0 useful in raising the luminosity. 

0 Add a higher-harmonic rf system to bunch the beams more tightly. This has the bad 
effect of increasing the intrabeam scattering, leading to a shorter luminosity iif'time, 
Calcuiations should be made to judge whether this option can produce a net gab in 
useful luminosity for a shorter interaction region. 

2.11.4 Bunch Crossing Rate 

The time between neighboring bunch crossing sets the time scale €or all readout electronics, 
We now assume that this time will be 400 nsec, which is well matched to the stated goal 
of a luminosity of several times lo3' of the p-p' upgrade program. 

2.11.5 Beam Halo 
Halo associated with the beams wil l  contribute to the radiation exposure of the vertex 
detector and thereby shorten its lifetime. Present data indicate that the silicon detector 
can su[Blvive about 10' rads. It is dear that catastrophic beam loss must not occur n- 
the detector. The beam-ioss level for abort may need to be lowered'compared to present 
operation. 

2.11.6 

The presence of a spectrometer dipole in the Tevatron would alter the beam trajectory 
unless compensating measures are taken. The scheme that has been chosen for compen- 
sation uses two dogleg bends, one at ea& end of the straight section and each 20 feet 
from the center of the interaction region, just downstre- of the low-beta quads. The two 
magnets axe both of opposite polarity relative to the spectrometer dipole, and run in series 
with it (that is, the currents run up together). The spectrometer dipole and compensating 
magnets are energized only after coasting beam has been established. The beams at the 
crossing region then move laterally a few mm as the magnets are energized. 

Compensation for the Dipole Field 

2.11.7 The Detector Hall and Support Facilities 

The Detector Ball required for this facility will be comparable in size to that at DO. 
The detector itself will fill about one half the space a d a b l e  in a straight section at the 
Tevatron. The compensating dipoles are placed at the outer ends of the straight section. 
The need for electron detection, calorimetry and particle identification will require the use 
of special gasses and liquids. The detector may use ethane, TMAE, or TEA. Additional 
cryogenic support may be necessary to service the main dipole magnet. The detector 
require a substantial signal-processing area. The Detector Building must also provide for 
a control room, office and technician space and shop support. 

An initial design of a new collision h d  is shown in fig. 12, as prepared by Nestandttr's 
Engineering Services Group. 



Figure 12: Layout of a new collision hall for th, Bottom Collider 
Detector. 

2.11.8 System Test at the C O  Intersect 

We propose to test prototype versions of the silicon vertex detector, straw-tube chambers, 
and scintillating-fiber detector at the CO intersect during the 1990-1991 collider run. This 
test will provide crucial evidence that secondary-decay vertices can be found at a hadron 
collider, and wil l  also serve to focus the R&D efforts towards a timely measurement. 

W e  can run at CO in a parasitic mode in the sense that we wodd not require retuning 
of the beam for higher luminosity. But when we m, the electrostatic separators must be 
turned off so beams actually collide at CO. 

In a run of 10* seconds at a luminosity of lo2% cm-2sec-1, about 100 K i  - r f ~ '  
decays would be observed (in the prototype apparatus) per ea& 100 pm of decay path. 
A study wodd then be made as to how close to the prim& vertex the K-decay vertex 
c a n  be reconstructed. This, of course, presumes the primary vertex c a n  be located by the 
detector as well. A sample of about 50 decays Do -+ K+r- would also be observed in the 



test m. 

Figure 13: The existing layout of E?35 at the CO intersect. 

The existing codguration of E-735 in CO is shown in fig. 13. We would need to replace 
the present centrd detector with our silicon vertex detector and straw tubes. A factor of 
about four in acceptance could be gained if the window-frame magnet were moved closer 
to the beams until it abuts the abort line of the 150-GeV ring. As mentioned in section 
2.11.2, it is advantageous to have a small-diameter beam pipe €or better resolution in the 
vertex reconstruction. The p' is large in CO, so the pipe cannot be 1 inch in diameter. 
However, we would like the smallest pipe size compatible with the Tevatron beams. 



3 Research & Development Prdgram 
The proposed research and development program for the Bottom Collider Detector is 
divided into three phases that overlap three fiscal years, 1989 through 1991. 

0 Phase I takes place in fiscal 1989 and consists of what might be called bench tests 
for each of the systems under consideration. 

0 Phase I1 takes place during fiscal 1990 and utilizes the fixed-target test beams avail- 
able at the laboratory. 

Phase III takes place in fiscal 1991 and uses the CO intersection region in a parasitic 
mode to perform system tests in the collider environment during the next cofider 
run. 

The three major systems addressed in this proposal are 

1. The silicon vertex detector. 

2, The tracking system. 

3. The data-acquisition system. 

The R&D issues for the silicon detector and straw-tube tracker are logically subdivided 
into mechanical and electrical parts, Le., construction and front-end electronics. The DAQ 
system includes everything after the front-end electronics including the fast trigger. 

We outline below the R&D tasks and costs for each of the three systems, also breaking 
these down into the three phases. 

3.1 Silicon Vertex Detector 
3.1.1 Silicon: Mechanical & Electrical Tasks - Phase I 

0 Construct mod& of the silicon detector out of plastic and G-10 to explore assembly 
techniques. 

0 Continue modelling of the silicon cells and the supporting gutter structure Using 
‘junk’ (unprocessed) silicon and aluminum for the gutter. Survey various adhesives 
for resistance to creep, and for coefficients of thermal expansion matched to silicon. 
Add resistors to simulate the cverall 2 kWatt heat load. 

Study the cable-plant issues with the silicon models. Develop techniques to cut slots 
in the silicon for cables (and cooling, possibly). 

0 Study the cooling requirements. 

- Can the device be cooled with a modest nitrogen gas flow? 

- Is liquid cooling an option? 



- Is better electronic noise performance obtained at temperatures below ambient? 

Study alignment issues. 

- How accurately can the disks and barrels be assembled? 
- What is the long term stability? 
- How stable is the detector against thermal gradients? 
- Use the CORDAX (optical) measurement machine and proximity sensors for 
bench tests. 

0 Study the various techniques for bonding VLSI chips to silicon wafers now used by 
industry: bump bonding, tab bonding, and wire bonding. 

- Does the more robust procedure of tab bonding cause cracking of the silicon 

- Does the adhesive chemically damage the high-resistivity siticon near the bond? 
during heating? 

0 Test the performance of the double-sided silicon strip wafers, Obtain the a.c.-cotxpU 
detectors from Messerschmitt-Biilkow-Blahm GmbH, Munich and Senter for hdm- 
triforskning, Olso and test them. 

Design, build and test a VLSI readout chip set that permits a low cost, low power, 
and low noise readout system for the roughly 500,000 silicon strips. 

- Begin the front-end (BVX) chip design immediately. 
* Define the specifications and overall architecture for the chips. 
* Design the first chip in three pasallel efforts: the a m p E e r / d i s M o r ,  

* The hardest part of the design is the amplifier and this will determine the 

* Existing VLSI amplifier designs are excellent starting points. 
* Goal is to have a iirst version sometime during the summer-  

the storage/d&y array, and the digitization. 

schedule. 

- Start the collection-chip design in February. 
* Speafy the data-collection architecture for the whole detector, maintaining 

compatibility with the input formats for the data-acquisition system- 
* The actual chip design wil l  be relatively straightforward digital CMOS- 
* Have first run back from MOSIS by summer 1989. 

3.1.2 Silicon: Costs - Phase I 

The mechanical costs and electrical costs are listed separately. An estimate of the salary 
costs are given for each category. 

e Electronics: equipment/operating 



- Chip-processing costs using MOSIS, 4 m * O  $15k.. .................... $60k 
- Test equipment ......................................................... $30k 
- Travei to conferences and workshops on VLSI ........................... $10k 

0 Electronics: salaries 

- 1.5 FTE electrical engineer Q $45k.. .................................... %68k 
- 0.5 FTE electrical technician Q $25k.. .................................. 813k 

0 Mechanical. equipment /operating 

- Build gutter and alignment jigs using inside and outside shops.. ......... 81Ok 
- Use of outside companies to test bonding techniques, glueing, welding and cut- 

ting of silicon. Purchase of junk silicon for mechanical studies and of silicon 
strip detectors €or bonding studies.. .................................... .$15k 

- Purchase power supplies and miscellaneous parts for thermal studies on junk- 
silicon model.. ......................................................... ..$= 

- Lab-D dean-room space for this work.. ................ .:. ............... $5k 

e Mechanical: salaries 

- 0.5 FTE mechanical engineer 0 $45k .................................... $23k 

3.1.3 Siticon: Mechanical & Electrical Tasks - Phase II 

This work will require the use of a test beam. Discussions with the laboratory are taking 
place on where (M-Test, M-Bottom or Lab-D) we couid be located. We need a place where 
we can leave equipment set up over the period of the next ked-target run. We require a 
low-intensity beam for single-track studies. 

0 Phase I1 of the silicon test involves the construction of two cells using junk silicon 
for alignment studies using the beam. This will require a support structure or jig 
that rotates and moves in such a way that alignment studies can  be performed 
economically. 

0 We may need to b d d  a partial beryllium support for the cells in order to study 
multiple-scat t ering effects. 

e Some of the mechanical questions are: 

- How well is the silicon internally aligned? 
- How well is the silicon aligned with respect to the straws? 
- How large are the dead regions? 
- How robust are the bonds? 

I c)c 



0 We need to instrument (bond chips to and redout) aboct 10 double-sided d e r s  
with 50-pm pitch or roughly 5,000 channels. This wiU allow several studies of detector 
performance, as well as alignment. We hope to use an eady version of the BVX chip 
for this work. 

0 Measure the resolution of the device as a function of momentum with and without 
the use of puise-height information. Compare this to the Monte Carlo predictions. 

0 Perform signal-to-noise, efficiency and pulse-height-correlation studies using the double- 
sided detectors. 

0 Correlate tracks in ,the silicon and the straws. 

0 Study the issues associated with radiation damage, It is bdeved that a radiation- 
hard process can be specified once the desired electrical performance has been achieved 
in a possibly soft process. 

3.1.4 Silicon: Costs - Phase Iz: 
0 Electronics: equipment /operating 

- Purchase 10 doubled-sided silicon detectors @n $lk each.. ................ $tOk 
0 Electronics: salaries 

- 1-5 FTE electrical engineer Q $45k ...................................... $68k 
- 1 FTE electrical technician.. ........................................... .$Wk 

0 Mechanical: equipment/operating 

- Gheing, cutting and bonding the dips to the wafezs .................... $15k 
- Beryllium mechanical work ............................................... 88k 
- Miscdaneous supplies .................................................. $20k . 

0 Mechanical: salaries 

- Mechanical engineer: 4 months Q $45k.. ................................ $15k 
- Mechanicaf technician: 1 year Q $25k.. ................................. $25% 

3.1.5 Silicon: Mechanical & Electrical Tasks - Phase III 

0 Design and assemble a portion of a full 47r vertex detector, using about 20 wafers or 
roughly 5000 channels. 

0 Instrument this detector for operation at the CO intersect. 

0 Readout every beam crossing (as a test of the data-acquisition system). 



e Study the multi-track environment, including effects due to dipped tracks and closely 
spaced tracks. 

0 Determine impact-parameter resolution in 2 and 3 dimensions for both the disk and 
barrel configuration together and separately. 

Determine vertex resolution of the system in the multi-particle environment. 

0 Reconstruct a sample of KS + ?T+R-. 

3.1.6 Silicon: Costs - Phase III 

0 Electronics: equipment/operating 

- 48 silicon detectors (2 cells) ............................................. $50k 
- BVX chips, data collection chips for above.. ............................ .$50k 

0 Electronics: salaries 

- 1 FTE electrical engineer.. ............................................. .$&k 
- 2 FTE technida @ $25k.. ............................................. $50k 

0 Mechanicak equipment/operating 

- Assembly of 2-cell prototype detector.. ................................. .$50k 

- Mounting of prototype in CO intersect.. ................................. $2Sk 
- Cooling, cabling for prototype detector.. ................................ $25k 

0 Mechanicak salaries 

- Mechanical engineer: 4 months Q $45k.. ................................ $15k 
- Mechanical technician: 1 year Q $25k.. ................................. $25k 

3.2 Tracking System 
3.2.1 

The goal of this phase is build an instrumented superlayer of straw-tube chambers and 
perform a cosmic-ray test. In addition, we wiU start a program of R&D for a plastic 
scintillating fiber detector whose role would be to provide a fast measue of the z coordinate 
of the primary interaction vertex. 

'Backings Mechanical & Electrical Tasks - Phase I 

e Compare samples of straws from two vendors. 

0 Study different sizes of tubes. First try the 3-mm-diameter tube. 

0 Study both a short- and long-straw design, the latter with spacers inside the straw. i 34  



0 Study the nechanicai properties such as roundness, sag, and the adherence of the 
mylar to the aluminum as a function of temperature aad pressure. 

0 Design and test the feedthroughs electrically and as gas seals. 

0 Make drift-velocity measurments as a function of high voltage, pressure, gas compo- 
sition and magnetic field. 

0 Study the mechanical mounting and glueing techniques for assembling a superlayer. 

0 Measure the resolution as a function of all variables, including the orientation in the 
magnetic field. 

0 Study radiatian damage. 

0 Study the feasibility of small pads on the straws as a means of obtaining fast z- 
coordinate information. 

0 Construct a sample of test straws. 

0 Design a readout system. 

0 Perform studies to see how well one can align and calibrate the system, and maintain 
optimal position resoiution o v a  time. 

0 Develop the readout chip set (3 chips): 

1. Bipolat amplSer/discrimator. Begin with the Pea-Louven design underway 
for SSC Generic R&D. 

2. CMOS time-to-voltage converter, andog storage/delay, and ADC. 
3. Data collection chip. Might be the same as for the silicon vertex detector. 
4. Study options for a fourth chip-for segment finding. This might be an 

processor implementing a neural-net algorithm, or a more conventiond digit4 
design. 

Some of the group are interested in the development of plastic scintillating fibers. We are 
considering the application for both small-angle tracking and calorimetry. We discuss the 
need below as it pe r t ah  to the prompt trigger envisioned for the DAQ system. Because 
of the dipole field, the fast-tracking trigger needs the z coordinate within a few hundred 
nanoseconds after the collision. 

Deveiop a plastic scintillating fiber optic system that separates a beam-beam collision 
from a beam-gas collision. The system would subtend the rapidity range 46 units 
and is located several meters downstream and upstream of the coEsion point. 

Also use this system to determine the z-coordinate of the beam-beam interaction to 
1-cm accuracy by tracing the low-angle tracks back to a common vertex. 

0 Design a fast readout system that can provide this information to the trigger. 



3.2.2 Tracking: Costs - Phase I r 

0 Electronics: equipment/operating 

- Chip development: 3 MOSIS runs 0 $15k ............................... $45k 
- Studies of pad readout of straw tubes ................................... $lOk 

0 Electronics: salaries 

- 1.5 FTE electrical engineer 0 $45k.. .................................... %68k 
0 Mechanic& equipment/operating 

- Purchase straws, travel to vendors.. .................................... .$lOk 
- Hv supply, wire, and gas system. ....................................... $15k 
- Prototype feedthroughs .................................................. $5k 
- Test fixtures, cables, jigs and supplies ................................... $4Ok 

0 Mechanical: salaries 

- 1 FTE mechanicd engineer ............................................. %45k 
- 1 FTE technician for the mechanical straw work.. ....................... $25k 
- 1 FTE technician for the gas studies.. .................................. .$%k 
- 1 FTE technician for alignment studies.. ................................ 825k 

0 Fibers: equipment/operating 

- Scintillating fibers, and readout tubes ................................... $SOk 
Fibers: salar ies  

- 1 FTE technician ....................................................... $25k 

3.2.3 

Phase I1 of the straw-tube development requires constructing a two-superlayer system to 
be tested in a test beam (M-Test, X-Bottom or Lab-D Test Beam). The scintillatingfiber 
detector will be tested in the beam also. 

Tracking: Mechanical & Electrical Tasks - Phase II 

0 Straw-tube studies 

- Perform pattern recognition and track fitting for tracks traversing severd SU- 

- Measure the single-hit, single-track and two-track resolution. 
- Study the alignment issues associated with the assembly procedure of an octant 

periayers. 

of a 47r tracking system. 



- Corrclate tracks in the straw tubes with the tracks in the silicon. 
- Study multiplescattering effects. 
- Test the resdout system. 

0 Fiber studies 

- Build and test prototype fiber-array system. 

3.2.4 Tracking: Costs - Phase I1 

0 Electronics: equipment /operating 

- 6 M O S I S r n  Q $15k ................................................... $90k 
- Readout chips at $7 per chip and 4 chann&/chip ....................... $13k 
- Test equipment such as digital scopes, and logic andysers ............... $5Ok 

0 E3ectronics: salaries 

- 2 FTE ekctdcal engineer 0 $45k ........................................ $9Ok 

0 Mechanical: equipment /operating 

- Build 7000 straws with feedthroughs 0 $5 each.. ........................ $35k 
- Cables, mounting boards, epoxies, and supplies.. ......................... $20k 
- Bonding of readout chips to straws.. ..................................... $5k 

0 Mechanical: sa3a.ries 

- 1 FTE mechanical engineer 0 $45k. ..................................... .$45k 
- 2 FTE technicians 62 $25k.. ............................................ .$5Ok 

0 Fibers: equipment /operating 

- Scintillating fibers ....................................................... $20k 
- Test equipment ......................................................... 830k 

0 Fibers: salaries 

- 1 FTE technician ....................................................... $25k 



3.2.5 Tracking: Production R&D - Phase III r 

A four superlayer straw-tube system would be used in the system test in CO during Phase 
111, along with a prototype scintillating fiber detector. 

A separate but parallel effort is needed to pursue the techniques for producing the very 
larrge number of straws that any major system will contain. 

e Design overall layout for the CO test. 

0 Reconstruct Ks’s in the straw-tube tracker. 

0 Devise tools and techniques €or stringing the sense wires. 

0 .  Devise superlayer-alignment techniques. 

e Design pressure-testing and voltagotesting devices and procedures. 

0 Design the assembly-line techniques in preparation for mass-production personnel. 

0 Design the overall electronics mounting scheme for the full system induding the 
cooling. 

32.6 Tracking: Costs - Phase III 
0 Electronics: equipment /operating 

- Test equipment such as’digital scopes, and logic asdysers ............... $50k 
e Electronics: salaries 

- 1 FTE electrical engineer Q $45k.. .................................... ..845k 

e Mechanic&. equipment /operating 

- Prototype fixtures for large-scale production.. ......................... .$look 
- Mounting of prototype straw-tube system in CO ......................... $20k 

e Mechanical: salaries 

- 1 FTE mechanical engineer @ $45k.. ................................... .$45k 
- 3 FTE technicians Q $25k ............................................... S75k 

e Fibers: equipment /operating 

- Prototype detector for the CO test.. .................................... .$50k 

e Fibers: salaries 

- 1 FTE technician ....................................................... $25k 

3 3  



3.3 Data- Acquisit io n System 
3.3.1 Data Acquisition: Tasks - Phase I 

0 Specify in detail the overall architecture of the DAQ system including the interface 
between kont-end electronics and the DAQ system. 

0 Build the following nine modules to test this architecture: 

- 2 transmitter boards 
- 2 receiver boards 

- 2 barrel-switch boards 

- 1 optical link 
- 2 boards with 4 numeric processors each 

3.3.2 Data Acquisition: Costs - Phase I 

0 Development: equipment /operating 

- 9 prototype boards at roughly $6k each ................................. $54k 
- Terminals and workstations ............................................. $5Ok 

0 Development: salaries 

- 1.5 FTE electrical engineers C2 $45k.. ................................... $68k 
- 1 FTE programmer ..................................................... $45k 

3.3.3 Data Acquisition: Tasks - Phase E1 
0 Bring up system in test-beam area and connect to online system. 

0 Readout the silicon vertex detector through to the processors. 

e Readout the straw-tube system. 

Develop the necessary performance and debugging tools for the system. 

3.3.4 Data Acquisition: Costs - Phase I1 
0 Development: equipment/operating 

- Simple clock system for readout in test beam.. .......................... $10k 
- Alarms, crates, racks, power supplies.. ................................. $look 
- Host computer system for numeric processors.. .......................... $30k 
- Terminals and workstations.. ........................................... $50k 



0 Development: saiaries 

- 1 FTE electrical engineer.. ............................................. .$4k 
- 1 FTE electrical technician.. ............................................ $25k 
- 1 FTE programmer ..................................................... $45k 

0 Prototypes: equipment /operating 

- Board production.. .................................................... $300k 
0 Prototypes: salaries 

- 3 FTE electrical engineer B $45k.. .................................... .%135k 
- 3 FTE electrical technician 0 $25k.. .................................... $75k 
- 1 FTE programmer ..................................................... $45k 

3.3.5 Data Acquisition: Tasks - Phase III 
4 B d d  up processor farm. Add racks and power supplies. 

4 Install hardwareprotection system. 

0 Install network between racks and crates of processors. 

4 Develop downloading procedures for a large farm. 

3.3.6 Data Acquisition: Costs - Phase III: 
4 

0 

Development: equipment/operating 

- Terminals and workstations. ........................................... 8100k 
Prototypes: equipment /operating 

- 25 numeric processors .................................................. W o k  
- Racks, a i m s . .  ........................................................ .$5Ok 
- Exabyte tape drives (18) ................................................ $66k 

Prototypes: salaries 

- 3 FTE electrical engineers 0 $45k.. .................................... $135k 

- 3 FTE technicians 62 $25k ............................................... $75k 
- 1 FTE programmer ..................................................... $45k 



4 Cost Summary 

FY89 FY90 FY91 
Phase I Phase II Phase III 

1 f 

(Bench Tests) (Beam Tests) (CO System Test) 
Equipment/ 1 Salaries Equipment/ I Salaries 

Table 2: Sununary of cosis of the proposed 3-yeaz R&D program. Benefits, overhead, 
contingency, and escalation are not included. 

Equipment/ 1 Salaries 

Electronics 
Mechanical 

Silicon Vertex Detector (FNAL) 
$look S8lk $1Ok $93k $look $95k 

351 2% 43k 40k look 4Ok 
135k I 103k 53k 1 133k 1 200k 135k 

Electronics 
MeChanica 
Fib- 

Development 
Prototypes 

Tracking System (Universities) 
55k 68k 153k 90k 50k 45k 
70k t20k 60k 95k 120k 120k 
50k 25k 50k . 25k 50k Wk 
175k 213k 1 263k 1 210k 220k I 19Ok 

Data-Acquisition System (FNAL) 
104k 113k 19Ok 115k look 

300k 255k 516k 255k 
104k 113k 490k 370k 616k 1 255k 

1 Total I 414kl 42Qk I 806kl 713k 1036kl 580kI 
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Professor P .  Yager 

Fermi National Accelerator Laboratory 
P.O. Box 500 Batavia. Illinois 60510 
31 2-840-321 1 FTS 370-321 1 

Directors Office 

January 30, 1989 

D r .  Nigel Lockyer 
Department of Physics 
University of Pennsylvania 
Philadelphia, Pennsylvania 19104 

Dear Nigel, 

At its January meeting, the PAC discussed your 
presentation of P-784 and phased proposal f o r  RbD leading 
toward possible construction of a Bottom Collider Detector 
( B C D ) .  

The Committee recommended approval of Phase I (bench 
tests) and Phase I1 (beam tests). They recommended that 
Phase I11 (CO run at the Tevatron collider) be deferred until 
results of simulation studies (i.e. to show that tracking 
and vertexing will lead to B physics) and bench tests are 
available. 

The Committee had some concerns regarding the data 
acquisition part of P-784. This is a major development 
exercise requiring considerable support from the Laboratory. 
In particular , the processor hardware and software efforts 
need evaluation by the Laboratory before proceeding. 
Development of components of the data acquisition system 
up through the event builder seems reasonable. They 
recommended that other activities toward the development 
of a complete system should not start yet. They looked forward 
to negotiations between the BCD collaboration and the 
Laboratory over the issue of support for these activities. 

The PAC also asked me to emphasize that there are 
long-term uncertainties (still!) in the Fermilab program- 
In doing this I remind you that approval for the R&D proposal 
is not necessarily an assurance that approval of a complete 
proposal is forthcoming. 

There was considerable discussion of the silicon Vertex 
detector. The PAC would l i k e  to hear a discussion on the 
relative merits of silicon strips versus pixel devices. They 
would like to know whether simulations show that the proposed 
silicon strips work effectively for B physics in the Tevatron 
environment. 



Leon M. Lederman 



Task F 

This task was created in 1989 with an allotment of approximately $5000.00 out 

of a request of $89,203.00 to participate in the TPC/Two Gamma experiment ah 

high luminosity PEP. The experiment had a brief test in the fall of 1988. During 
1989, the initial effort wi l l  be to establish &cient SLAC Linac switching between 
PEP filling and SLC running. Once rapid switching has been established, high 
luminosity PEP running should begin. 

The TPC-Two Gamma experiment has been modified to run in a new onefold 
minibeta configuration."' The rebuilding of the LINAC control system for SLC 
plus improved instrumentation in the PEP injection line has greatly increased the 
&ciency of PEP filling and operation. The result has been an increase in peak 
luminosity to 0.7 x loa2 cm'asec'l. 

Modifications to the detector which have been completed for high luminosity 
running include the installation of a "straw" vertex chamber for B studies and 
the r e m o d  of much of the equipment from the former Two Gamma experiment 
to accommodate the minibeta quads. The first drift chamber and the NaI tagger 
array remain from that experiment with the NaI array in a new position much 
closer to the interaction point. 

The modified apparatus was tested in a run during the Fall 1988 cycle during 
which PEP delivered 42.5 pb-'. The most serious problem, overheating of the 
vertex chamber at high beam currents, has required installation of a special cooling 
system. This is expected to correct the problem, allowing PEP to run at even higher 
peak luminosity. 

Sufficient events were accumulated for a detaiied understanding of vertex cham- 
ber operation and to develop combined TPC-vertex chamber tracking. The exper- 
imental resolution for impact parameter measurement was checked with Bhabhas 
and found to be under 100 p .  



We are working with David Nygren’s group on the development 

of finely segmented two-dimensional arrays of solid state detectors (so-called pzzel 

devices). This effort could find application in an improved vertex detector for a 

future PEP upgrade. 

Our analysis of the existing data from the TPC/Two Gamma experiment has 
concentrated recently on the measurement of the single tagged 77 total cross sec- 

tion, photon structure functions and two photon jets, as well as certain excusive 
processes such as 77 4 pp. We will continue these efforts with the new data. 

In the past, this work has largely utilized the Monte Carlo system of the former 
Two Gamma experiment. In the two photon jet analysis, a start has been made 
to work in the context of the standard TPC Monte Carlo. There is a further god 
of integrating the entire Monte Carlo effort into a GEANT-based structure. We 
will take responsibility for integrating the rest of our Two Gamma Monte Carlo 
generators into the TPC system. 

We will also take responsibility for the Monte Carlo simulation of the TPC 
muon system. This will include monitoring its performance so that efficiencies are 

understood for the B and T analyses, in which we will participate. 

In addition, we will continue Monte Carlo studies of vertex detector upgrades 
involving pixel devices. 

These efforts will be facilitated by our proximity to LBL and SLAC, by OUT 

computer system at UCD with its high speed link to LBL (recently upgraded to 
56 Kbaud) and by our connection to the SLAC computers. 

The concluding work by UCD on the PEP-9 experiment was being carried out 
by D. Pellett, J. Smith and C. Zeitlin. Zeitlin, however, finished his dissertation 
in the summer of 1988 and immediately accepted a position at the University of 
Oregon. 
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PROGRESS REPORT FOR TASK B: JUNE 1990 

Publications, Preprints and Activities: Task B 

The publications and preprints produced by the members of the Task B theory effort are listed. In 
addition, the seminars given, organizational and adminstrative contributions, conferences and work- 
shops participated in, and other major collaborative activities are outlined, 

J.F. Gunion: Publications/Preprints June 1, 1989-June 1, 1990 
1. J.F. Gunion, H.E. Haber, G. Kane and S. Dawson, “The Higgs Hunters Guide”, Addison and 

Wesley (1990), Frontiers in Physics Series. 
2. S. Dawson, J.F. Gunion, and H.E. Haber, “Are Light Higgs Bosons Allowed?” Phys. Rev. D41 

(1990) 2844. 
3. J.F. Gunion, “Probing Higgs Bosons/Electroweak Symmetry Breaking in Purely Leptonic Chan- 

nels at Hadron Colliders” , UCD-89-24, to appear in Proceedings of “Higgs Particles: Physics 
Issues and Experimental Searches in High Energy Collisions”, 8th Erice Workshop, Erice, Italy, 

4. J.F. Gunion, “The SSC: Status and Physics Update,’, UCD-89-27, to appear in Proceedings of 

5. J.F. Gunion and B. Grzadkowski, “Limits on the Top Quark and on the Charged Higgs Boson of 
mixing, and b 3 u Decays”, UCD-89-30, 

6. S. Dawson, J.F. Gunion, H.E. Haber, A. Seiden, and G. Kane, “The Search for Higgs Bosons of 

July 15-26, 1989. 

the 1989 European Physical Society Meeting, Madrid, Spain, September 1989. 

a Two-Doublet Model from Ii’o - KO mixing, Bd - 
to appear in Phys. Lett. B. 

Any Mass”, Cornrn. Nucl. Part. Phys. 14 (1990) 259. 
7. J.F. Gunion, R. Vega, and J.  Wudka, “Higgs Triplets in the Standard Model”, UCD-89-13, to 

appear in Phys. Rev. D. 
8. N. Deshpande, J.F. Gunion, B. Kayser, and F. Olness, “Left-Right Symmetric Electroweak 

Models with Higgs Triplets”, NSF-ITP-90-69, submitted to Phys. Rev. D. 

J.F. Gunion: Invited Talks and Seminars June 1, 1989-June 1, 1990 
1. “Triggering on Crucial Physics Signatures at the SSC”, SSC Trigger Workshop on Trigger Algo- 

2. Two Talks: “Higgs Boson Cross Sections and Event Rates - A Comparative Study of LHC/SSC/Eloisatro: 
rithms, LBL, June, 1989. 

Colliders” , and “Exotic Higgs Sectors: Theory and Experiment” , INFN Eloisatron Project, 8th 
Workshop: Higgs Particles - Physics Issues, Ettore Majorana Centre for Scientific Culture, Erice, 
Italy, July, 1989. 

3. Two Talks: “SSC Physics and Status” and “Higgs Bosons: Standard Model and Beyond”, 1989 

4. “Non-Minimal Higgs Bosons”, Univ. Autonoma, Barcelon, Spain, September, 1989. 
5. “Higgs Hunting” , DESY Theory Workshop, October, 1989. 
6. “Probing New Physics at the SSC”, Colloquium at University of Southern California, October, 

1989. 
7. “The Top Quark and the Charged Higgs Boson: Limits from Weak Decays and Impact on 

Future Searches”, NSF-ITP Meeting on “Thinking about the Top Quark”, U.C. Santa Barbara, 
February, 1990. 

European Physical Society Meeting, Madrid, Spain, September, 1989. 



8. “New Results for the old Left-Right Symmetric Model”, Institute for Theoretical Physics, U.C. 
Santa Barbara, April, 1990. 

J.F. Gunion: Additional Activities etc.., June 1, 1989-June 1, 1990 
1. Elected to APS Fellowship, December 1989. 
2. Member of SSC Adhoc Committee on Energy/Luminosity Reassessment , SSC Laboratory, Nov. 

30 - Dec. 1, 1989. 
3. Participant in ‘(Physics Below the Planck Scale”, Institute for Theoretical Physics, UCSB, 

February-May, 1990. 
4. Extensive organization of lobbying for the SSC within California. As I did last year, I again 

orchestrated the contacting of most of the California House and Senate members by individuals 
from their own districts, February-April, 1990. 

5. Session chair, “New Topics in Electroweak Physics”, SSC Laboratory, May 30 - June 1, 1990. 
6. Organizer, “Intermediate Mass Higgs Bosons” , Snowmass, 1990. 

J.F. Gunion: Meetings and Workshops June 1, 1989-June 1, 1990 
1. SSC Trigger Workshop, Lawrence Berkeley Laboratory, June, 1989. 
2. 8th INFN Eloisatron Project Workshop on “Higgs Particles, . . .”, July, 1989. 
3. 1989 Symposium on Lepton-Photon Interactions, Stanford Linear Accelerator Center, Stanford, 

4. 1989 European Physical Society Meeting, Madrid, Spain, September, 1989, 
CA, August, 1989. 

5. DESY Theory Workshop, DESY, Hamburg, West Germany, October, 1989. 
6. NSF-ITP Workshop on “Thinking About the Top Quark”, Institute for Theoretical Physics, 

7. NSF-ITP Workshop on “Heavy Quark Physics” , Institute for Theoretical Physics, UCSB, May, 
UCSB, February, 1990. 

1990. 
J.E. Kiskis, R. Narayanan, and P. Vranas: 

Publications/Preprints June 1, 1989-June 1, 1990 
1. J. Kiskis, R. Narayanan and P. Vranas, “Random Walks, Critical Behavior, and Finite Temper- 

ature, SU(2) Lattice Gauge Theory”, submitted to Phys. Rev. D. 
2. R. Narayanan and R.R.P. Singh, “A Finite Lattice Expansion for Quantum Spin-Chains”, sub- 

mitted to Phys. Rev. B. 
3. R.R.P. Singh and R. Narayanan, “Dimer versus Twist Order in the JI-JZ model”, submitted to 

Phys. Rev. Lett. 
4. R. Narayanan and C. Tracy, “Holonomic Quantum Field Theory of Bosons in the Poincark Disk 

and the Zero Curvature Limit”, to appear in Nucl. Phys. B. 
5. J. Kiskis, “Behavior of Higher Representation Wilson lines in Finite-Temperature, SU( a), Lattice 

Gauge Theory”, Phys. Rev. D41, 3204, (1990). 

J.E. Kiskis, R. Narayanan, and P. Vranas: 
Invited Talks and Seminars June 1, 1989-June 1, 1990 

1. J .  Kiskis, “Behavior of Higher Representation Wilson Lines in Finite Temperature, SU(2), Lattice 
Gauge Theory” , DPF90, Houston, January 1990. 



2. R. Narayanan, “Flux Tube Model for the SU(2) Deconfining Phase Transition”, DPF90, Hous- 
ton, January 1990. 

3. P. Vranas, “A Technique for Analytical Calculation of Observables in Lattice Gauge Theories”. 
LATTICE ’89 Capri, Italy, September 1989. 

J. Wudka: Publications/Preprints June 1, 1989-June 1, 1990 
1. “Higgs triplets in the standard model” (with J.F. Gunion and R. Vega) Phys. Rev. D42 (1990) 
2. “Adiabatic evolution of quantum mechanical systems” (with J. Vidal), Univ. of Calif. at Davis 

preprint UCD-89-22, submitted to Nucl. Phys. B. 
3. Ycreening of heavy Higgs radiative  correction^'^ , contributed paper to the International Euro- 

physics Conference on High Energy Physics, Madrid (Spain), Sept 6-13 (1989). 
4. “A comment on the Born-Oppenheimer approximation”, Phys. Rev. D41 (1990) 712. 

J. Wudka: Invited Talks and Seminars June 1, 1989-June 1, 1990 
1. “Solar neutrinos and the Sun’s magnetic field ”, Univ. of California, Riverside, Jan. 1990. 
2. “On the adiabatic approximation”, Universitat de Valkncia, Valkncia, Spain, Sept. 1989. 
3. “Screening of heavy Higgs radiative effects”, Univ. Aut6noma de Barcelona, Barcelona, Spain, 

4. “Introduction to Berry’s phase”, Instituto de Fisica, Universidad Nacional Aut6noma de Mkxico, 
Sept. 1989. 

Mkxico, D.F., June 1989. 
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Progress Report (J. Gunion) 

1. J.F. Gunion, H.E. Haber, G. Kane and S. Dawson, “The Higgs Hunters Guide”, Addison and 

The physics of Higgs bosons, whether that of the Standard Model or those of extended models, and 
their detection has become an extremely involved and extensive subject over the last few years. As a 
result, a group of us decided to write a Physics Report on the subject containing a systematic study and 
survey of all the accumulated knowledge, including a full detailing of existing experimental constraints 
on and future probes of the Higgs boson sectors of all attractive models considered in the literature 
to date. The material eventually reached such a length that we decided to turn it into a book. We 
hope that this book will become a standard reference for this type of physics. It includes a complete 
listing of all relevant Feynman rules, branching ratios, and so forth. Along the way we encountered 
several areas where we felt old results could be improved or required correction, and have included 
much of this material in the book. We have done nearly everything with far greater thoroughness 
and perspective than any previous such survey. In addition, it contains much original material not 
available anywhere in the literature. 

2. S. Dawson, J.F. Gunion, and H.E. Haber, “Are Light Higgs Bosons Allowed?” Phys. Rev. D41 

The purpose of this paper was to survey the limitations on Higgs bosons deriving from relatively low- 
energy, pre-LEP, experiments. There had been several papers along this line prior to ours, all of which 
we felt to be inadequate or misleading in a variety of ways. Our survey included a detailed reassessment 
of predictions (using low-energy theorems and the like) for Kaon and B-meson rare decays to Higgs 
bosons, as well as the decays of the Higgs boson itself. A number of experiments were reanalyzed, 
either by us, or at our request by spokesmen for the experiments themselves, resulting in considerable 
clarification, and often substantial improvement on the bounds that could be placed on the Higgs 
boson. Our final conclusion was that the Standard Model Higgs boson could be ruled out for masses 
up to about 2mT, a result now confirmed by ALEPH and other experiments at LEP. For non-standard 
model Higgs bosons, the results of our analysis of low-energy experiments and the restrictions from 
the LEP experiments are in many ways complementary. In particular, the low-energy experiments are 
largely sensitive to Higgs bosons with fermionic couplings, while the LEP experiments are essentially 
only sensitive to Higgs bosons with couplings to vector bosons. Our analysis shows that Higgs bosons 
with SM-like fermionic couplings and mass up to and of order 2m, are pretty much ruled out, barring 
certain “fine-tuned” cancellations between different amplitudes contributing to the rare K and B 
decays. 

Wesley (1990) Frontiers in Physics Series. 

(1990) 2844. 

3. J.F. Gunion, “Probing Higgs Bosons/Electroweak Symmetry Breaking in Purely Leptonic Chan- 
nels at Hadron Colliders” , UCD-89-24, to appear in Proceedings of “Higgs Particles: Physics 
Issues and Experimental Searches in High Energy Collisions” , 8th Erice Workshop, Erice, Italy, 
July 15-26, 1989. 

It has long been recognized that the cleanest channels in which to search for the Standard Model Higgs 
boson at a hadron collider are those where the Higgs boson decays entirely to leptons. Such channels are 
free of hadronic backgrounds deriving from quark jets and the like. The extent to which such channels 
can be employed for the Standard Model Higgs boson has been the subject of numerous Snowmass 
studies, and other published work. In contrast, prior to this workshop study which I performed, 
almost no attention had been paid to the question of sensitivity to non-standard Higgs bosons in 
purely leptonic channels. Considerations, such as production rates and decay branching ratios, for 
neutral Higgs bosons are often very different from those appropriate to the Standard Model scenario. 
And, of course, charged Higgs bosons (singly or doubly charged were examined) are entirely without 
a Standard Model analogue. In this workshop article I present the results of extensive calculations 
of event rates and relevant backgrounds for a variety of non-standard Higgs sector scenarios. The 
results are surprisingly encouraging for the SSC (though quite discouraging for the LHC); substantial 
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sensitivity to non-standard Higgs bosons, even those with reduced vector boson-vector boson couplings, 
exists. Charged Higgs bosons in triplet and higher representation models yield often dramatic signals 
in the purely leptonic final state channels. 

4. J.F. Gunion, “The SSC: Status and Physics Update”, UCD-89-27, to appear in Proceedings of 
the 1989 European Physical Society Meeting, Madrid, Spain, September 1989. 

This article was divided into two distinct parts. In the first, I reviewed the status of the SSC program 
and funding, and high-lighted the short time scale (as of the time of the article) for ‘letter-of-intent’ 
type proposals and the like. My primary goal was to make the European experimental community 
fully cognizant of the fact that the SSC had become a reality, and that if they were to participate in 
its program they should get moving. The second part of the article was devoted to a review of recent 
progress in developing techniques for isolating the physics signals likely to be of importance at the 
SSC. The subjects considered included: the like-sign dimuon signatures for supersymmetry developed 
by myself, Barnett and Haber;“] the use of hadronic multiplicity to isolate the signal for a heavy - 1 TeV Standard Model Higgs boson as developed by me and a number of collaborators;I2I the status 
of the intermediate mass Higgs boson search modes (pointing out, in particular, the inadequacies 
and necessary improvements in several of the studies performed at Snowmass 1988 claiming large 
backgrounds - these I claimed could be eliminated by various cuts I outlined); and, finally, the 
techniques developed by Hin~hliffe‘~’ for isolating a signal for a heavy lepton. In general, I hope I 
succeeded in high-lighting the enormous physics potential for the SSC that has emerged as a result 
of detailed studies of signals for new physics. The talk itself was very well received at the meeting, 
and made many of the European physicists acutely aware of some of the short comings of the LHC - 
most of the techniques and signals mentioned above would not be viable there. 

5 .  J.F. Gunion and B. Grzadkowski, “Limits on the Top Quark and on the Charged Higgs Boson of 
mixing, and b + u Decays”, UCD-89-30, 

Two very interesting types of new physics are intimately connected - namely the physics of the 
top quark and the physics of a charged Higgs boson. For instance, a top quark can decay into a 
charged Higgs boson for mt X rnHt + mb, while the charged Higgs decay modes are dominated by tb 
if mHt ;3 mt + mb. Less obvious, but equally important, are the interconnections between a charged 
Higgs and the top quark in the area of rare K and B decays, and I(- K and B- B mixing. For 
instance, in the latter, Feynman graphs involving the H+ are at least as important as the standard 
box diagrams involving the W+. In this paper, we combine the existing results for such mixing with 
limits from b + u decays on the crucial entry of the Cabibbo-Kobayashi-Maskawa matrix to place 
limits, both on the top quark and on the two crucial parameters of a two-doublet Higgs sector - the 
mass of the H+ and the ratio of vacuum expectation values for the two Higgs doublets, normally called 
tan p. Among other things we demonstrated that there is an mi-dependent boundary in rnHt - tan /? 
parameter space that separates the domain of allowed from that of disallowed solutions. Roughly, the 
larger cot /? is (ie. the larger the H+ coupling to the tb )  the heavier the Higgs boson must be. These 
bounds are quite significant and will play an important role in suggesting the most reasonable ranges 
of parameter space in which to search for a charged Higgs boson. In the paper, we also demonstrate 
that the weak-mixing and b -+ u results combine (in the absence of a charged Higgs boson) to exclude 
a range of rnt that depends upon the so-called bag parameters Bx and BB describing the hadronic 
expectation value of the relevant quark-level matrix elements. Thus, discovery of the top quark at a 
particular mass, in combination with a fairly reliable lattice computation of BK and BB (something 
to be expected in the not too distant future) could easily imply that a charged Higgs boson (or other 
new physics that influences mixing) is required, and would place a strong constraint on its mass and 
the value of tan /3. A number of other issues of a similar nature are also considered in this paper. 

a Two-Doublet Model from KO - ICo mixing, Bd - 
to appear in Physics Letters. 
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6. S. Dawson, J.F. Gunion, H.E. Haber, A. Seiden, and G. Kane, “The Search for Higgs Bosons of 

In this paper, we summarize and review the techniques required to discover the Standard Model Higgs 
boson at the SSC throughout the entire mass range from - mZ (the highest value that will be probed 
by LEP-11) up to - 1 TeV. Our primary emphasis was upon the fact that at the SSC there are no 
mass regions where discovery is not possible, so long as appropriate detectors are constructed, whereas 
at the LHC there are regions of Higgs mass (in the intermediate mass region and in the TeV region) 
that simply cannot be probed for any conceivably realistic detector design. The level of presentation 
was that appropriate to a large audience of general physicists and experimentalists who have not been 
active in SSC studies. In part, our goal was to make it clear that the SSC design really will allow 
our first true probe of Electroweak Symmetry breaking, regardless of the mass at which the important 
signals appear. 

7. J.F. Gunion, R. Vega, and J. Wudka, “Higgs Triplets in the Standard Model”, UCD-89-13, to 

Relatively little attention has been devoted to the subtleties associated with probing a Higgs sector 
that contains Higgs representations higher than doublets. In part this is because Higgs sectors with 
triplets and higher representations must be rat her carefully constructed in order to avoid conflicting 
with the observed value of p G rnw/(rnzcw) N 1. Nonetheless, models can be easily constructed 
containing triplet Higgs representations (usually in combination with doublet representations in order 
to give fermions mass) which exhibit a custodial SU(2)  symmetry at tree-level that preserves p = 1 
even when the neutral members of the triplet representations acquire a non-zero vacuum expectation 
value. An example of such a model is that discussed by Georgi and collaborators!] In this paper, we 
explore the rather intricate and subtle structure of the signatures for the Higgs bosons of this model. In 
particular, we demonstrate that decays of one Higgs boson into several others will often dominate over 
the more standard decays of a Higgs boson into vector boson pairs. Indeed, unless the triplet Higgs 
fields are given an overwhelming share of the vacuum expectation value required to give the W and 
2 their observed mass, the former decays are likely to be dominant. This leads to many unexpected 
signals, unusually long lifetimes, etc. for the Higgs bosons of the model. Production cross sections are 
also significantly dependent upon the amount of vacuum expectation value given to the triplet fields. 
All these issues are explored at some depth in the paper, and appropriate strategies for the detection 
of the Higgs bosons of such a triplet model outlined. Also presented are all the Feynman rules and 
couplings required for these and future calculations within this type of model, including the critical 
Higgs self-couplings. 

8. N. Deshpande, J.F. Gunion, B. Kayser, and F. Olness, “Left-Right Symmetric Electroweak 

In an extensive series of papers, I, Boris Kayser, and Fred Olness, along with assorted collaborators 
have explored the physics of left-right symmetricgauge models and the potential of the SSC for probing 
such physics!’ Aside from the production cross sections and phenomenology as a function of Higgs 
boson mass scale pursued in these early studies, the most crucial issue is the mass scale itself. In 
this paper, we use the full structure of the most general Higgs potential for such a model, along with 
a full analytic minimization of this potential, in order to completely implement all the constraints 
on the model. We demonstrate that ‘see-saw’ relations among the vacuum expectation values for 
the different neutral Higgs fields emerge. In combination with the mass see-saw relation responsible 
for determining the masses of the charged leptons and neutrinos, the VEV see-saw relations yield 
extraordinarily powerful constraints upon the parameters of the model. In particular, we conclude 
that the natural mass scale for all new gauge bosons and Higgs bosons is of order lo3 TeV (or higher), 
i ,e.  not accessible at the SSC, unless certain terms in the Higgs potential are either absent (perhaps 
by virtue of symmetries from a higher GUT scheme - we demonstrate that obvious phase and other 
symmetries are not adequate) or else fine-tuned at a level of (at least) relative to their, natural 

Any Mass7’, Comm. Nucl. Part. Phys. 14 (1990) 259. 

appear in Phys. Rev. D. 

Models with Higgs Triplets”, NSF-ITP-90-69, submitted to Phys. Rev. D. 
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order of magnitude. Even if a GUT symmetry does indeed eliminate these terms in the Higgs potential, 
we enumerate many other severe difficulties (which are only apparent after complete minimization of 
the Higgs potential) that must be circumvented. Such circumvention is certainly possible, but the 
resultant phenomenology is rather more strongly constrained than one might have supposed. The 
most easily discoverable Higgs bosons, and their signatures, are enumerated. 
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Progress Report (J. Kiskis, R. Narayanan, S. Staniford-Chen, and P. Vranas) 

Introduction 

The general goal of this research is to further the understanding of non-Abelian gauge fields in non- 
perturbative regions. We are particularly interested in the interplay of gauge symmetry and vacuum 
structure. 

Some research has also been carried out in the areas of massive field theories in two dimensions and 
quantum statistical models in one and two dimensions. 

Non-Abelian gauge theories are the foundation of the Standard Model. In particular, it is generally 
accepted that the SU(3)  gauge theory of quarks and gluons describes the strong interactions. For those 
physical processes that are controlled by short-distance interactions and that are relatively insensitive 
to large-distance effects, the results of perturbative calculations and experiments can be compared 
quantitatively. For most reactions, this is not the case, because large-distance, nonperturbative effects 
are important. Confinement is only the most dramatic example; hadronization and strong interaction 
corrections to weak decays are important , practical issues. 

The perturbative calculations that are valid at short distance where the effective coupling is weak 
require a gauge fixing that obscures to some considerable extent the fundamental role of gauge sym- 
metry. Lattice gauge theory is an approximation that is complementary to continuum perturbation 
theory in that it maintains manifest gauge invariance while sacrificing Poincark symmetry. The space- 
time symmetry is restored as the correlation length for lattice fields diverges (as measured in lattice 
units) and the lattice spacing approaches zero (as measured in physical units). This occurs at a second 
order phase transition. The long-distance, nonperturbative effects are more accessible in the lattice 
approximation. 

Within the framework of lattice gauge theory, one can employ either approximate, analytical methods 
or a direct attack by numerical simulation. Our work exploits both approaches. 

The zero-temperature pure gauge theory has no adjustable parameters. This is part of the reason that 
it is so difficult to approximate. A study of the theory at finite temperature introduces a parameter 
T that can be varied in a controlled way so as to probe different aspects of the theory. In particular, 
confinement, which is apparently present at low temperature, is absent at sufficiently high temperature. 
A study of the theory as the temperature is changed can yield useful information about the features 
that distinguish these two phases and thus contribute to an understanding of the vacuum state. Two 
completed works and several active projects deal with the finite-temperature theory. 

The first completed work is concerned with the screening of static quarks in representations higher 
than the fundamental. This gives information on the behavior of the gauge field both above and below 
Tc that is more detailed than that obtained by restricting oneself to the fundamental representation. 
This work relies heavily on numerical experiments. 

The second completed project models the finite-temperature flux tube as a self-interacting random 
walk. This simple model seems to incorporate some of the nontrivial features of the critical behavior 
of the gauge theory as T 3 Tc from below. 

Three active projects are concerned with SU(2) gauge fields near the finite-temperature phase transi- 
tion. The first is an analytical approximation developed to give a physical understanding of the value 



of the adjoint Wilson line at T = T, that was computed numerically in the first completed project. 
The second is a numerical study of the critical properties of a flux model that can be used above T,. 
The third will check for universality of amplitude ratios associated with the SU(2) ,  finite-temperature 
phase transit ion. 

The next two sets of projects study models that share many problems and properties with the field 
theories that are directly related to high energy physics. 

One project was completed in the area of exactly solvable massive field theories in two dimensions. A 
closely related work is now in progress. The goal is to understand conformal field theories away from 
criticality. 

Two projects were completed in the area of quantum statistical mechanics. They deal with the anti- 
ferromagnetic Heisenberg model in one and two dimensions. The aim is to understand the ground 
state properties of this model and possibly shed some light into the area of high temperature super- 
conductivity. 



1. J. Kiskis, “Behavior of Higher Representation Wilson Lines in Finite-Temperature, SU(2) ,  Lat- 
tice Gauge Theory”, Phys. Rev. D41 (1990) 3204. 

This project was a Monte Carlo numerical simulation of finite-temperature, SU(2), pure gauge theory. 
The response of the gauge field to static color sources in representations J = i, 1, and was studied. 

First P. Damgaard and then K. Redlich and H. Satz reported the intriguing numerical result that the 
expectation value of a source (Wilson line) in representation J is proportional to the expectation value 
of the fundamental line ( J  = f) raised to the power 2J:  

(LJ)  0: ( L ; ) 2 J .  

Although Damgaard showed that a mean field approximation can give this result, it is very difficult 
to understand how it can hold in the critical region where mean field theory is certainly not valid. 

The relation (1) says that the gauge theory in the deconfined phase responds to a J source as if it 
were 2 5  sources with J = $. This would be a surprising result since it is believed that the confined 
phase system responds very differently to J = f sources which are confined (( L L )  = 0 )  and adjoint 
sources which can be screened by the field (( L1) # 0 ) .  

My work adds to previous results in two ways. First, there are some theoretical predictions. One 
approach is based on a flux tube model of the deconfined phase. It leads to (L1) +constant and 
( L 3 / 2 )  0: ( L 1 / 2 )  as T +. T$. The other approach exploits the connection through universality with 
( 44)3 field theory and gives these predictions with additional corrections. 

Then some Monte Carlo results are presented. The data are consistent with my theoretical predictions 
while the mean field result is excluded close to T,. These data differ from previous results in that they 
were taken at smaller values of (T - Tc)/Tc. 

In summary, this work indicates that even above Tc one can understand the T T: gauge field in 
simple terms. The dynamical field screens higher representation static color sources so that integer 
represent at ions are completely screened while half-integer represent at ions are screened to behave like 
J = 1/2 fundamental sources. 

The numerical work was done on a VAXstation I1 at UCD and on the CRAY-2’s at NMFECC. All are 
supported by DOE. 

2. J. Kiskis, R. Narayanan and P. Vranas, “Random Walks, Critical Behavior, and Finite-Temperature,[ 
SU(2), Lattice Gauge Theory”, submitted to Phys. Rev. D. 

We develop a flux tube model to improve upon the physical understanding of the SU(2), finite- 
temperature phase transiton and its associated universality class. In this model, a color flux tube is 
formed between a static quark and an anti-quark. The flux tube is thought of as a thin string with 
a certain zero-temperature string tension which is a parameter of the model. The string connecting 
the two static sources can be of any length and is expected to fluctuate at any finite temperature. 
Different configurations of the string are weighted with a Boltzmann factor which is proportional to 
the length of the string. 



Previous work in this area neglected the interactions of the string with itself and reduced the problem 
to that of an unconditional random walk. The result is a second order phase transition with gaussian 
exponents. This is not quantitatively correct because the lattice SU(2)  gauge theory has the nongaus- 
sian exponents of the Ising universality class. On the other hand, the flux tube formed between the 
static sources does have repulsive self interactions. 

Model studies of random walks with interactions suggest that the exponent v describing the vanishing 
of the string tension at the critical temperature is a product of two exponents vp and ve. vp is altered 
by the non-Markov behavior coming from interactions of the walk with itself at intersections. ve is 
altered by interactions of the walk with a background of loops. In the approximation where all space- 
like plaquettes are neglected, a random walk representation is developed for the SU(2) lattice gauge 
theory and it is shown that the walk has both types of interactions. 

3. R. Narayanan and C.A. Tracy, “Holonomic Quantum Field Theory of Bosons on a Poincark Disk 
and the Zero Curvature Limit”, to appear in Nucl. Phys. B. 

Conformal field theory tells us a great deal about correlation functions of critical, or equivalently 
massless, 2D quantum field theories. On the other hand, progress in correlation functions for massive 
2D quantum field theories has been restricted to a smaller class of models. The most general methods 
presently available are those coming from the theory developed by Sato, Miwa, and Jimbo (SMJ) 
called Holonomic Quantum Fields. The most important special case of their theory is the massive 
king field theory on R2. One direction to pursue to enlarge the class of solvable, massive 2D quantum 
field theories, is to construct holonomic quantum field theories on two-dimensional manifolds other 
that R2. Since the hyperbolic plane is the universal covering space for Riemann surfaces of genus 
greater than one, it is natural to first extend the SMJ analysis to massive Klein-Gordon and Dirac 
operators on the hyperbolic plane. It is the purpose of this project to establish a detailed connection 
between the Euclidean results of SMJ and the hyperbolic results for the Klein-Gordon equation. The 
corresponding results for the Dirac case is currently under study. 

The hyperbolic plane can also be modeled by the Poincarh disk of radius R, DR. In this model the 
curvature of the manifold is - (2 /B)2 .  This then is a convenient model to analyze the limit of zero 
curvature, or equivalently, R 4 co. We show that the results associated with monodromy preserving 
deformation of the Klein-Gordon equation found in the work of SMJ can be obtained as the limiting 
case of the corresponding results on DR. It is interesting to note that the analysis on DR is in 
some sense nicer than the Euclidean case, i.e. irregular singularities in R2 get replaced with regular 
singularities in DR, and the irregular singularities arise as a confluence of regular singularities as 
R + 00. This point was also observed by Atiyah while working on the problem of monopoles. The 
closed one form w associated with the deformation equations is discussed. The importance of w is that 
locally it is dlog T where the T function is precisely the n point function for certain interacting bosons 
defined on DR. The results are carefully analyzed and it is shown in detail that the theory developed 
by Sato, Miwa and Jimbo on the Euclidean plane is a limiting case of the corresponding theory on the 
Poincare disk. The limiting procedure actually turns out to be quite subtle. 

4. R.R.P. Singh and R. Narayanan, “Dimer versus Twist Order in the J1-Jz Model”, submitted to 
Phys. Rec. Lett. . 

Motivated by the discovery of antiferromagnetism in the insulating phase of high T, materials and the 
suggestion that magnetic fluctuations may be central to a microscopic understanding of the high T, 
phenomena, there have been several theoretical studies of ground state properties of frustrated square 
lattice Heisenberg models. Perhaps the simplest of these models is the J I - J 2  model, with nearest 
neighbor antiferromagnetic exchange J1 and the second neighbor exchange J2. In the classical limit 
(S + co), this model has a 2 sublattice N6el ground state for J2/J1 < 1/2 and a 4 sublattice N6el 



ground state for J2/J1 > 1/2. At J2/J1 = 1/2 various states ordered at wave vectors (n, q), or (9, 
T ) ,  become degenerate. Expansion in powers of l/S reveals that the magnetically ordered phases are 
pushed away from J2/J1 = 1/2 leaving an intermediate phase with no long range magnetic order. The 
nature of the ground state in this intermediate phase has been of considerable interest. 

Earlier studies of the l/S expansion suggested that the ground state in the intermediate phase was a 
resonating valence bond state with no long range order. On the other hand stuides based on a large 
N expansion suggested that the magnetically disordered phase obtained by quantum fluctuations 
may have long range dimer order, where the nearest neighbor spin correlations alternate in a column 
pattern. Other suggestions have included twist order as well as chiral order. 

In this project we study the 4 x 4 periodic system at finite temperatures by a complete diagonalization. 
We study the specific heat, the static structure factors, as well as the squares of dimer and twist order 
parameters. We find that in the intermediate region around J2/J1 = 1/2 the specific heat of the 
system has a peak around a temperature of 0.27J1. Near this temperature the square of the bond 
order parameter, +, increases sharply as the temperature is lowered. Between a temperature of 0.5& 
and O.lJ1 it increases by roughly a factor of 2.5. The zero temperature value of + is roughly 0.4 times 
that of a fully dimerized state. This is a clear evidence for enhancement of dimer order. In contrast, 
the square of the twist order parameter, 4, does not show any significant enhancement with respect 
to the infinite temperature value. The only structure is a maximum increase of about twenty percent 
between T = 00 and T M 0.27J1, which is followed by a decrease as the temperature is further lowered. 
Hence, there is no indication of twist order at T = 0. 

5 .  R. Narayanan and R.R.P. Singh “Thermodynamic Properties of Spin-Chains as a Sum Over 
Contributions from Different Finite Chains”, submitted to Phys. Rev. B. 

Finite size studies of quantum spin Hamiltonians have proven very valuable in extracting the ther- 
modynamic properties of the system. At T = 0, they have been used to determine the ground state 
energy, the excitation spectra and various correlation functions of the spin chains, while at finite tem- 
peratures they have led to estimates for the internal energy, the specific heat and other thermodynamic 
quantities. Much of the extrapolation has relied on the assumption that an extensive quantity Pi, for 
a chain of length I, takes the form Pi = Zp + q, where p is the bulk density in the thermodynamic 
limit and q is the contribution from the boundary. A plot of Pl versus 1 was used to estimate p .  In 
this extrapolation scheme the effects of correlations are ignored. Hence the extrapolation becomes 
unreliable when the correlation length is comparable to the size of the largest system considered. 

In this project we consider a different scheme to obtain the thermodynamic quantities of interest by 
studying finite chains. It is based on a technique developed orginally for lattice gauge theories. The 
idea behind this scheme is to express the various thermodynamic quantities for the infinite chain as 
a sum over contributions associated with increasing length scales. The contribution to a given length 
scale I ,  is obtained from the thermodynamic properties for chains with free boundary conditions up 
to length I (1 + 1 spins) and it accounts for correlations of that length in the infinite system. This 
method enables a systematic study of the convergence of various thermodynamic quantities and also 
in extracting the correlation length. 



Progress Report (Jos6 Wudka) 

1. “Higgs triplets in the standard model” (with J.F. Gunion and R. Vega) Phys. Rev. D42 (1990). 
The possibility of spontaneous symmetry breaking being produced by “exotic” Higgs representations 
was investigated in detail for the case of a model originally proposed by Georgi and Machacek (Nucl. 
Phys. B262 (1985) 463). This model is constructed in such a way that the tree level value of the 
p parameter (= mw/(mzcw)) is equal to one; moreover the structure of the scalar sector is such 
that some of the scalars do not couple to fermions. These properties, together with the possible 
phenomenological relevance of this model, are studied in detail in our paper. We consider as well the 
possibility of detection of the new scalars present in this model and the expected discrepancies with 
respect to the standard model. The question of the naturalness (in the technical sense) of the model 
is also discussed. 

2. “Adiabatic evolution of quantum mechanical systems” (with J. Vidal), U.C. Davis preprint 

In recent years, with the important remarks of Berry (Proc. Roy. SOC., London A392 (1984) 45), the 
relevance of the adiabatic phases in a variety of fields of physics has been clarified. In this paper we 
present a discussion of the exact time evolution operator within the adiabatic approximation. Next we 
study the corrections to this approximation. While these cannot be evaluated in general, for the case 
of a quantum system interacting with rapidly varying external (classical) fields of arbitrary amplitude, 
we are able to calculate, to a very good approximation, all these corrections. Moreover, whereas in 
the case were the amplitude of the external fields is small the effects are irrelevant, in the case were 
the external fields are strong the effects are important and in fact will induce transitions which would 
otherwise be strongly suppressed. 

UCD-89-22, submitted to Nucl. Phys. B. 

3. “Screening of heavy Higgs radiative corrections”, contributed paper to the International Euro- 
physics Conference on High Energy Physics, Madrid (Spain), Sept 6-13 (1989). 

In this paper I report the results of a collaboration, with M. Einhorn, where we studied the radiative 
effects of a heavy Higgs on low energy measurements. Our aim was to generalize Veltman’s screening 
theorem for the standard model. We were able to state precisely such a theorem and to identify it as 
a renormalization effect; we provided also a proof to all orders in perturbation theory. As a spinoff of 
the calculation, we devised gauge-fixing conditions which have proved useful in other areas, such as 
detailed studies of the equivalence theorem. 

4. “A comment on the Born-Oppenheirner approximation” , Phys. Rev. D41 (1990) 712. 
In this brief note I have studied the applications of Berry’s ideas to the concrete problem of the 
Born-Oppenheimer approximation. This approximation is not directly related to the definition of 
the adiabatic approximation used in connection with the topological phases. In fact, to relate the 
two approximations, a higher order correction must be calculated in the adiabatic approximation; 
as another product of the calculation I was able to quantify the accuracy of the Born-Oppenheimer 
approximation. 



TASK E 

Ling-Lie Chau 

La. Analysis of Two-Body Charm Meson Decays 

Recently several new experimental data of exclusive two-body decays of charmed mesons 
were reported. The Mark I11 collaboration have revised their analysis of exclusive charm 
decays and obtained branching fractions, some of which are reduced by 21-24% compared 
to their previously reported results. Several new measurements of the D$ lifetime indicate 
that lifetimes of 0: and Do are very close. In addition, a few new experimental results on 
two-body D;' decays were obtained. Using different techniques many other experimental 
groups, including CLEO, ARGUS, HE, TASSO, E691, LEBC-EHS collaborations, have 
also studied the exclusive decay modes of charmed mesons and supplied cross checks on 
Mark III data and provide some new data. 

The experimental data can be understood in the general framework of the quark-diagram 
scheme. All meson decays can be expressed in terms of six quark diagrams (Fig. 1): A, the 
external W-emission diagram; 8, the internal W-emission diagram; C, the W-exchange di- 
agram; D, the W-a.nnihilation diagram; E, the horizontal W-loop diagram; and F, the 
vertical W-loop diagram. These quark diagram are specific and well-defined physical quan- 
tities. They are classified according to the topology of first-order weak interactions, but all 
QCD strong-interaction effects are included. Such a general scheme is useful in analyzing 
experimental data and extracting their theoretical implications as well as pointing out fu- 

ture interesting experiments. For charm decays, the quark-diagram amplitudes of exclusive 
two-body modes are listed in Tables I and 11. 

D V P  Decays: By analyzing the data of charm meson to vector pseudoscalar 
D .-) V P  decays, using the quark diagram scheme as given in Table I, we reach the following 
conclusions. For details, see Chau's publications. 

1. TO satisfactorily describe D -, K.7: decays, the consideration of final-state interactions 
is inevitable. Without such effects the prediction of D 4 R*?r rates wiI1 be off by at 
least two standard deviations. 1 
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Figure 1. The six quark diagrams for a meson --+ two mesons. 
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2. The data also implies the importance of W-annihilation in DZ + VP. 

3. Perturbative QCD calculations always give {d'l > IS'[ due to  the color suppression in 
the internal W-emission diagram B'. The experimental fact that 1A'I < 123'1 clearly 
indicates the importance of nonperturbative effects (e.g., soft-gluon exchange). The 
decay rates of some color-mismatched channels, e.g., Do --+ oKo, #I?', 7r°Ko, D, -+ 

I ? * O K +  are not suppressed relative to that of color-matched modes. From the quark- 
diagram scheme we can predict that 

D + PP Decays: After analyzing the data of charm-meson decay into two pseu- 
doscalars D PP,  as given in Table 11, we reach the following conclusions: 

1. The penguin diagram contribution is expected to be very small in charm decay 
because of the good approximation l~usv,*, N -Vudvd. Indeed, the new measurement of 

D, --f I?*I<+ together with D+ ---$ ?r+li'' and D+ + I?'OI<+ implies that the penguin 
contribution in charm decay is negligible. 



2. The W-exchange and/or the W-annihilation diagrams play an essential role in D 3 
PP decays. 

3. There are possible hairpin-diagram contributions to Do + I?Oqo and D, --+ RVO. If 
they are small we can make the following possible predictions 

or 

Any deviation from the above prediction might signal the importance of hairpin diagrams. A 
large branching ratio of about 19% for D$ + r+ql measured recently by Mark I1 indicates 
that hairpin diagrams may play an essential role in D + P P  decays. 

Non-resonant 3-body decays of charmed mesons are first studied in the approach of 

effective SU(4) x SU(4) chiral Lagrangians. It is pointed out that the predictions of the 
branching ratios in chiral perturbation theory are in general too small when compared with 
experiment. However, the experimental results are comprehensible in the general framework 
of the quark-diagram scheme. The existence of a sizable W-annihilation amplitude, which is 
evidenced by the observation D: --+ ( R + R + K - ) N R ,  is the key towards an understanding of 
the 3-body non-resonant decays of D+ and DZ. The measurement of Do K0K+K-  and 
Do + I< - 0  T + T- indicates that color suppression is not effective in the 3-body decay. Based 

on the quark-diagram analysis, predictions for some other non-resonant modes are give= 

€ 3  



Table I. Doubly-Suppressed Charm Meson Decays into a Vector Boson and a Pseudoscalar Meson 

Amplitudes with SU(3) 
Predicted Symmetry and no Amplitudes with SU(3) breaking 

Chan ncls Branching Ratios final-state Interactions and final-state interactions 

0.5; x 1 0 - ~  
2.5 x 1 0 - ~  

1.7 x 10-4  

2.0 x 10-4 

0.2 x 1 0 - ~  

0.9 x  IO-^ 
0.4 x 1 0 - ~  



Table 11. Doubly-Suppressed Charm Meson Decays to Two Pseudoscalars 

Amplitudes with SU(3) 
Predicted Symmetry and no 

Channels Branching Ratios final-s t a t e Interact ions 
Amplitudes with SU(3) breaking 

and final-state interactions 



Table 111. Doubly-Suppressed Charm Meson Decays into Two Vector Bosons 

Amplitudes with SU(3) 
Predicted Symmetry and no 

C11a.n ncls B raiicliiiig Ratios final-state Interactions 
Amplitudes with SU(3) breaking 

and final-state interactions 

D+ --+ q%++ 

-+ w I i + +  
4 p+r.+o 

4 poIi*+ 

DO -+ 4 Ii*' 
-t w t;+o 
-+ p- Ii++ 
-+ p0Ii*O 

6 x 



The possible presence of hairpin diagrams is analyzed in the model-independent quark- 
diagram scheme for twu-body decays of charmed mesons. Current experimental data do 
not necessarily require the presence of hairpin diagrams in D + V P  (E vector meson, P: 
pseudoscalar meson), in accordance with the 021 rule. However, there is a possible indication 
that they are important in the decay of D + P P .  The measurement of D$ --+ r+q' is crucial 
to test the mechanism of hairpin diagrams. 

1.b. Interesting Physics in B Decays and CP Noninvariance 

Recently, experimental limits on some rare exclusive decays of B mesons have been given 
by Avery et ai. (CLEO collaboration). We have studied their implications, as well as future 
calculations and measurements. For such discussions, we have used the model-independent 
quark-diagram scheme. Results are given in Table IV. 

The salient feature of charmless rare B decays is that they can proceed either through 
the W-loop diagrams E and F without Kobayashi-Maskawa (KM) mixing suppression, or 
through the W-tree diagrams A, B, C, and 2, with KM-mixing double suppression (see Table 
IV). There are also some decays which can occur solely via the W-loop diagrams, e.&, 

B i ( r  -+ +KO, 4K'O; B: -+ 7704, -0 K 4, BZ,* -+ $4, K ° F ,  K *0+ K , K0K -0 , K *o- K . 
In any case, W-loop diagrams play an essential role in rare B decays, and the measurements 
of these decays will provide the test of the mechanism of the W-loop diagrams (or their 
one gluon-exchange approximation, the penguin diagram) and give some insight of QCD 
calculations. 

€ 7  
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A general convenient way to search for decay-amplitude CP noninvariance is to measure 
the partial-decay-rate differences between a particle and its antiparticle. It was shown that 
the quark-diagram scheme can provide a model-independent general survey of whet her decay- 
amplitude CP noninvariance can exist in a particular exclusive decay in the KM model of 
CP noninvariance. A general picture has emerged that the partial-decay-rate differences 
can be very large, tens of percent b-flavored particle decays. Such large partial-decay-rate 
differences are very encouraging. The decays of B: --.) K+n- and K * p o ,  K T*, K*T+T- 
discussed by us have the particular advantage in the simplicity in detecting its final particles 
which are all charged. 

-0 



(1) To determine how important the W-loop diagrams are, measurements of 

are important, since these decays can only arise from the W-loop diagrams. It is interesting 
to note that Bd comes only from the vertical W-loop diagram E and Ba + Pt$, 

K*'q5, B: K 4, K q5 comes only from the horizontal loop diagram E .  --o -0 

(2) Theoretical calculations of the nonleptonic decays are still very rudimentary. Here 
we give a qualitative discussion on the current estimates. The branching ratios of rare B 
decays are N - The theoretical uncertainties lie in the estimates of the spacelike 
penguin diagram. We estimate that the inclusion of this amplitude will change our results 
by a factor of 3 in either direction. Most rare decay modes are primarily or exclusively 
dominated by the W-loop diagrams. However, for decays which can proceed via the external 
W-emission mechanism A, the contribution of the amplitude d is comparable to that of the 
W-loop amplitude E. For instance, we find ~ ~ s ~ b € / V u s V ~ b d ~  = 0.44, 2.0, 1.3, respectively, 
for B$ -+ K+#, K+po, K+*no. 

(3) The size of the Penguin diagram (one gluon-exchange approximation of the W-loop 
diagram) had been estimated to be very small. Here we can obtain further understanding 
by comparing our theoretical calculation B,(B: + k+n-) = 1 x including both the A 
and E amplitudes in the general formulation, with the new experimental data of B,(Bi -+ 

k+n-) 5 3.2 x lo'*. We obtain [C/A[ N i.e. the W-loop graph is negligibly s m d  
compared to the W-emission diagram. This may cast further doubt on Penguin mechanics 
for the origin of the AI = 1/2 rule in K decays. 

---o (4) For KM-mixing-favored B or charm decays, e.g., B$ 4 F+D , it is known that 
whenever one of the pseudoscalar mesons is replaced by the corresponding vector meson, 
e.g., B$ -+ F*+D , the branching ratio is enhanced because of the large coupling of the 
vector meson. This is no longer true for rare B decays. From Table IV, we find the pattern 

Br(B --+ R P 2 )  M Br(B + P114) > Br(B --+ QP2) where Q is the vector meson which 
comes directly from the 6-quark decay, whereas & comes from other parts of the diagrams. 

4 
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This pattern can be traced back to the differences in the penguin-diagram contribution. 
For B + Vi&, the interference between (V - A)(V - A) and'(S + P)(S  - P) parts is 
destructive, while such interference is constructive in B + P1P2 decays. For B + Pih 
there is no (S + P ) ( S  - P) contribution since the matrix element < Vlif"q~I0 >= 0. 

(5 )  Large purely decay-amplitude CP-violating effects of order 0.2-0.5 can exhibit in 

decay modes which proceed via the W-tree graphs with doubly suppressed KM mixing 

coefficients and via the W-loop diagram with favored KM mixing coefficients: e.g. B$ + 

K+po, K*+xo. r d  Bo -+ K+p-, K*+?T-, ?T+?T-, K+T-; B: 4 K+K-, ICo#. For B,+ + 

Ken+, Kop+, K**x+, K+t$, K+w, the CP-noninvariant partial-decayrate differences arises 
from the interference between the annihilation diagrams C and 2) with the time-like penguin 
amplitude, and are suppressed by the smallness of these W-annihilation amplitude in most 

model calculations. The upper bound of the CP asymmetry in these decays is given in Table 
IV. If in nature these diagrams C and 27 are not suppressed comparing to diagram A. The 
partial-decay-rate differences of these decays can also become tens of percent. 

(6) Note that partial-decay-rate differences can exist only in mixing-matrix-suppressed 
I channels. The large partial-decay-rate differences in these decays of B particles are a trade 

off effect from the severe mixing matrix suppression (see Ref. 10 for a general discussion 
including the charm and top particles) which give small branching ratios of these decays 
N - lo-'. But this is a nice trade off because the number of events needed to see the 

effect is - A-2Br-1. So to see a A of 50% a 100-event reconstruction out of lo5 N lo7 B 
particles is sufficient. 

(7) For detecting the partial-decay-difference effect, the decays of charge B* always have 
the advantage over neutral Bo, B decays since the latter exhibit the mixing effects in addi- 
tion and experimental tagging is needed. Conceptually the partial-decay-rate differences in 
charged-B decays are also simpler. They are purely from decay-amplitude CP noninvariance 

effects. Some neutral B particle decays have similar advantages, e.g. as was pointed out in 
Ref. 9, the partial-decay-rate differences in neutral Bo decays such as B! -, K + x - ,  D-F', 
i.e. Bd 4 (s = 1, c = 0 states), which are not CP self-conjugate states and into which only Bo 
(not B ) can decay into them. are purely decay-amplitude type of CP noninvariance. There 

4 
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4 - 4  are neither Bo4B mixing effects, nor mass-matrix CP noninvariance is involved. Therefore 
the interpretations of any observations of such partial-decay-rate differences are straightfor- 
ward. There are neutral channels into which both Bo, B can decay, e.g., B: + 7rlr+p-, 

7rrr-p+, 7r+7rr-, D+D- i.e. s = 0, c = 0 final states. Their time integrated partial-decay-rate 
differences are results of all three following distinct effects: decay-amplitude CP nonvari- 
ance, mass-matrix CP nonin\ariance, and Bo ,B mixing. Therefore the interpretations 
of observed results of partial-decay-rate differences in these channels are more complicated. 

-4 To separate these three effects. two more different types of experiments measuring BocB 
mixing and mass-matrix type of CP non-invariance are needed. 

4 

,--o 

Branching ratios of nonleptonic exclusive two-body decays of charged B mesons with- 
out final-state charm particles are studied in detail. The technique used for evaluat- 
ing the nodeptonic decay amplitudes is elucidated. Charmless decay channels, such as 
B$ -+ K+rl',n+rl',p+x',p+rllp+rlt,p+w, B: + KOq',qqt,q'qt, I<*+n-,p+r-, I<*+p-,p+p'-, 
should be accessible experimentally in the near future. The implications of the quark-diagram 
scheme are also discussed. See results in Table. 

In conclusion, the rare B decays provide valuable opportunities to advance our under- 
standing on dynamics of nonleptonic decays, and to look for new CP-noninvariance effects. 
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1.0 x 
1.9 x 10-6 
3.5 x 10-7 
1.9 x 10-5 

1.1 x 10-7 

4.7 x 
8.9 x 

4.5 x 10-6 
3.4 x 
3.9 x 

2.3 x 
7.3 x 10-6 
1.2 x 10-6 

4.7 x lo-6 

1.1 x 10-5 

1.2 x 10-5 

1.5 x 10-5 

6.0 x 10-7 

3.4 x 10-7 

1.4 x 10-5 

-- -- 
8.9 x 

8.8 x 

1.4 x 
1.7 x 
3.7 x 
4.7 x 
3.9 x 10-8 
1.0 x 10-6 

8.1 x 
4.3 x 10-6 
5.3 x 10-6 

1.2 x 10-5 

exp. limits from 
ARGUS CLEO 

1.6 x io-4 5.8 x 10-4 
6.2 x 10-4 4.4 x 10-4 

3.6 x 10-4 4.9 x 10-4 

5.2 x 10-4 

4.0 x 10-4 

4.6 x 10-4 

1.8 x 10-4 7.0 x 10-5 

1.7 x 10-4 1.3 x 10-4 
1.8 x 10-4 8.0 x 10-5 

5.5 x 10-4 
1.5 x 10-4 1.5 x 10-4 
4.0 x 10-4 
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I. Supergravity Theories 

1.a. W It has been shown that light-like integrability conditions for n 2 5 ,  6, 7, 8 
185-71 lead to conformal supergravity equations of motion. 

1.b. M Linear systems have been constructed from all (n = 1, ..., 8) the light-like 
integrability conditions. These linear systems help to solve the light-like constraints 
and thus equation of motion for n = 5: 6, 7, 8; and helps to solve the light-like constraints 
for n = 1, 2, 3, 4 for off-shell formulation. 

[88-23] 

I.c. D = 10. n = 1: It  has been shown that light-like integrability constraints lead 
to equations (Poincare) of notion only if an additional algebraic constraint is im- 
posed. Thus the light-like integrability constraints can allow an off-shell formulation 
of the theory. 

[w-al 



1.d. D = 10, n = 1: Linear systems and conservation laws can be constructed for the 
and thus useful for the off-shell formulation of the light -like integrability conditions, 

D = 10, n = 1 supergravity theory. In the construction of the linear systems and conservation 
laws, it is essential to use the bi-spinor representation for the light-like vectors. 

[89--31 

11. Supersymmetric Yang-Mills Theories 

as mentioned in section I for D = 4, 
supergravity theories, our recent new addition is the construction of linear systems, and an 

for infinite number of nodocal conservation laws using the bi-spinor representation 
any light-like vector in D = 6 and 10. These will be certainly useful for constructing new 
solutions in D = 6 and 10, and then in D = 4 by dimensional reduction. 

[84-41 In addition to the similar developments 

[87-61 

111. Progress Made For The D = 4, Self-Dual Yang-Mills Equation 

1II.a. Permutability property has been shown to be true for the Chau-Prasad-Sinha 
[85-6,86-3] Bzcklund transformations (BT). 

1II.b. The sequence, Parametric BT --+ Riccati --+ linear systems, has been constructed 
[86--41 for the self-dual Yang-Mills equations. 

1II.c. A generalized BkHund transformation, which is capable of generating instanton 
[89-2] solutions has been constructed for the (supersymmetric) self-dual Yang-Mills equations. 

IV. The D = 2 Theories 

1V.a. The Ernst equations which are reduced non-linear systems of static and axially 
symmetric Einstein, or Yang-Mills equations: linear systems, infinitenonlocal conservation 
laws, finite Riemann-Hilbert transforms, and infinitesimal RH transform + Kac-Moody 
algebra; Biicklund transformations, etc. have been thoroughly discussed. [85--41 

1V.b. All the integrability properties as listed in 1V.a. have been constructed for the 
[86-21 super-chiral equations with II'ess-Zumino term. 

1V.c. A general gauge cotariant formulation, as well as all the integrability properties 
184-21 have been constructed for general symmetric-space chiral fields. 



1V.d. Using the special Riemann-problem technique of Zakharov et al., an explicit N- 
step Biicklund transformation for a certain class of 2-d nonlinear evolution equations was 
derived and thus provided an alternative explicit expression of their N-soliton solutions. [go-51 

V. General Integrability Discussions 

V.a. A unifying derivation of BT has been given from the point of view of finite Riemann- 
Hilbert transformation. 

V.b. A general discussion of Kac-Moody algebra has been made from the point of view 
[89-1) of infinitesimal Riemann-Hilbert transformation. 

Now we are ready to move forward in two fronts: first, finding solutions to the full Yang- 
Mills equations. The essential new feature in the search for classical solutions for the full 
Yang-Mills and supergravity equations is the use of superspace, and to develop two-complex- 
variable Riemann-Hilbert transforms, contrasting to the one-complex-variable Riemann- 
Hilbert transform used in two-dimensional systems and the self-dual Yang-Mills systems. 
And second, quantizing the super-Yang-Mills and supergravity fields from these new points 
of view. [87--201 

VI. Approach to Quantization 

To approach quantum field theory from this geometrical-integrability point of view, the 
following work has been done: 

VI. 1. We have studied the light-cone Hamiltonian formalism of the nonabelian c h i d  
model with Wess-Zumino term in arbitrary coupling constant. The monodromy matrices 
and their bracket structure are derived explicitly and discussed. 190-41 

VI. 2. From an action for the self-dual Yang-Mills (SDYM) system, we have con- 
structed a higher dimensional version of the Kac-Moody-Virasoro algebra which appears as 

the symmetry of this system. IYe have also constructed a SDYM hierarchy with using these 
algebras. [go-7) 



VI. 3. We have studied a conformally invariant theory which consists of scalar fieids on a 
Riemann surface C coupling to a Chern-Simons gauge filed on a three dimensional manifold 
B with boundary C. The presence of gauge fields introduces interesting phase factors given 
by the line integral of gauge potential in the correlation functions. After quantization to the 
gauge field, these phase factors are related to the Gauss linking number and the self-linking 
number for the U(1) case, and the link polynomials for the nonabelian case. [90-6] 
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Albert Schwarz 

a) Constrained svstems and BRST-apmoach 

The most powerful method of quantization of constrained systems is based o n  the use 
of BRST-operator. In particular, BRST-operator plays an important role in very generai 
Batalin-Fradkin-Vilkovisky (BFV) approach to quantization. It is shown in [7] that the 
appearance of BMT-operator in the analysis of quantum systems with constraints can be. 
understood very easily within the framework of Lie algebra cohomology. (It is important , 

to note that in this approach BRST-operator arises directly in quantum case and is not 
connected with quantization of classical system.) 

The treatment in [7] is restricted to the case when there is only a finite number of 

constraints. The case of infinite number of constraints can be analyzed by means of the 
notion of semi-infinite cohomology groups of Lie algebra (paper in preparation). It is well- 
known that in general the standard construction of BRST-operator Q gives an operator 
that does not satisfy Q2 = 0 due to some kind of anomaly. (In other words, the standard 
construction of semi-infinite cohomology can be applied only under certain conditions. I am 

planning to analyze the anomalous case in collaboration with A. Voronov). This is important 
for physical applications (for example, for strings in non-critical dimensions). The analysis 
can be based on the recent paper by Voronov. Voronov gave a general definition of semi- 
infinite cohomology groups; it is plausible that this definition can be applied to the anomalous 
case and gives correct quantum theory. 

The analysis given in [7] must be generalized also to the case of reducible constraints. 
(First consideration of classical system with reducible constraints was given in [56]. Later 
corresponding BRST-operator was constructed in BFV-approach. I am planning to analyze 
a quantum system with reducible constraints.) 

There are also some important questions concerning BFV-approach to quantization of 

constrained systems. In this approach the gauge condition can be interpreted as a choice 
of Lagrangian submanifold in a certain supermanifold with an odd symplectic structure. It 
is well-known that the physical quantities do not change by the continuous variation gauge 

condition. I hope to prove that two gauge conditions lead to the same answer if corresponding 
Lagragian manifolds are connected by Lagrangian cobordism. (One can construct examples 
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showing that in general the answer depends. on the choice of gauge condition). 

.. .. . 

b) Topolocical quantum field theories (TOFT) 

This branch of QFT attracts great attention especially after Witten’s paper 1241 in which 

it is shown that topological imariants arising from Chern-Simons Lagrangian are related with 

Jones polynomials in Knot theory. (The construction of topological invariants by means of 
Chern-Simons Lagrangian was proposed earlier in [17], in the same paper I conjectured that 
these invariants are connected with Jones polynomials. The method permitting to obtain 

topological invariants from QFT and the first example of TQFT were given long ago in my 
papers [18] and [19].) Witten has shown that TQFT can be useful not only for mathematics 
but also for physics [24], [23]. (See also papers by Moore and Seiberg, etc.) I am planning to 

return to TQFT, in particular, I intend to analyze TQFT connected with the moduli space 
of superconformal manifolds. Witten’s results [23) give a hint that this theory can be useful 

in. the analysis of two-dimensional supergravity coupled with superconformal matter. 

c)Transmutation of statistics 

In 191, I studied the statistics of skyrmions (particles corresponding to topologically non- 

trivial fields in non-linear a-model.) I intend to continue the analysis of this question. I 
would like to analyze also more general questions connected with transmutation of statistics. 
These questions are interesting from the general viewpoint, but they are especially important 
in connection with discovery of anyon superconductivity. To establish the connection with 
real properties of novel superconductors it is necessary to study more carefully how fractional 
statistics arises in the quantum theories with elementary particles obeying bose and fermi 
stat is t ics. I 
S t r i z  theory 

I intend to continue my work in the string theory (see [SI, [10]-[17]). My last results in 
this field were motivated by the wish to go beyond the framework of perturbation theory [lo]. 

I constructed the extension of super-Mumford form (holornorphic square root from the string 
measure on the moduli space) to the universal moduli space and expressed it in the terms 

of superanalog of Sato’s 7-function. The universal moduli space contains moduli spaces 
for all general genuses and therefore in some sense corresponds to all orders of perturba- 
tion theory. Recently, very interesting results were obtained for non-critical hosonic strings 
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(strings in dimension < l=matter with centra! charge < 1 coupled with two-dimensionai 

gravity.) These results are much stronger because they give non-perturbative expression of 

the partition function and correlation functions in terms of .r-functions. I will think about 
the generalization of these results to the case of non-critical superstrings; one can hope the 
superanalog of the .r-function construction in [8] will be useful for such a generalization. 
’ .The construction of extension of super-Mumford form to the universal moduli space led 

to discovery of hidden N = 2 superconformal symmetry of this form [SI. I am planning 
the further study of the role of N = 2 superconformal symmetry in the standard (AT = 1) 
superst ring. 

Mathematical results obtained in (lo] can be used also to anlayze N = 2 superstring. It 
was shown in 1251 that N = 2 superstring has many very interesting features. The results 
of [lo] permit to calculate the string measure on the moduli space of N = 2 superconformal 
manifolds (paper in preparation). 

I studied also the string field theory. In collaboration with A. Sen, I proved that Witten’s 
open string field theory can be generalized to the string in arbitrary conformal background 
with central charge c = 26 [4]. In connection with open string filed theory I considered 
appropriate 2-dimensional conformal field theories in axiomatic approach and the relation 
between conformal background, appropriate for open and closed strings. It is possible that. 
I continue this consideration. 

In connection with string theory I am planing to study some mathematical questions 
concerning the so called model spaces. The paper [2] devoted to Virasoro model space can 
be considered as the first step in this direction. 
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