775

5/28/86
Proposal for Upgrading

the
Collider Detector at Fermilab

CDF Collaborationx

With the successful test run of CDF during September-October,
1985 and the beginning of physics running later this year, now is
the appropriate time to begin a specific program of detector
upgrades so that the full physics potential of CDF at the
Tevatron Collider can be exploited in an optimum way. We seek
PAC guidance and approval of our plans to go beyond the original
scope of CDF.

The basic design and physics goals of CDF have not changed
substantially from our 1981 Design Report. Experience at the
CERN SppS collider confirms that CDF will be a very powerful
instrument for exploring new physics. Essentially all of the
hardware will be completed for the first physics run in late
1986; final quantities of some front—-end electronics and partial
sampling in the forward hadron calorimeters had to be delayed
until FY1987 because of actual funding schedules. Thus, by the
beginning of 1987, we will have completed the base detector and
will begin to explore the new physics regime made possible by the
Tevatron.

Numerous suggestions have been made for enhancing the physics
potential of CDF by building additional detector components. The
collaboration has examined these in workshops and informal
discussions and is prepared to move forward with certain upgrades
as soon as support can be secured. Because of our commitment to
an aggressive and intensive physics program with the base
detector, we have limited current upgrade plans to projects with
very high priority. These high priority improvements are:

1) Completion of the Level-3 trigger system. This is a
fully programmable trigger system based on a farm of ACP
microprocessors that can run detailed analysis codes for
event selection to reduce the rate of events logged for off-
line analysis. Level-3 will also be used to aid in
monitoring the experiment and to isolate rare events for
rapid analysis.

2) Construction of muon spectrometers (super-toroids) to
provide muon identification, momentum measurements, and
triggers in the intermediate angle range between the forward
muon toroids and the central muon detectors where there is no
muon coverage in the base plan.

*See Appendix A




3) Construction of a transition radiation detector system to
cover the forward/backward region for improving electron
identification in this region where magnetic analysis is
ineffective.

?) D?ve}opment of a micro~vertex detector system to aid in
identifying particles with intermediate lifetimes such as tau
leptons and hadrons containing bottom quarks.

Each of these high priority upgrades differs in its stage of
development and overall effort required. Therefore, we are
treating them separately and we seek different kinds of advice
and approval from the PAC. Nevertheless, all of these upgrades
are very important to CDF and all must be completed in a timely
fashion to best exploit the physics opportunities of Tevatron I.

It has long been recognized that a "FORTRAN-Programmable',
Level-3 trigger system is verg important when the collider
luminosity exceeds roughly 1029 cm—2s-1., Since this is likely to
happen by the end of 1987, CDF decided to begin constructing a
Level-3 system even though full funding has not been secured.
After an extensive internal review, CDF decided to base its
Level-3 system on the Fermilab ACP system. The system i=s
described and its current status is summarized in Appendix B.

Funds to build the necessary data acquisition system
interfaces and first pieces of the ACP farm were taken from
contingency and were provided through the US/Japan Accord.
However, new sources of support are required to complete Level-3
and bring it up to full performance. As indicated in Appendix B,
approximately $367K is needed for this. We are requesting PAC
concurrence with our plans for Level-8 and its support for our
efforts to secure funding to complete Level-38.

With the experience gained in assemblying CDF and moving
large detector pieces in and out of the BO collision hall, it is
now possible to design a single muon toroid system that covers
the polar angle range 16° to 55°. This system, the Muon
Supertoroids, can thus join our existing forward/backward muon
toroids and the central muon system giving continuous muon
detection, triggering, and momentum determination over nearly 8
units of rapidity. The proposed muon upgrade is described in
Appendix C. Final engineering of this system can be completed
during FY87 and construction could be finished in FY89. VWe are
requesting PAC support of this upgrade so that final engineering
and construction can begin as soon as possible.

In the forward/backward regions, electron identification can
be improved significantly by adding a TRD system as described in
Appendix D. Because the momentum analysis from the solenoid is
essentially nonexistent at these small angles, we view the TRD
system as necessary to bring our forward electron capabilities up
to a level comparable with the central and end plug regions.

This uniformity of response over the full acceptance is a very




important part of the CDF design. The success of the Leingrad-
Fermilab TRD system in recent hyperon fixed target studies gives
us confidence that such TRD systems can be engineered reliably.
In the case of CDF, this is a natural addition because of the
relatively long available free space between the end plug and the
forward EM shower counters. Our program for the TRD system is to
begin detailed engineering, design and prototyping studies early
in FY87 so that construction of the chamber and radiator
assemblies could begin by the end of that year, pending the
successful outcome of the design effort. The entire system would
be installed in CDF by the end of FY88. Therefore, we are

seeking PAC support for the TRD upgrade to begin as soon as
possible so that it can be completed before the end of FY 1988.

The power of micro vertex detectors has been demonstrated in
a number of experiments. Indeed, this may be the only technique
possible for identifying b-quark mesons and the tau leptons with
sufficient reliability and efficiency to allow physics studies
with these particles. CDF is engaged in a development project
with the goal of installing a micro vertex detector based on Si
strip technology after the first or second full running period
(during FY88, most likely). The detector and the current R&D
activity is described in Appendix E. We have reviewed the
development project carefully within CDF and recognize that
several milestones must be met before a full system can be built
and installed. These include: 1) the successful operation of
the special front-end electronics in conjunction with the silicon
strips, 2) a complete mechanical design that maintains alignment
of the Si strips without causing unacceptable backgrounds in
other parts of CDF, and 3) physics studies based on actual CDF
events which demonstrate that such secondary vertices can be
found with reasonable efficiency.

We recognize that there are risks in installing a Si vertex
detector along with the strong physics benefits. We feel that an
aggressive R&D program is indicated in this case because the
potential physics return is so high. As socon as the above
milestones are reached, we shall move forthwith to installation
of the Si vertex detector so that physics studies using it can
begin during FY88. We are seecking the endorsement by the PAC of
this plan to develop a Si vertex detector.

A summary of the estimated costs for these upgrades is given
in Appendix F. An optimum funding profile is also given there.
Note that the line for facility improvements has been discussed
with Fermilab and the DOE at our last DOE Review. This
represents the minimal equipment support needed for routine
development and upgrading of CDF.

The first three upgrades discussed above can be viewed as
extending the capabilities of CDF within the general scope of the
base detector design. For example, the muon supertoroids and TRD
fill out the lepton coverage over the full CDF acceptance. On
the other hand, the Si VIX detector will add a significant new
capability to CDF.




Another upgrade that has been studied is to increase the
amount of absorber and tracking outside the central calorimeters
for improving muon identification in the central region of CDF.
Such a system appears feasible, but we have decided not to
propose this upgrade until after we have actual running
experience with CDF.

Fermilab is considering an improvement program to increase
significantly the luminosity of the Tevatron Collider. We are
now studying the impact of this upgrade on CDF. Some
modifications to our electronics and trigger systems will be
required and these needs will be presented to the PAC when a firm
luminosity upgrade plan is established.
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Appendix B

To: CDF

From: Terry Carroll, Tom Devlin
Subject: Level 3 Status
INTRODUCTION

The Level 3 trigger for CDF is a "processor farm", a system of parallel
single board computers, each capable of applying selection criteria to events
passed onto it by the hardware triggers at Levels 1 and 2. Level 3 is

essential for CDF operation at luminosities of 103°/cm2/sec. At this
luminosity, roughly 50,000 interactions/sec are expected. The Level 1 Trigger
uses direct analog outputs from the detector electronics to apply thresholds
on such quantities as transverse energy, E " in 3.5usec between crossings.

Thus, it is essentially free of deadtime. It will pass 10% of the events -
5,000 events/sec. Level 2, still working with analog information, applies
more sophisticated criteria in event selection, e.g. clustering algorithms in
the calorimetry. It is expected to reduce the trigger rate by another factor
of tifty to about 100 events/sec. Level 2 requires several tems of isec and
introduces a deadtime of 10-20%. Thresholds at both levels are tunable to
allow a reasonable balance of selection criteria and deadtime.

The 100 events/sec which pass Level 2 will be digitized (in about 1 msec)
and sent to Level 3 for application of further trigger requirements in
software. It is the goal of the Level 3 software to reduce the trigger rate
to roughly 1 event/sec for archiving and 0.1 event/sec for "express line"
processing. The hardware must have the input/output bandwidths and the
processing speed to handle 100 events/sec in and up to 5 event/sec out.

The system chosen for Level 3 is ACP, the Advanced Computer Progranm,
which was developed at Fermilab for offline data analysis, and is now being
developed for commercial production, marketing and support. The initial
implementation of ACP single-board computers uses the Motorola 88020, a 32-
bit, 186.6-MHs microprocessor (§P) with an associated floating-point
coprocessor. Early benchmarks on this board with the Absoft Fortran-77
Compiler indicate a performance of about 0.8 Vax-780. Boards using other uP
chips can added to the system as advances in technology occur.

The immediate goal of the Level 3 project is the develop hardware and
software necessary for online operation of a prototype system with ~10 Vax
equivalents of processing power for the December, 1988, run. A fully-
implemented system with roughly 50 Vax equivalents of processing power is
needed for the run in late 1987.




SPECIFICATIONS

A number of requirements have been placed on the Level 3 hardware and
software system. Some are dictated by the data rates expected, and others by

our goal of making it easy to transport offline analysis algorithms to the
online code in Level 3.

1. Level 3 must be fully integrated into the data acquisition system (DAQ).
It must be capable of exchanging messages with the Buffer Manager, a uVax
which controls the flow of data in the DAf.

2. The system must be capable of processing Level 2 triggers at 100 Hs and
support Level 3 output rates up to 5§ Hs. This requires a data transfer
rate from Fastbus to the ACP processor memory of about 20 MBytes/sec (100
events/sec, 100 KBytes/event, 50% duty factor).

3. Easy transport of trigger algorithms from offline programs to the online
environment is essential. Level 3 will provide online filtering with
algorithms written in Fortran-77. Various general-purpose software
facilities used offline will be available in the online environment.
Examples of this are: the YBOS memory management system, histogram entry
routines, and parts of CERNLIB.

4. The trigger data base for Level 3, whereby trigger requirements are

specified for a given data run by CDF operations crews, will be compatible
with those for Levels 1 and 2 triggers.

HARDWARE STATUS

A Level 3 test system is currently installed on the 9th floor of Wilson
Hall immediately adjacent to the ACP development area. The host computer for
the system is a Vax-780 (BSNDBG) equipped with a UPI interface to Fastbus.
Figure 1 shows the hardware components currently installed and in use for
hardware and software development.

The ACP hardware resides in two VME crates (standard, commercially-
available crates with high-bandwidth backplanes). High-speed data transfer
between the ACP system and other devices occurs over the Branch Bus (BB), a
32-bit bus with appropriate control lines. The modules, on loan from the ACP
group, are:

-~  two CPU’s, 88020 single-board processors with 2 MBytes memory,

-- a YRM (VME resource module) crate controller,

-- @& BVI, Branch Bus to VME interface,

-- a BBC, DEC Q-bus to Branch Bus interface,

-- a QVI, Q-bus to VME interface,



-- a VME memory board, MEM, and
--  two Branch Bus terminators, BBT’s.

The development of software for the nodes is concentrated in the lower
right-hand area of Fig. 1. It consists of a gVax which can communicate to the
Branch Bus through a Q-bus interface (DRV11-WA). The full package of routines
used by the ACP group for creating 68020 programs exists in the pVax (and
other computers DECnetted to it). These include the Absoft Fortran-77
compiler, linkers and debuggers.

The CDF hardware development (upper left-hand area of Fig. 1) is focused
on the FBBC, an interface between Fastbus and the Branch Bus. This is the
channel for passing events from CDF to the ACP system, and is a critical-path
item for the December, 1986, run.

Tests of the FBBC are controlled from the Vax-780 by an interactive
program which allows the user to select any of a number of operating modes.
Single-word and block transfers can be executed from the Vax memory through a
data path which includes the UPI interface to Fastbus, the FBBC to Branch Bus,
BVI to the VME backplane and into the CPU memory.

Transfer through the UPI is rather slow, and cannot test the full
bandwidth of the FBBC-BVI combination. In order to test the system at high
rates, the same interactive test routine includes the option of setting in
motion an identical set of data transfer tests driven by a Fastbus-resident
processor, the SSP. Test summaries and error logs are reported back to the
Yax in the same form as its own tests. In addition to its advantage of higher
speed, the SSP can run for extended periods without degrading the performance
of the host Vax.

The SSP can currently block transfer to memory in 68020 nodes at a rate
of 13 MBytes/sec with error rates of about 1 per million 32-bit words on
average. Power, cabling and grounding are being cleaned up as a first step in
eliminating the low-level error rates. The SSP has also executed pipelined
writes to node memory at a rate of 18 MBytes/sec, - close to the design goal
of 20 MBytes/sec.

CDF currently has two wirewrap FBBC modules. The design is quite stable,
and during recent weeks, the BYI has been the subject of most hardware
modifications to support high data transfer rates. This the first opportunity
for the ACP development group to test the BVI at these rates, and they will
produce an upgraded version of the BVI when these tests are complete. ACP is
also interested in producing a printed-circuit or multi-wire version of the
FBBC.

SOFTWARE DEVELOPMENT: CONTROL OF FASTBUS

For the current tests, subroutines have been writtem in Fortran +to
control various control and data transfer operations involving the FBBC. They
have been coded in the standard CDF structure for compound Fastbus operationms.




They generate commands for the Fastbus interface (UPI) which can be executed
immediately, or incorporated into longer lists of UPI operations for more
efficient execution. These should be useful without change in the main CDF
online programs.

The interactive test program for the FBBC described in the previous
section should continue to be useful for in situ tests of the FBBC and
processor farm after it is moved to BO. Standard CDF software packages were
used for user menus and memory management. The database defining the farm and
the status and addresses of each node in the farm is the same as that which
will be used by the online programs. The test program contains facilities for
adding and deleting processors from the farm inventory, and testing the full
system or any part of it. :

SOFTWARE DEVELOPMENT: GENERAL FACTLITIES

A number of software packages have been transferred directly or rewritten
to run in the ACP node environment. The library of routines for the YBOS
memory management systems in now operating in ACP. A number of routines from
CERNLIB and UTILIB have been transferred to ACP. Some were originally in Vax-
Macro, and had to be re-written in Fortran or in 68020 assembly language.

SOFTWARE DEVELOPMENT: TRIGGER ALGORITHMS

A prototype jet algorithm has been written for the nodes' and tested with
data generated by a Monte Carlo simulation of CDF calorimeter data in standard
YBOS format. The algorithm decodes the raw data banks, searches for

transverse energy clusters in y-§ space (rapidity and azimuthal angle) and
calculates jet parameters. '

The algorithm has been run in both the real ACP nodes and in a node
simulator which actually executes on a Vax. The latter was useful for

implementing the Host/Node structure, but was immune to certain Vax/68020
differences.

Although errors in the Absoft Fortran-77 compiler have required some
kluges, the trigger algorithm is fully operational in the nodes. A comparison
with the Vax simulation shows identical results for the central calorimetry
data. Benchmark comparisons between 68020 and Vax operation are being
performed at this writing.

A new release of the Absoft compiler is now available. The trigger
algorithm and associated libraries will be recompiled to eliminate the known
bugs and kluges.

FUTURE HARDWARE DEVELOPMENT REQUIRED

In parallel with Level 3 another group is developing a Fastbus device
call the Event Builder to assemble in one place the data from the many devices



which collect information from the various CDF detector subsystems. It is
;ssential to high-speed data collection and transfer to the Level 3 processor
arm.

The hardware Event Builder is unlikely to be ready béfore early 1987.
Therefore, until it is ready, its function in the data acquisition system will
be performed in the host Vax by software. Under these conditions, Level 3
will be served by a "consumer process" in the Vax which copies events from the
data stream and transfers them back through Fastbus to the FBBC and the
processor farm. This mode restricts Level 3 to a role as a monitor of
accepted events, rather than an active data filter. It does constitute an
extremely valuable opportunity to integrate Level 3 into the data acquisition
network, to simulate the Level 1/Level 2 operation and check consistency
between the trigger hardware and corresponding software model.

Level 3 should be prepared for the possibility that the Event Builder
becomes operational early in 1987, prior to completion of that run.

A fully-integrated hardware Event Builder and Level 3 system is scheduled
for the run later in 1987, and should be prepared for full luminosity. At
this stage, two complete Event Builders are required, each served by a
separate FBBC interface to the ACP processor farm.

Another important piece of hardware for high-speed operation is the Bus
Switch to be built by the ACP group. This device will permit the Level 3
processor farm to be served by several parallel Branch Buses in order to
increase bandwidth. It will allow simultaneous data transfer from each FBBC
to the farm, and output of data from the farm to the data-logging system.

PERSONNEL

The following personnel are now working on the Level 3 project:

Andy Beretvas Rutges 30%
Terry Carroll Fermilab

Tom Devlin Rutgers 50%
Brenna Flaugher Rutgers

Ping Hu Rutgers (Summer)
Umesh Joshi Rutgers

Mark Larwill Fermilab

Youhei Morita Tsukuba 50%
Zhizhong Zhang Rutgers (Summer)

Terry Watts is beginning a sabbatical leave from Rutgers and will spend
about 50% of his time working on Level 3 compatibility with Level 1 and Level
2 triggers.

Irwan Sidharta, a-Rutgers E.E. graduate, will spend, the summer at
Fermilab working with the group developing the Event Builder.

Ping Hu will complete his course work at Rutgers during the Fall semester
and rejoin this project full time in December, 1986.



Bob Hollebeek from Penn has expressed interest in working on Level 3.
Mark Larwill is supported in the development of the FBBC by other members of
the technical staff of the data systems group. We have received a great deal
of help from many members of the ACP group: Glenn Case, Rick Hance, Hari
Areti and Art Cook in hardware development; Irwin Gaines, Joe Beal, Mark
Fischler in software development. The overall interest, support and
encouragement provided by Tom Nash has been very important.

SCHEDULE AND MILESTONES

1-Jun-86
20-Jun-88
1-Jul-86

31-Jul-86

11-Aug-86

15-Sep-86

Dec-86
Early 87

Fall 87

Prototype trigger algorithm studies complete
FBBC development complete

Start installation of 2-crate processor farm with FBBC
at CDF

Conversion of isVax management of processor farm to online
environment, interface to Fastbus and exchange of messages
with data acquisition controller

Move uVax to CDF

Complete development of "consumer process® to copy events
from data stream to Level 3 processor farm

Beam. First operation of Level 3 with real events.
Hardware Event Builder opérational. Possible tests
of Level 3 at high speed with real events before end

of current run, processing power ~10 Vax-780 equivalents.

Bus Switch complete

Full implementation of Level 3, >50 Vax-780 equivalents.
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May 22, 1986

TO: Dennis Theriot
From:  Terry Carroll
Subject: | |3 Cost Estimat
ITEM UNIT COST FY86 FY87
# | Cost 7 Cosf
VME crate + power $2,000 4 $8. 5 | $10.
+cooling
(1) BBC 1,375 2 2.8 2 28
(1) BT 225 4 9 4 9
(1) BVI 1,525 4 6.1 8 12.2
(1) Qvi 960 2 1.9 1 1.
(1) VRM 450 4 1.8 6 2.7
(1) 68020 CPU with 2,797 23 64. 60 168.
2 Mbytes DRAM | ,
2 Mbyte memory 800 i 80 64
expansion \
Branch Bus Switch 5,000 1 5.
(2) Misc. VME modules 7. 5.
FBBC 3,000 2 2 6.
QP! 8,000 1 1 8.
Limits & Alarms 1,500 1 1.5 2 3.
Rack 1,500 1 2 3.
MicroVAX I 243 1 22.
Misc. parts & 10. 3.
documents -
Contingency 15. 50.
(3) TOTAL $143K $367K

(1) Prices are quotes from OMNIBYTE in West Chicago for operational
modules with a 2 year warranty.

(2) VME display modules, extender cards, memory modules, etc.

(3) Estimate for FY86 includes funds from Tsukuba University and $36K
from Rutgers.
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SUPERTOROIDS FOR CDF:COMPLETING THE MUON COVERAGE

D. Carlsmith, D. Cline, R.Handler, A. Jaske, G. Ott,
L. Pondrom, J. Rhoades, M. Sheaff, J. Skarha, T. Winch
University of Wisconsin, Madison, WI

D. Theriot
Fermilab, Batavia, IL

ABSTRACT

It is proposed to complete the CDF muon coverage with a single toroidally magnetized
spectrometer in the shape of a sunflower at each end of the central detector. The system
would provide a high Pt muon trigger and momentum analysis over the range 16 to 55
degrees in polar angle.

INTRODUCTION

The proposed supertoroid system would complete the muon detection capability of
the CDF detector from a polar angle of 3 degrees to 177 degrees relative to the circulating
protons, corresponding to +/-3.6 units of pseudo-rapidity. In its present form the CDF
detector has a gap in muon coverage between 17 and 55 degrees, or 1.25 units of pseudo-
rapidity on each side of the collision point. This gap represents 35% of the total 7.2 units
of rapidity in the central region of phase space accessible to CDF.

The physics capability of the CDF detector is substantially increased by this improve-
ment in muon coverage. The identification and momentum measurement of single muons
are important for missing ET measurements, for the study of W decays, and for tagging
heavy flavors. Single muon detection increases linearly with phase space coverage. The
efficiency of the detector for multi-lepton events increases faster than linearly because of
the correlations among the sources of several prompt muons. Hence the completed muon
coverage between 3 and 177 degrees has a very high priority as a detector upgrade.

The scope of this proposal is similar to previous proposals to provide 1} a toroidal
spectrometer for the range 16-32 degrees and 2) additional unmagnetized iron and drift
chambers patched on the central detector for the range 32-55 degrees, but is an integrated
system with momentum analysis for the entire angular region 16 to 55 degrees. The system
provides additional absorber for muon identification and an independant momentum mea-
surement which may be compared with the measurement in the central tracking chamber
for purposes of background rejection.




MAGNET DESIGN

Figure 1 shows a preliminary design of the magnet. At intermediate angles, the
sunflower shape is natural: particle trajectories are normal to the bend direction and to
the drift chambers, and detector area is minimized. Below 30 degrees, the magnet is 40
inches thick and has the shape of a standard toroid with a projective inner surface. The
central 16 degree hole for the forward calorimeter could accomodate a previously proposed
transition radiation detector. A conical shape for polar angle greater than 30 degrees is
approximated by flat *petals’, 32 inches thick, with machined mating surfaces. Each petal
covers 30 degrees in azimuth and weighs about 48 tons.

The geometry of the CDF detector and collision hall and the need to extract the
endplug imply that any system in this angular range must be carefully sculpted. A number
of interferences must be specially dealt with :

1) The largest interference is with the floor. We propose that steel be embedded in
the floor to provide a smooth path for the magnetic flux in the petals of the sunflower.
Whether this region (approximately 20% of the solid angle of the supertoroids) would be
instrumented is under study.

2) The top 20 ton of the magnet does not fit in the door. We propose to assemble
as much as fits in the assembly area and piece on the top in the collision hall under the
assumption that the sunflower would not often be removed to the assembly area.

3) The I-beam supports for the beam-beam counters would be cut off and the counters
supported from the sunflower inner surface. -

4) The arms which support the plug would be cut off and an independant support
system ("ATLAS’) would be brought in for plug extraction. A reduced thickness of steel
in the petals is nevertheless required to clear the plug supports at 0 degrees in azimuth,

5) The magnet would split in the center and each half would be pulled out and around
the central detector for plug extraction.

6) The dewar would be moved.

The magnet would be saturated by four water-cooled coils with 40 Kamp-turns per
coil of design similar to those used for the forward toroids. The design field varies from
16.5 Kg at the inner radius to 19.5 Kg at the outer radius.

CHAMBERS

We propose a double plane of electrodeless chambers (Figure 2), similar to the forward
muon chambers, on the front and rear surfaces of the sunflower magnet. Chambers are
arranged in the form of a pinwheel with each sense wire tracing out a 30 degree chord of
a circle. The track position in azimuth is measured by 5 degree pads. As in the forward
system, the cells are graded (proportional to polar angle), and project to the nominal
interaction point, to provide for a Level 1 Pt threshold on the basis of a coincidence of hits
in the front and rear chambers. The rear plane of chambers is set 10 inches off the magnet
face to maximize analyzing power.

Given an accurately known vertex position, the momentum of the muon is deter-
minable from the entrance and exit points with a multiple Coulomb scattering limited
resolution of ~ 20%. The central tracking chamber should measure the momentum with
better resolution over most of the solid angle. Two planes are sufficient to provide a Level
1 muon trigger and a momentum measurement which may be compared with the central
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tracking measurement.

TRIGGER

A trigger similar to the 300 % trigger of the forward system would consist of the OR
of the set of coincidences of cell I in the front chamber with cells I-1,1, and I+1 in the rear
chamber. To provide a Pt threshold at Level 1 similar to the forward muon system requires
118 trigger cells at about .011 units of pseudo-rapidity per cell, roughly twice the number
of trigger cells in the forward system. The minimum and maximum drift times are 330 ns
and 1116 ns respectively. In so far as the field of the solenoid is cylindrically symmetric,
angular momentum conservation requires that a particle exit the flux return path pointing
at the origin, rotated somewhat in azimuth, so unless central tracking information is used
in the trigger, the solenoid field has no visible effect.

This trigger scheme is potentially compromised by the expected vertex distribution:
the projective cells can not simultaneously image a distributed source efficiently and provide
a high Pt threshold. Consider an infinite momentum track which passes through a fixed
cell in the front plane of chambers. As the production point shifts away from z=0, the
projection through the front chamber to the rear chamber shifts out of the projective cell.
The displacement in units of cells at the rear chamber is approximately 1.4 cells per foot
of displacement in z. To good approximation, the displacement in units of cells for graded
cells is independant of polar angle.

This suggests a modified trigger which incorporates vertex information from the beam-
beam counters. The rear chamber trigger bits are latched in a long shift register and shifted
by an amount depending on the vertex position prior to forming the 1 * 3 coincidences.
The vertex position is provided at Level 1 by a simple meantimer circuit.

An idealized Monte Carlo simulation was made to study this trigger scheme. The
sunflower and calorimeters were approximated as pieces of spherical shells with an average
of 70 radiation lengths assumed for the calorimeters. The vertex resolution of the BBC
meantimer was assumed to be 6 inches and was digitized in bins of 6 inches. In Figure 3, we
show the trigger efficiency (including edge losses) as a function of Pt for a gaussian vertex
distribution with the nominal r.m.s. of 1 foot, with and without the vertex correction.
The improvement in the threshold function is limited by the crude resolution assumed
for the Level 1 beam-beam counter information. The relatively high asymptotic efficiency
after the vertex correction was found to be maintained for a vertex distribution with a
sigma of 1 meter which implies that the trigger would be sensitive to interactions virtually
anywhere on the axis of the central detector.

BACKGROUNDS
Three types of backgrounds may be anticipated: cosmic rays, pion and kaon decay
in flight in the central tracking volume, and leakage from showers in the calorimeters
(including decays of particles generated in the hadronic cascade). We present below rate
estimates for each of these backgrounds.
An estimate of the cosmic ray background is found using the flux

; ' % = Iosin®(0)sin?(¢)
and the trigger solid angle
AQ =~ 3 x cell area/t?
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where Ip = 5 x 10~3(cm? — str — s)"l(p > 2GeV/c), t is the chamber separation and the
cell area depends on polar angle. Integrating the flux times the solid angle over the top
half of 2 sunflower and assuming that a trigger in the bottom half would have triggered
the top half of the other sunflower, we find for 3 bunch operation at a luminosity of
103 (em=2 —s71):

Rate = 558 Hz * 2 ends * (.171 live time) * (.5 probability of a BBC hit per Xing) =
95 Hz.

This rate could be reduced by a factor 6 if the azimuthal bite of a trigger cell were
restricted to 5 degrees by incorporating the pad information into the trigger. Most of
the cosmic rays which satisfy the trigger are at large polar angle where some rejection
is expected from the requirement that a matching track be found by the central track
Processor.

We estimate the punchthrough and decay in flight using the single charged hadron
inclusive production cross section from UAl:

do ZWAP,:

dPdY (1’*?35%972)“

where A=0.47 barn/(GeV /c)?) and n=8.07 is the power extrapolated to 2 TeV using
both ISR and collider data. (see PL 118B,169 (1982).)

To estimate the trigger rate from decay in flight, we numerically integrate the produc-
tion cross section times a luminosity of 103°(cm =2 — s7!) times the trigger efficiency as a
function of P, described above, times the decay probability assuming 20 % kaon content
with .63 branching fraction to muons and a conservative angle independant decay length of
2 meters. The resulting rate estimate is 4.4 Hz per sunflower. This rate should be regarded
as an order of magnitude estimate as it is extremely sensitive to the trigger rejection at
low Pt and to the shape of the production distribution.

The momentum measurement by the sunflower should aid in the rejection of the
problematic ’seagull’ decays of low energy pions and kaons which fake high Pt tracks in
the central tracking chamber.

For under 3 meters of iron equivalent, shower leakage is dominated by hadronic
punchthrough rather than by real muons from decays of shower particles (see F.S. Merrit
et al., NIM A245,27 (1986)). To estimate the trigger rate from shower leakage, we use the

Snowmass ’84 parameterization of the probability of greater than zero particles exiting an
absorber length x of Fe equivalent:

P(I,p) =0.13 pl.62 e—x/23cm

Integrating the single charged hadron production rate times the leakage probabilty for
a fixed absorbtion length of 2 meters Fe equivalent over the angular range of the sunflower,
we obtain a rate of 5.5 Hz of leakage events at the rear of the each sunflower. The leakage
rate into the front chambers is a factor of roughly 756 higher. All leakage events may not
satisfy the trigger. However, the presence of a leakage particle in a rear chamber is likely
to be associated with hits in more than one cell in the front chamber so the effect of the Pt
threshold trigger is difficult to estimate without a detailed simulation of hadronic cascades.
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A multiplicity cut in the front chamber could be used to eliminate such events. For the
remaining events, 8 2 GeV/c Pt threshold reduces the trigger rate due to leakage by a
factor of 10.

COSTS

An estimate of the cost is obtained by scaling the costs of the present toroids. The
surface area of a sunflower is about 2300 ft? , approximately 1.9 times the chamber area
of three forward muon chamber planes. Each magnet is 812 tons, approximately equal to
the volume of a toroid magnet pair. We require 8 coils with about 1600 feet of conductor
per coil. For 118 trigger cells in polar angle, assuming half as many cells to resolve the
ambiguity, with each cell covering 30 degrees in azimuth, each sunflower requires 4248
TDC channels. For 5 degree azimuth pads, dividing the polar angle into 10 regions, there
are 1440 pads per sunflower. We then find the following estimates (both ends together):

Cost estimates(kilodollars)

Magnet Design $100k
Magnet 1590
Coils 300
Base 200
Power Supply 100
Chambers 558
ADC’s 2880 ch * $100/ch 288
TDC’s 8496 ch * $100/ch 850
Total 23086k

The total does not include the floor modification or the endplug support ATLAS.
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Appendix D

A Proposal to Buiid a Transition Radiation Detector System
for the Forward Angle Region of CDF

G. Brandenburg, M. Atac, J. Bensinger, E. Sadowski

1. Introduction

We propose to add a Transition Radiation Detection system in the forward/
backward angle region of the Collider Detector at Fermilab (CDF) to improve electron
identification. In this region such devices are ideally suited to the physics needs of CDF
and to the geometrical space available. This region has no magnetic field to aid in
particle identification, yet there is sufficient space along the beam line for a low mass
TRD system. Such a system would not intefere with any existing CDF components.

The current version of the CDF detector has tracking chambers, calorimetry, and
muon detectors covering most of the available solid angle. At2 TeV, the 176 degrees of
polar angle which are covered are totally within the "central region”. Specifically, the
total rapidity range of 2 TeV interactions is approximately 7.5 units, while the CDF
detector covers 14 units. Thus the forward/backward region (2°-10" at either end), which
covers the pseudorapidity range of 2.4-4.0, is an integral part of the the central region.
The forward/backward region already has good muon detection efficiency; a TRD
system in this region would provide electron identification with similar precision. -

‘Good lepton identification is essential for much of the interesting physics available
to CDF. In particular the production of heavy quark flavors, of W's and Z's, and "new
physics" such as Higgs bosons will all have distinctive lepton signatures. The
importance of good coverage of the small angle region is seen in Fig. 1, which shows -
the rapidity distribution of the decay leptons from W's produced at 2 TeV. lt is clear that
the identification and measurement of both electrons and muons is required to the
smallest lab angles possible. In a more general sense the decay products of any object
with Vs = 80 GeV will extend to rapidities of +4. It is also possible that the producton of
heavy quark pairs may be enhanced by a diffraction-like mechanism at small angles
and that their decay products would populate the forward region.

For the first CDF run the various detectors will be deployed as shown in Fig. 2. The
smallest angles are covered by the forward tracking chambers (FTC), the Forward
Electromagnetic and Hadron Calorimeters (FEMC and FHC), and the Muon Toroids.
The existing calorimetry in the forward (and backward) region has a granularity of
An=0.1 and As=5". The tower structure of these calorimeters is diagrammed in Fig. 3.
The combination of FEMC, FHC, and FTC is able to adequately measure the position
and energy of isolated electrons, provided they can be identified. However, because
there is no appreciable magnetic field in this region, this identification must rely on the
relative amounts of energy deposited in the three depth segments of the calorimetry,
correlation of tracking information and shower centroids, and the width of the showers.
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The lack of effective momentum measurement in the forward direction prevents
using a comparison of the measured track momentum to calorimeter energy for electron .
identification. This comparison when used in the rest of the detector is an effective way
of identifying the low pt pion plus photon background. We estimated that a TRD will
give us an improvement of a factor of 10 to 50 over what we can do with the CDF fringe
field alone. Animprovement of this order is essential for such things as identifying
semileptonic decays of heavy quarks.

A pion can masquerade as an electron in one of several ways: (a) a low
momentum charged pion overlaps with with a =", (b) a n” Dalitz pair is not properly
correlated, (c) a charged pion produces an early electromagnetic shower in the
calorimetry. Eliminating (a) and (b) currently depends on the the ability to match tracking
information and shower positions. The problem of charged pion shower development ,
(c), is addressed in Figure 4, which shows the total energy deposited by 60 GeV r's and
e's in the Forward Electromagnetic Calorimeter. Figure 5 shows a correlation plot of the
energy deposited in the two depth segments of the EM calorimeter for the same
particles. Cuts were made on the ratio of EM energy to total energy, the ratio of the front
half of the EM calorimeter to the total EM energy, and the shower width. For the test
beam case shown here there was no hadron calorimeter data, so the measured beam
momentum was used for the total energy. The table below shows that after all three
cuts the n survival probability is less than 1% for reasonable e efficiencies. In a colliding
beam environment, the total = survival probability will be about 1%. This is clearly not
good enough if we need to uniquely separate electrons from the much more prolific
pion background. A transition radiation detection system would improve the electron
identification capabilities for both cases (a) and (c).

Cut (cumuiative) e.Ejﬁmncy.L@ x.&um_emuan_ny.w)
EM/Total Energy

Depth Segmentation 94 0.5
Shower Width 90 ' 0.4

: The Forward Tracking Chambers are drift chambers with radial wires. This design

gives an excellent measurement of the azimuthal coordinate, but a poor measurement
of the polar angle. This will be mitigated somewhat by implementing current division on
the wires. It has been proposed to build a second set of tracking chambers with
azimuthal wires (“theta chambers”) to provide an accurate orthogonal coordinate.
Measuring both coordinates well will be important in cases (a) and (b) above for
matching trajectories with showers in the FEM. We propose to buiid the TRD system
with chambers that are similar in design to the theta chambers, and which will serve the
dual function of measuring particle trajectories and detecting transition radiation.

The proposed TRD system is located approximately 5 m. from the interaction point.
At this distance particles are separated sufficiently to be separately identified. In
particlular the typical separatnon of particles inside a jet will be =4 cm. at the inside edge
of the detector.



2. Transition Radiation Detectors

- The radiation of low energy photons as extremely relativistic particles pass
through the successive layers with different indices of diffraction is strongly dependent

on the Lorentz factor y= 1//(1-B2). it saturates at g = 104 Ris possible to enhance this
effect by building a radiator which consists of many successive thin sheets of very
lightweight material. Figure 6 shows the average number of TR photons produced when
electrons and pions pass through a block consisting of =200 sheets of 17um. thick
polypropalene. For electrons with energies above 5 GeV the number of expected
-photons is constant at approximately two. The number of TR photons for pions in the
same energy range is seen to be much less than one.

A transition radiation detector system which consists of several modules of
radiator and photon counting chambers will maximize the number of observed TR
photons by decreasing the amount of material that a photon must traverse before
detection. A Russian group has built a detector which consists of twelve such modules,
each consisting of a 210 sheet radiator block and a photon-counting proportional
chamber. Figure 7 shows the number of TR photons detected for x's and e's in the
10-80 GeV region. On the basis of this distribution they obtain a x rejection factor of
1500 with an electron inefficiency of 0.5%. ~

In CDF we have a space in front of the forward calorimeters which is
approximately 1.5m. in length. This is sufficient room for a four moduie TRD system.
Based on the TR photon output for a single module shown in Fig. 6, we can estimate the
pion survival rate as a function of electron innefficiency for such a four module system.
This is shown in Fig. 8. It is predicted that less than 2% of pions will be misidentified as
electrons with an electron inefficiency of less than 2%. This factor of 50 is independent
of the factor of 100 obtained from the calorimeter depth segmentation, resulting in an
overall n rejection factor of =5000.

3. Construction Details

The transition radiation detection system we are proposing consists of four
radiator blocks and five drift chambers as illustrated in Fig. 9. The system will
immediately foliow the FTC package. The proposed Muon Supertoroids are omitted in
the drawing: if they are present the system will fit inside their aperture and no additional
support strut will be necessary. The TRD system will be moved to the side together with
the beam pipe if the end plug is to be removed. : '
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The radiator blocks have an octagonal cross section to the beam and extend from
the beam pipe to just beyond the ten degree cone. They consist of 250 sheets of 13 um.
mylar separated by 1mm. and stretched between G10 frames. Thg sheets are raqdomly
dimpled so that they maintain their separation from each other. This makeg, it possible to
eliminate all framework from the "active area" of 2°-10°. A method of dimpling the sheets
with a warm rounded iron has been successfully tested. It is preferable to build each
radiator block as a single unit not only to eliminate framework, but also because it is
much easier to stretch the mylar sheets from a symmetrical frame. The mylar sheets are
glued to the the frame with contact cement making it possible to add several sheets to
the structure each day. It is also necessary to glue two strips of mylar together to form a
wide sheet: commercially-available rolls will not cover the entire frame. Tom T

The drift chambers are proposed to have wires strung in the "theta chamber”
geometry — see Fig. 10. There will be approximately 30 sense wires extending from 2°
to 10°. These wires will be read out independently for each octant resulting in 240
signals per chamber. The frames of the chambers will be built from lightweight
materials such as hexcell wherever possible. It will be necessary, however, to have an
outer aluminum support structure. The chambers will be divided into halves for easy
insertion and removal without necessitating the removal of the beam pipe.

Each chamber has a cell width along the beam of 2 cm. The actual drift chamber
cell is separated by a fine mesh grid from a photon conversion gap which is 2.5 cm. in
width. A section of a chamber is shown in Fig. 11. The entire chamber volume is filled
with a Xenon-Argon gas mixture to enhance the radiation length. The ionization clusters
produced from TR photons in the conversion gap are slowly drifted through a uniform
field region to the mesh grid. From there they are accelerated to one of the sense wires.
The signals from the TR photon conversions are delayed in time by at least 100 nsec.
--.from the primary charged particle signals, allowing them to be counted separately. The
chamber closest to the interaction point will be used for charged particle tracking
purposes only, but will be built using the same design as the others.

The construction of both the radiator blocks and the conversion gap drift chambers
would take place at the Harvard High Energy Physics Lab. The facility which was used
to construct the FEM system will be retooled for this task. This area consists of a large
clean room and six large jig plate tables. A possible layout for the radiator block
production is shown in Fig. 12. This facility will be available for this work starting Sept.
1986. It should be possibie to complete the entire system in time for the second major
CDF runin 1987. '

Some tests are planned for early 1987 using up to five prototype transition radiator
blocks and test chambers to determine the necessary parameters for the readout
-~ electronics. Figure 13 shows a cross section view of one of the test chambers. A small
number of 100 MHz flash ADC channels will be used for counting ionization clusters -
.arriving from TR X-ray conversions in the conversion gap. The amplifier pulse shaping
will be tuned in order to enhance the cluster counting efficiency. This study will be done
by varying electron drift times in the conversion gap. The electric field in this gap can be
varied independently on the test chamber. ‘



4. Readout Eléctronlcs

The readout electronics for this system must serve two purposes. First it must
perform a normal drift chamber TDC function for tracking purposes. Secondly it must
scale the number of hits in an extended time window in order to count TR photon
conversions. The initial tracking function takes place in the first =100 nsec. after the
beam crossing. The second scaling function extends over the next =2 pusec. It may be
possible to implement a dynamic switching between these two functions, however, a
simpler procedure is to split the signal and to perform the two operations in paralliel.

The number of electronics channels per chamber is approximately 240. When
both ends are included this means of total of 2400 channels for the entire system.

5. Cost Estimate

7

ftem | Cost

Radiator Block Materials $ 35K
Drift Chamber Materials $ 45K
Assembly Labor (2MY)* $ 85K
Hardware and Supplies $ 30K
Tooling $ 20K
Shipping $ 5K
Electronics (2400 channels) $230K
Total Cost : $450K

*This is additional labor — Harvard would supply approximately
4MY of technical labor to the project.
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Appendix E
The Silicon Vertex (SVX) of CDF

R. Kephart, A. Tollestrup
Fermi National Accelerator Laboratory

W. Carithers, R. Ely, C. Haber
S. Kleinfelder, H. Spieler
Lawrence Berkeley Laboratory

F. Bedeschi, G. Bellettini, E. Focardi
A. Menzione, L. Ristori, G. Tonelli
INFN, Pisa, Italy

I. Introduction

The main task of SVX is to provide a precise R-phi tracking
of charged prongs as close as possible to the interaction point

of CDF. This will allow the tagging of secondary vertices from
decay of beauty and heavier flavours.

The layout consists of four layers of silicon crystals around
the beam pipe as sketched in Fig. 1. The electrodes are thin
longitudinal strips, parallel to the beam. The relevant para-
meters are listed in Table 1. The detector provides four points
with a resolution of 15 um for each charged secondary between -2
< y < 2, thus improving greatly the resclution in momentum and in
impact parameter of CDF (see Table 2 for a comparison of CD reso-
lutions with and without SVX).

In this crowded region of limited volume it is crucial to use
a high granularity detector. In our proposed design, a total of
40,000 channels are separately amplified and multiplexed. This
requires special electronics as will be discussed l|ater.

Monte Carlo studies indicate that the system is gigable 9{2
tagging secondary vertices with |lifetimes between 10 - 10

sec with an efficiency of the order of 30 percent. A primary
goal is to tag the decay chain of heavy flavoured quarks. This
will allow the detection of rare decay channels of new heavy
particles involving t, b, ¢ quark with reduced QCD background.
The simulation studies show that the SVX can sort out signal from
the background in cases of physical interest, and Table 3 quotes
efficiencies for a few examples.




The SVX places some undesirable m?terial in the path of
secondary particles in a delicate region upstream from the other
detectors. Our design goal is a total weight of,SVX of less than
1.5 Kg. The maximum thickness traversed by particles at any
angle is < 2% X_ which reduces the number of secondary interac-
tions to a tolefable level.

The readout system for the silicon strip detector poses many
difficult problems. The pitch of the strip is BO s, and thus.
must be matched to read out electronics and the channels multi-
plexed if one wishes to avoid 40,000 wires coming from the detec-
tor. This problem has been attacked in an elegant manner at
Stanford by S. Parker and Terry Walker who have developed a
multiplex chip which has all the electronics on it for reading
out 128 channels in a2 serial manner. It can be "daisy chained"
if desired and in addition has calibration circuits incorporated.
However, there are several potential problems with this chip
which are discussed below. As a result an alternate path is
being pursued at LBL where a new chip is under development. At
present it is not known which solution will be used. We describe
here the two alternatives and indicate the approximate costs
associated with each.

ITa. Microplex Reéaout Chip

The present SVX design is based on the availability of a
custom VLSI preamp matched to our strip geometry. The only
presently existing chip which satisfies this constraint is the
Microplex developed to read out the Mark II silicon vertex detec-
tor. The Microplex contains 128 channels on a 50 upm pitch. Each
channel has a charge sensitive preamp and two sample-and-hold
capacitors for sampling the charge before and after beam
crossing. With an on-chip shift register, the sampled charge can
be serially multiplexed to a differential amplifier for external
digitization. An early version of the Microplex gave a signal to

noise ratio of 14 to 1 for minimum ionizing particles in a single
crystal detector.

Although we are still considering this chip for our applica-
tion, it still has some serious drawbacks. The first issue is
power dissipation. The Microplex is implemented with nMOS tech-
nology and consequently generates about 20 mW per channel. Since
the time between crossings at the Tevatron will be comparable to
the settling time of the chip, the power cannot be turned off
between crossings, and the device must be run DC. The heat of
over 650 watts must be carried away by some cooling scheme that
inevitably introduces unwanted material near the beam pipe.



A.second issue involves the effect of strip capacitance on
the signal to noise ratio. Given the long interaction region at
the Tevatron the vertex detector for CDF must have long strips
and the source capacitance become correspondingly large. This

anreases the noise which depends linearly on the source capaci-
ance.

) The thir? issge is readout speed. Again because of the short
interbunch tlme,'lt is impossible at the Tevatron to read every
channel on the Micropiex between bunches. On the other hand this

would be necessary if a secondary vertex trigger is to be
deveioped.

These problems are all being studied. A test stand for the
Microplex chip has been set up at LBL and reproduced at Fermilab
and measurements on the electrical properties of the circuit are
being made.

The problem of heat removal is under study at Pisa. Water
cooling is very efficient but, of course, the additional material
added to the system should be kept to a minimum. The present
design of the end flanges of the detector is based upon 300 um
thick Al pressed into a suitable shape as sketched in Fig. 2.
This provides the required mechanical strength, and heat exchange
is provided by a 2,000 um o.d., 1600 um i.d. Al pipe in which
water is circulated. The overall weight of an end plate is 120
ar.

Measurements on a2 prototype show that a water fiow of 10
|/hour at a pressure of 1.5 Atm can remove gost of the heat with
an increase of water temperature of 2 © 3 C°. The prototype was
also tested at a much higher pressure (6 Atm), and no diffi-
culties were encountered, and the resulting flow was still
linear.

At present, the most efficient dielectric material to be used
as a substrate for the electronics is being studied. Alumina was
used for the prototype tests. Boron nitride, Beryllium oxide,
and other heat conductive ceramics are being considered. The
construction schedule for the mechanical support calls for a
first prototype in 1986.

II.b. LBL CMOS Exéension of the Microplex

LBL is designing a CMOS enhancement of the Microplex to
address the issues noted above for application at hadron
colliders. The CMOS technology should reduce the power dissi-




pation by about an order of magnitude. The signal-to-noise
should alsc be significantly improved. A CMOS preamp should have
a much higher single stage open loop gain which in turn results
in a larger effective input capacitance for the preamp.

There are substantial architecture differences between the
LBL design and the Microplex. The Microplex front end uses a
conventional double sampling scheme to remove certain sources of
noise. This scheme does not remove contributions of detector
leakage current which can vary from channel to channel. The LBL
design uses 2 novel switched capacitor circuit that is func-
tionally equivalent to a triple sampling scheme that removes the
leakage current contribution. 1In addition, a sparse data scan
readout is being designed where every channel has a discriminator
and latch. The readout speed should improve by the inverse of
the occupancy - typically a factor of 10 to 100.

A prototype design exists, and a preproduction prototype has
been ordered for evaluation by July 1986. If this is successful,
a production prototype could be ready by October 1986.

III. Costs

The estimated costs of the vertex detector are shown below.

SILICON VERTEX DETECTOR COSTS

Italy U.S.
Equip En Equip En
m% We)

1. Silicon crystals 283

2. Preamp/Microplex BOO 130 1

chips
3. Cables, electronics 103 | 33 1
4. Mechanical support, 40 1/2 75 1-1/2

Total 426 1-1/2 238 3-1/2
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Thickness
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Shape

Table 1

~Internal

Diameter
(mm)

Length
(mm)

Size of
crystals

(mmz)

Pitch

ijm)

Channels

BT R PR

2 W N

200
200
200
200

Octogonal

L]

30
43
70
80

600
600
600
600

Table 2

Momentum
Resolution

(1073 eV

Polar
Resolution

(mrad)

26x75
33x75
48x75
55x75

50

50
100
100

Impact param.
ResoTution

():m)

“without SV¥X
with SVX

1.0
.5

.9
.3

200
25

8.032
11.200
7.680
8.800
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Table 3

Process 83(22 ‘24(%)
W = tb 36.5 17.0
W =3 cs 2.0 0.8
QCD — bb 35.3 22.4
QCD —» cc 1.8 0.4
QCD —u. d.s.g. pairs 0.8 0.4

SVX efficiency for tagging a number of physics channels.
E%r efficiency for finding a vertex containing three tracks.

€, efficiency for finding a vertex containing four tracks.




APPENDIX F

COST OF CDF UPGRADE PROGRAM (FY86S3)

SUPERTOROIDS $3086K
TRD 450K
SILICON VERTEX 240K
LEVEL 3 TRIGGER 387K

$5043K
CONTINGENCY (25%) 1261K
SWF (15%) 946K

$7250K




CDF UPGRADE PROGRAM (FY 888%)

FYs7*  FYss FY89 TOTAL
SUPERTOROIDS $333K $1810K $2043K $3986K
TRD 250K 200K o] 450K
SILICON VERTEX 50K 190K 0 240K
LEVEL 3 TRIGGER 367K 0 0 387K
FACILITY IMPROVEMENTS 500K 1000K 957K 2457K
(CONTINGENCY, SWF, MISC.)

TOTALS $1500K $3000K $3000K $7500K

*note: FY87 is the final year of construction for CDF. Following the
March, 1986 DOE/CDF review and additional FY88 funds, the
current CDF budget plan calls for $3.4M in FY87 equipment funds
to complete the base detector.
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May 11, 1988

TO: Taiji Yamanouchi
FROM: A. Tollestrup/R. Schwitters ﬁﬂi}

SUBJECT: CDF Vertex Detector Proposal

We are submitting the revised copy of the proposal for the
CDF Silicon Strip Vertex Detector. The design has now matured,
and the prototype work has reached a point where we feel comfort-
able proceeding with construction. Hence, we are asking for
approval of the proposal.
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PROPOSAL P-775

To upgrade CDF with a Silicon Vertex Detector
in order to tag long-lived heavy flavors

1. Introduction and Summary

This document is a proposal to upgrade CDF with a silicon strip micro—vertex detector
(the CDF SVX). The addition of this device to CDF would permit the tagging of the decays
of long-lived heavy particles produced in pp collisions on an event—by—event basis. This will
give CDF a very important, perhaps crucial, capability to untangle possible new physics
revealed at the very high center of mass energy of Tevatron-I. In addition, it will give
CDF new access to the study of QCD-induced heavy flavor production in pp collisions.
The implementation of the CDF SVX is made possible by recent advances in the application
of micro—electronic technology to high energy physics. These techniques will likely be used
increasingly in modern detector systems.

Over the past few years we have carried out a development program (described be-
low) leading toward the construction of this device. We are ready now to proceed in the
construction of the CDF SVX. It is our intention to install this detector into CDF for the
1990 physics run. By then we will already have collected ~ 1pb~? of data, which permits
exploration of new mass scales. Following that major run, we believe, will be the appro-
priate time to extend the sensitivity of CDF for new physics by improving the capability
of the detector.

The total estimated cost for this upgrade is $2.05M; close to half of this ($840K)
will be provided by the Italian contingent (INFN-Pisa) within CDF. The remainder, is
requested from Fermilab equipment ($1098K) and R&D ($119K) funds. We are asking the
PAC for approval of this upgrade to CDF.

The body of this document details the physics motivation, design, and expected per-
formance of the CDF SVX. Here we summarize the basics technical points discussed below.
e Conflguration: The device we have designed [1] consists of 4 radial layers of silicon
strips surrounding the beam pipe. The SVX will track only in the R¢ plane. Thus it
will function well with the existing CTC (Central Tracking Chamber). The intention
is to link tracks in the CTC with segments in the SVX. Tests have shown the position
resolution of the SVX to be 8um at each layer. For 1 GeV/c p; tracks this will result
in a ~ 30um resolution on impact parameters. For tracks above 10 GeV/c p; we reach
an asymptotic impact parameter resolution of ~ 10um. We note that the B meson
natural lifetime (cg) is 300pm.
¢ Material Near the Beam: To minimize the impact on the rest of CDF from inter-
actions in the SVX, lightweight materials have been used extensively in the design.
Particles traversing active regions of the detector will pass an average of 3% of a radia-
tion length. Thin regions on the ends and in the center, which form a support structure
are not active. Particles crossing vertically through those will pass an average of 3.5%
of a radiation length.




e Front End Electronics: The resolution of the SVX comes at the expense of a
high channel count. For our configuration, there will be ~ 40000 individual readout
channels. To deal with this, we have developed a custom VLSI (Very Large Scale
Integrated) circuit [2], which amplifies, samples, sparsifies, and multiplexes data from
the SVX. This dramatically reduces the data size and cabling burden.

o Signal-to—Noise Ratio: The signal to noise ratio (S/N) has been shown from the
analysis of test beam data [6] to be 12 with a preliminary version of the front end
electronics, an 8 pf detector capacitance, and 280 pm thick silicon detectors. An
accurate evaluation of the latest version of our front end electronics indicates that the
S/N will be even better in the final detector configuration. This is in spite of the large
input capacitance of the full detector (see Section 3.2).

e Detector Efficiency: The efficiency of the silicon microstrip detectors was measured
in a beam test to be 99.8% and the shape of the pedestal distributions remarkably
Gaussian.,

e Data Acquisition Electronics: Integration of the SVX into the existing CDF data
acquisition system will be straightforward. The necessary modules are well specified
at present and have been prototyped in during a beam test. Because the front end
electronics performs a local sparsification, the additional data generated by the SVX
will be a small addition to the present record size. Work is underway to design a full
system for CDF.

e Expected Performance: Simulations have shown that the calculated efficiency for
reconstructing secondary vertices with the strong signature of three charged tracks is
20%-40% [3],[4],[5]. Furthermore, we find the chance of detecting a fake secondary
vertex is 1073 — 10™* in a high p; jet event if no B’s are produced.

The remainder of the document is organized as follows. In Section 2 we discuss the
general physics motivation for identifying heavy flavor decays. In Section 3 we describe the
detector mechanical design and fabrication, the front end electronics, and the necessary
additions to the CDF data acquisition system. In Section 4 we describe the expected
performance of the SVX based on simulations and studies we have undertaken. In Section
5 we describe results of a beam test made on a prototype of the CDF SVX. In Section 6
we discuss a construction timescale and cost estimate. Finally, in Section 7, we present
our conclusions.

2. Physics Motivation

The primary motivation for upgrading CDF with a vertex detector is that it will pro-
vide us access to a range of new and perhaps fundamental physics. Examples of processes
where secondary vertices occur include decay modes of the W,Z and top quark and possibly
other unknown particles (W’,Z’, etc.), leading to b quarks in the final state. If we can learn
to tag the b content of these final states, then a new handle to isolate cleaner samples of
these important events becomes available to us. For these events the complexity of various
QCD induced final states will provide a sizable background. The secondary vertex tag
(or conversely its absence) can be a decisive factor in selecting the event. With reduced
efficiency, also, final states including 7 leptons can be exploited.
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For any particular reaction leading to the production of a heavy particle, with b
quarks in the final state, the SVX will enhance the signal and increase the level of rejection
against QCD backgrounds. However, the expected cross sections are small and with present
Tevatron-I luminosity the rate of any particular reaction is low, and therefore will be near
the limit of CDF’s detectability. In these cases, the SVX may provide the extra level of
discrimination needed to identify the events. We therefore believe the real usefulness of the
SVX in the near future will be in its cumulative application to the entire class of complex
events indicated above, rather than to any single channel. In addition it is important to
note that there will be an important area of inclusive B physics which we can study with
this device with good statistics. This includes heavy quark production rates and b jet
fragmentation, which are basic QCD tests. Finally, the experience we gain operating the
SVX in the pp environment will be crucial for future applications at higher luminosity,
where the above—mentioned rate problems are not expected to be a limitation.

The types of events for which the SVX will have an impact are listed below and some
illustrative examples are discussed.

o W — tb followed by the semileptonic decay ¢ — Ilvb: The process is indicated in
Figure la. This process has been studied extensively as a means to detect the top
quark. Traditionally, the approach has been to look at the kinematics and topology of
events with an isolated lepton and two jets. Unfortunately, backgrounds to this type
of analysis can be severe. The difficulties experienced by UA1 in setting mass limits
for the top quark are a good example of this situation [7]. In their muon analysis
UA1 derived an upper limit m; > 41 GeV/c? by studying events with a large p; muon
and two jets. The conclusion was that about 40% of these events were consistent with
being due to pion and kaon decay background, and 60% to bb and éc QCD production.
Such an analysis is based upon an indirect and inclusive signal. It should be pursued
further, but in order to provide a clear cut proof of top production by this channel
it may be necessary to strengthen the event signature. To this aim, a natural way
to proceed is to study the production vertex in more detail. With accurate vertex
tagging, (assuming the ¢ lifetime to be small compare to b) the isolated p would be
seen to originate from the main event vertex. This is opposite to what is expected for
bb and ec QCD background. Furthermore, the event would show, for the dominant
hadronic channel ¢ — b, two secondary vertices. Studies have been carried out within
CDF on the possibility of selecting a sample of semileptonic top decays at Tevatron
energies, based on the p;, isolation and topological cuts referred to above [8]. The
results of these indicate a signal to noise ratio between 1.8 and .4 for a 40 GeV/c?
top mass depending on the QCD generator used. If we require the hard lepton to be
prompt we find that the background is reduced by a factor of 2. Furthermore, the
vertex detector should allow us to study a set of background event configurations with
the possibility of extrapolating the remaining background under our signal.

o W — tb followed by the hadronic decay ¢ — q1g;b: This process, indicated in Figure
1b, is the archetype for studying the hadronic decays of massive states. The pattern
of secondary vertices that is generated here can be complex. We have attempted to
get a rough estimate of the efficiency for sorting out hadronic top decays in W — tb
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(and charge conjugate) events by means of a combination of conventional calorimeter
analysis and B meson tagging [5]. Several cuts need to be imposed in order to suppress
the huge QCD background. These include: requiring at least 4 jets with p; > 5
GeV/c; requiring the pseudorapidity difference between any two jets to be less than
1.5; requiring both B mesons in the event to be tagged; after associating each B
meson with a specific jet, requiring that the energy of the harder B—jet be > 15 GeV;
and finally, requiring the angle between the two B mesons to be in the range of 120
to 180 degrees. Having applied these cuts, we may plot the invariant mass spectrum
of the 4 highest energy jets and look for a peak in the W mass region. The results,
with no correction for double tag efficiency, are shown in Figure 2. The application
of the cuts reduces to a negligable level the indicated QCD background except for the
bb continuum component. The remaining signal to noise is ~ 1. The resulting cross
sections, after accounting for double tag efficiency, is a few tens of picobarns. We
note that an additional handle, not considered here, would come from requiring a 3
Jjet system to reconstruct the top mass.

Inclusive B production: At the Tevatron a large production rate of B jets is expected.
The QCD background of light quark jets is however 2 to 3 orders of magnitude larger.
Tagging of b’s with a micro—vertex detector is probably the only way to sort out & clean
sample of bottom jets for inclusive studies. In Figure 3 we show the number of bottom
jets that can be tagged, in comparison with inclusive production, given our efficiency.
Even though most of the production is at low p;, several thousand events per pb~! can
be selected with the very stringent double tag request and a realistic CDF jet trigger
threshold. This is particularly interesting because heavy quark-antiquark production
via gluon fusion, gluon decay, and ¢ annihilation are well calculated in perturbative
QCD [9]. By studying events in which we tag one, two, or more secondary vertices
we may hope to measure our efficiency. Thus, an absolute production rate can be
determined.

B jet fragmentation studies: By tagging jets which originate from b quarks we can
compare fractional momentum (“z”) distributions with those of light quark and gluon
jets.

gg — tt followed by semileptonic or hadronic ¢ decays into b: At the Tevatron, top
production by this mechanism has a larger cross section that via W decay. Unfortu-
nately (for low mass ¢) this process lacks the W mass constraint. Again, there are
many possible configurations possible each with its associated background. For the
case of one ¢ decaying semileptonically we again have the background from gg — gbb
where one b decays semileptonically. Here the lepton comes from a secondary vertex.
We can reduce this background by requiring a prompt lepton tag.

W — v and Z — 7F7~: Tagging 7's in an event could be crucial to accounting for
backgrounds to other new physics.

t — Wb (if my > mw): If the top mass is m; > mw, the dominant decay will bet — b
+ real W. There are many possible final state topologies here depending upon the
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various W decay modes. In some cases these events might be very dramatic, however
there are situations where a vertex tag could be very useful in discriminating against
QCD backgrounds. Some of these may look like single W+ jet events. Secondary
vertex tagging by indicating the presence of bottom decays in the event would provide
a strong additional signature.

o Z — bb: In 1 pb~! we can expect to tag both b decay vertices in a few dozen of these
events. This should be an important calibration for the W — b analysis discussed
above.

e Decays into heavy flavors of a new massive particle: Both the semileptonic and
hadronic decays can be studied with the vertex tag as above for the W and Z.

e Higgs detection: The Higgs should preferentially decay into heavy fermions. However,
calculations place the Higgs production cross section far below the background from
it production. While detecting the Higgs with or without the SVX does not seem
realistic in the near future at CDF, we believe that the experience gained studying
events with the SVX may be crucial for future Higgs (or Higgs like) physics at higher
luminosity.

Beyond pointing out the specific physics processes which can be studied better with
a micro—vertex detector it is worthwhile to recall the general argument in support of such
an addition to CDF. The physics of pp has been approached so far with a certain set of
analysis handles: leptons, jets, large Er, and large missing Er for example. Secondary
vertex tagging is a new handle that promises great potential in a different direction. It is a
handle with which we have no real experience, but we need to learn how to exploit it. The
decays of heavy objects, as well as gluons, are for the most part flavor independent, and
may even select out heavier quarks and leptons. If we can learn how to use the secondary
vertex tag then a new set of interesting processes become accessible to us. Like leptons
and missing Er, secondary vertices should be a signal of other interesting physics.

3. Hardware Design

In this section we will discuss the mechanical design, construction, and alignment
procedure for the SVX, the integrated front end electronics, and the necessary additions
to the CDF data acquisition system.

3.1 Detector Mechanical Design and Assembly

The CDF SVX is designed to measure track positions with ~ 10um accuracy at the
silicon detectors. This specification imposes serious requirements on the mechanical design
and stability of the device as a whole [1,10]. It is our intention to align the SVX to the
required accuracy during fabrication. The final alignment can be verified inside CDF with
tracks but this is not envisioned as the primary method of alignment. In this section we
will describe the overall mechanical layout and construction of the CDF SVX and indicate
how we will maintain the necessary mechanical tolerances.
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Some remarks on the general design requirements are in order first.

1. The interaction region at B0 is extended longitudinally with a ¢ of roughly 35 cm.
The detector must be long enough to cover a substantial portion of the interaction
region.

2. In principle, the best resolution is obtained by placing a high precision measurement
as close to the interaction point as possible and linking that with a track segment
in an outer tracking chamber (the CTC in our case). However, the realities of the
Pp environment, coupled with considerations of noise and reliability, require a certain
amount of redundancy in the track position measurement. As described below we
therefore choose a multilayer device with the innermost layer at small radius.

3. All material must be kept to a minimum for two reasons. First, multiple scattering
is a limiting factor in the position measurement resolution for low p; tracks. Second,
the SVX will become the source of background for the rest of CDF due to interactions
and conversions which occur in it.

4. The scale of the mechanical tolerances required is comparable to the resolution of
the detectors involved [10]. The internal consistency of the location of the silicon
microstrips in the SVX should be the same as the intrinsic detector resolution, while
the SVX needs to be positioned with respect to the CTC only to an accuracy of the
order of the CTC resolution.

5. Different types of misalignments affect the measurement of the track position in differ-
ent ways. While some misalignments can in principle be corrected for after they have
been measured, in other cases (rotations around an axis perpendicular to the detector
face, or relative misalignments of microstrips which are read out by the same elec-
tronic channel, for example) such construction errors can be corrected only partially
or not at all. In these cases particular care must be taken.

The SVX overall layout is shown in Figures 4, 5, and 6. It is located with its center
on the nominal B0 interaction point and consists of two cylindrical modules placed end
to end with their axes coincident with the beam axis. It is meant to track primarily in
the R — ¢ plane. The SVX consists of 4 radial layers of silicon strip detectors. These
detectors are arranged as a twelve sided barrel at each radial position. The strip detectors
are 280 pum thick. The inner three have strips on a 60 um pitch while the outer layer is
on a 110 um pitch. The detectors are electrically bonded to each other along the beam
direction in groups of three. These bonds are made with 25um wire which is ultrasonically
fused to pads on the detector surface. This bonding technique is a standard procedure in
the micro—electronics industry. At each radius and on each of twelve faces there are thus
a total of six detectors, in two groups of three. These are read out electronically at the
two ends. This is shown in Figure 4. Each detector is 8.5 ¢m long so that an individual
readout channel sees a 25.5 cm long strip. The total longitudinal coverage is thus 51 cm.
The source capacitance of each strip is about 30 pf.

The choice of four layers is based upon the following considerations. Clearly, most of
the impact parameter resolution is coming from the innermost layer. However one must
be able to link the points recorded in the SVX with an incoming track from the CTC. We
have studied this problem with a Monte Carlo program, in which estimates are made for
false hits from soft particles, interactions, and electronic noise. Recent experience with
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real pp data indicate that we are probably underestimating the soft backgrounds. Given
that caveat, we find that with four layers, the probability of failing to link a well measured
CTC track to the SVX is ~ 1%. With four layers we have a more powerful correlation
for the hits and we are also protected against the possibility of an electrical failure on any
one layer. In the event of such a failure, the estimated track matching inefficiency rises
to ~ 5%. In addition, with four layers we may be able to search for tracks in the SVX
alone. We note that the silicon vertex detectors being built for electron—positron colliders
all have effectively three measurement layers and they are expected to operate in a much
cleaner environment.

A group of three connected detectors is called a Ladder, the basic subdivision of the
device (Figure 4). The Ladders will be fabricated of Rohacell, a light weight foam, and
reinforced with carbon fiber strips. All the detectors within a Ladder must be well aligned
to each other since the readout cannot distinguish between the three detectors. Each
Ladder will be individually assembled and mounted. Thus, in the event of a failure, one
particular Ladder can be replaced. The total number of Ladders is 12 faces x 4 layers x 2
ends = 96, or 24 of each size. In its position on the face of the barrels, each Ladder will be
rotated by 3 degrees about its major axis to allow some overlap between adjacent faces (see
Figure 7). At the outside end of each Ladder will sit a small circuit board called an Ear.
The Ear contains the readout chips (see Section 3.2) for that Ladder as well as auxiliary
components and buswork needed for the operation of the chips. This is shown conceptually
in Figure 8 while the actual layout is in Figure 9. A second “dummy” Ear, sits at the
opposite end of the Ladder for mechanical alignment. The Far will be fabricated using a
multilayer thick film process on 15 mil Alumina (Al;0;). The Ear will also receive cables
going to other Ears carrying various bussed signals. Three silicon detectors (a Ladder),
and the two Ears form a single rigid unit. The Ear will be precision laser cut and contain
a precision mounting hole to allow for the alignment of Ladders with respect to a pair of
bulkheads. These pieces will support the full lattice of Ladders in a barrel. A group of
four Ladders at fixed azimuth projects back to the interaction point. This unit is called a
Wedge. An external conductive cylindrical skin will surround each barrel to isolate them
from E.M. noise and to add rigidity to the system. This element will be fabricated as a
sandwich of two layers of 50um Aluminium separated by 1.5 mm of Rohacell foam. Details
of the detector geometry are given in [1] and in Table 1a,b,c, and d.

The assembly of the Ladder is very demanding in terms of the mechanical tolerances
required; indeed since the strips of 3 detector are electrically connected it is mandatory
that they are aligned to better than their intrinsic position resolution (62 = 10um implies
~ Sum for this alignment). A special fixture has been designed (and succesfully tested
on the test beam prototype) to assemble the Ladder to this accuracy [10]. It is shown in
Figure 10. The fixture is also mounted on an optical bench, where the location of all the
strips can be inspected to an accuracy of 5 ym. This fixture provides two basic mechanical
references: the plane of all strips, which can be ransfered to other structures through the
bottom surface of the Fars, and the center line of the strips, i.e. the strip corresponding
to the central strip of all three detectors. This latter reference can be transfered by means
of a dowel pin located in each of the Ears.

As indicated above, two bulkheads per barrel are needed to hold the Ladders in their
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proper position. Each bulkhead will contain a set of ledges where the Fars are to be
positioned, the surface of the ledges and a precision hole drilled in them allows us to
accurately transfer the Ladder references. The bulkheads will be carved out of a single
piece of Beryllium on a digital mill. A milling routine which allows the ledges to be cut
finished without having to remove the piece from the mill bench has been written and
tested at Pisa. A pair of bulkheads have been cut from Aluminium using this procedure.
A photograph of one is reproduced in Figure 11. These prototypes are presently being
evaluated and surveyed at Fermilab. For the final fabrication in Beryllium, where higher
rigidity and accuracy are needed, the machining will be done commercially by a firm we
have located which specializes in this type of precision machining.

The assembly of the Ladders into the bulkhead needs a special fixture also, to ensure
the relative positioning of the bulkheads and to allow inspection and survey of the final
result. Such a fixture is presently being designed at Fermilab. This assembly can be done
at a temperature close to the one at which the SVX will operate.

The existing CDF beam pipe has a 2 inch diameter. The impact parameter resolution
of the SVX will improve by about 30% for low momemtum tracks and the vertex tagging
efficiency will improve by a factor of ~ 1.5 if we decrease the diameter to 1 inch. It is
our plan to request help from the accelerator division in order to determine the acceptable
minimum size for the beam pipe. In the event there could be a substantial improvement in
performance of the SVX we hope to replace the present pipe. We have included the cost
of this in the attached SVX budget.

The completed barrels will be inserted around the beam pipe. We plan to scale the
present flanges connecting the CDF beam pipe section to the Tevatron beam pipe section
down to clear the SVX inner diameter. The SVX will be supported at its outer radius
only, by the central VI'PC (Vertex Time Projection Chamber) modules. It will not be
mechanically coupled to the beam pipe.

It may be necessary to cool the readout electronics. We expect the power dissipation
to be less than 100 watts for the entire system. This amount of power dissipation is small,
considering the large number of channels involved, but still needs to be removed. If the
temperature of the silicon detectors increases, their leakage currents will increase also.
Hence, care has been taken in the design to ensure a good thermal connection between
the Ears and the bulkhead. The Fars are in fact made of Alumina, a material which
exhibits good thermal conduction properties. Furthermore the bulkhead itself is a good
thermal conductor. It is possible to cool the bulkheads by flowing cold water into small
pipes which encircle them. Calculations indicate that this appears feasible without the
addition of much extra material. In addition, the outer metallic skin will partially isolate
the SVX from heat generated by the VITPC.

We have evaluated the amount of material present in the SVX. In Figure 12 we plot
the number of radiation lengths of SVX material traversed by a particle as a function of
its polar emission angle. It appears that the contribution of all the supporting structures
is about half of the contribution of the silicon itself. Since most of the area of the SVX
is active, the detectors will provide information which can be used to identify conversions
and interactions which occur inside them. For example, a conversion in the first layer
will show up as double pulse height in all subsequent layers. The bulkhead regions of the
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SVX are not active. However, they occupy only ~ 10% of the length, mostly at the ends.

Particles which travel straight up the bulkhead will cross ~ 3.5% of a radiation length.

The amount of dead material present now between the beam and the first sense wire layer

of the CTC at 90 degrees is ~ 2.5% of a radiation length including the beam pipe. Thus,

the addition of the SVX adds roughly an equal amount of active material. We believe we

are close to the limit on reduction of material given the rigidity and accuracy constraints

of the design.

In summary, the assembly of the SVX will proceed as follows:

Silicon detectors will be tested for low leakage and sorted by depletion voltage.

Readout Fars will be fabricated and tested.

Detector and Ears will be aligned onto the foam supports and glued to form Ladders

Wire bonds will be made between detectors and readout chips on each Ladder. These

assemblies will be electrically tested.

5. Ladders will be mounted and aligned into the bulkheads and electrically interconnec-
tions between Ears will be made.

W

3.2 Electronics

The CDF SVX will contain approximately 40000 individual readout channels within
a cylindrical region 8 e¢m in radius and 51 ¢m long. This extremely high channel density
makes conventional readout schemes utilizing discrete electronics or cables to carry out
individual signals prohibitively difficult. As a result we, as well as other groups designing
solid state vertex detectors for colliders, have turned to the use of custom micro—electronics
which can be placed at the detector for the readout system. This approach was pioneered
at Stanford where a custom VLSI circuit called the Microplex was developed [11]. This
device contains 128 charge sensitive amplifiers on a 50 um pitch, and a multiplexed serial
output. Thus many channels could be reduced to a single readout line. The generic readout
scheme for a silicon strip detector using a VLSI circuit is indicated in Figure 8.

In our initial work on the design of the CDF SVX we considered using the Microplex
circuit in the readout. That circuit was designed to operate at electron—positron colliders
and consequently had certain limitations which made it less than optimal for use in a
vertex detector at a hadron collider. As a result we undertook to develop a new device
which would meet specifications set by the operating environment at the Tevatron collider.
The basic requirements were as follows:

1. At the Tevatron, the interaction region is extended longitudinally with a o of 35 cm.
This forces us to have rather long silicon strips. Long strips mean large detector
capacitances. A basic property of charge sensitive amplifiers is that their electronic
noise increases, and gain decreases, with detector capacitance. In order to have good
signal size, position resolution, and trackfinding efficiency we wanted the signal to
noise ratio of the amplifiers to be greater than 10 with strips having a capacity of 30
pf.

2. Because of the large number of readout channels, the potential for large power dissipa-
tion exists. To avoid extensive cooling needs, we wanted to keep the power dissipation
of the entire vertex detector below 100 watts (2.5 milliwatts/channel).

3. The beam crossing rate at the Tevatron collider is 12 to 100 times larger than at LEP
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and the SLC. We wanted the readout speed to be considerabley higher than for the
Microplex. In addition, the data handling problems of 40000 channels are excessive
and so we wanted some local data compaction in the readout chip. This meant that
thresholds would have to be set and stored there.

Our development effort began in early 1986 and has resulted in a device which meets
the specifications described above. This circuit is known as SVXC and was designed at
Lawrence Berkeley Laboratory by Kleinfelder and others [2]. It is our intention to use
SVXC as the front end readout of the CDF SVX. Below we will discuss this device in more
detail and describe its overall implementation into a readout system for the CDF SVX.
Section 3.3 will cover the external data acquisition system which will process data coming
from, and send control signals to, the front end components.

The SVXCis a VLSI circuit fabricated in a CMOS process with 3 ym minimum feature
size. A die photograph is shown in Figure 13. In SVXC analog and digital functions are
integrated onto the same chip. In Figure 14 we show a functional diagram of SVXC. The
device contains 128 high gain charge sensitive amplifiers, each is followed by a sample
and hold stage, a threshold storage stage, a comparator and latch, and digital circuitry
to control a serial multiplexed readout. During operation of the device, a threshold is
first stored, incoming data is then compared to the threshold and a corresponding latch is
set for channels above threshold. When the chip is read out, the digital control circuitry
switches sequentially only to those channels which are latched. For each latched channel,
the analog voltage stored is connected to a single analog bus and the channel address is
simultaneously connected to a 7 bit digital bus. With this built in sparsification feature
the‘feadout time of the device is dramatically decreased and is now set by the occupancy
rather than the total channel count. An arbitrary number of chips may be daisy—chained
together. Options exist also for automatically scanning all channels, or just hit channels
plus their immediate neighbors. In the latter case, we can pickup some shared charge which
may fall under threshold. Typical readout speed is 1us per channel when both analog and
digital information are required.

We note here that SVXC is the first example of a custom VLSI circuit for high energy
physics applications which includes analog functions as well as digital data compression
logic on the same chip. This type of device will probably be used extensively at future
hadron colliders where event complexity will make full readout too cumbersome and slow.

The specifications discussed above, (1.) and (2.), on noise, gain, and power have been
realized in the charge sensitive amplifier stage of SVXC. This circuit is shown in Figure
15. This is a CMOS cascoded inverter with a 0.3 picofarad feedback capacitor, a source
follower, and a voltage inverting stage. The last stage limits the bandwidth at the sample
and hold capacitor. The fractions indicated by each transistor refer to the dimensions of
the gate region (width/length in pm). In the design, these were optimized along with
various currents and operating voltages to obtain the desired performance. The amplifier
was extensively studied with a circuit simulation program SPICE [12], and a number of
prototypes were made before the final configuration was reached. These devices have been
studied extensively at Fermilab [13,14] and at LBL. Bench tests have indicated an open
loop gain of about 2000 for the SVXC integrator. With a feedback capacitance of 0.3
pf, the integrator has an effective capacitance of 600 pf, far in excess of the silicon strip
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capacitance or 30 pf. This is a basic requirement for good charge collection. By varying a
test capacitor on the input, the dependence of noise on detector capacitance was studied.
The results are indicated in Figure 16 for a double and quadruple sample and hold. In its
use, SVXC will probably be operated with the quadruple correlated sample and hold as
part of its threshold measurement. This is described in more detail below. The effect of
that is to increase the noise by the square root of two. This is indicated in the figure. The
most probable charge liberated in a 280 um thick silicon detector by a minimum ionizing
particle (MIP) is ~ 25000 pairs (4 fc). We see that in both cases we are well within the
signal to noise specification given above. At this level, the total power dissipation of the
device is 1.5 milliwatts per channel, also within the specification. We indicate the basic
features of SVXC in Table 2.

In the actual function of SVXC, charge integration would occur for a fixed interval at
the time of beam crossing. This time is on the order of 1 us and is determined primarily
by the amplifier response. During the integration time, leakage currents will flow from
the silicon detector into the integrator. Normally these are on the order of 3 nd/strip
although individual "bad” strips may have currents many time larger than this. In 1 us
we integrate a charge of 3 fc. In a threshold comparison we might expect to set our
threshold at a small fraction of a MIP. Thus, our threshold will be of the same order or
less than the integrated leakage current. Since these leakage currents can vary from strip
to strip we must be able to include the individual strip leakages in the threshold. In order
to do this, the SVXC chip has the ability to perform a quadruple correlated sample and
hold (as distinguished from the more common double correlated sample and hold which
is used widely in collider detector readout systems). The basic procedure is to integrate
twice, once with no beam (before a crossing for example), and once with beam. During the
first integration, the integrated leakage as well as an injected threshold would be stored
on a threshold capacitor. During the second integration, which must be of the exact same
duration, the integrated leakage as well as charge from a possible MIP in the detector
will be stored on another sample and hold capacitor. The two stored voltages can then
be compared at the input to a latch. A more detailed description of the operation and
clocking sequences used to operate the circuit in this way is given in Appendix 1.

In addition to the measurements of front end performance described above, SVXC
and its earlier iterations have been operated extensively both on the bench and in a beam
test, described below in Section 5, to study the total system performance of the circuit.

Based on this experience, we feel confident that this device will function well as a readout
system for the CDF SVX.

The mechanical configuration of the CDF SVX was described in Section 3.1. The
integration of SVXC into a front end readout system for the detector is tightly coupled to
the mechanical design. Based upon the number of electrodes at the various radial layers we
have allocated a certain number of chips to each detector Ladder. These numbers are given
in Table 1c. The Ears on each Ladder will contain the chips, and buswork for distributing
various signals to them, as well as certain auxiliary components. The Ears will also have
interconnections to other Fars comprising a readout daisy—chain. Our present plan is to
interconnect the four Ears on each face of the SVX into a single readout unit, a Wedge,
subtending 30 degrees of azimuth. This would give us a total of 24 independent readout

11




units. By distributing the electronics this way, we insulate the system from the failure of
any individual chip to a high degree. Each Wedge would be served by about 25 separate
signal or voltage lines. We intend to minimize the mass in these cables to the extent
possible. We have been studying various low mass cable designs, in Copper on Kapton for
example, to assess their potential for our needs. Here we are trying to ensure both good
signal quality and noise shielding as well.

By placing our front end readout electronics close to the interaction region we in-
crease the potential for damage due to radiation. MOS devices can in principle be highly
susceptible to radiation effects. We have estimated the dose likely at the position of our
first layer due to charged tracks from beam-beam interactions. Experience gained during
the 1987 run of CDF indicate that this should be the dominant source of radiation during
stable running. From its minimum bias data, CDF has measured 4 charged particles per
unit of rapidity. From these we expect about 350 Rads in Silicon in one continuous year of
operation assuming one crossing per particle at a given radius. Some of the softer particles
may spiral in the SVX while some may scatter out. There will also be a contribution
from conversions. To cover these contingencies we estimate a total dose from interactions
of 600 Rads in the year. Damage from ionizing radiation is most acute for MOS devices
under power. The susceptibility can depend strongly on details of the chip fabrication
procedure. Consequently it is difficult to make very specific statements about dangerous
exposure levels. To this extent, CMOS devices are believed to be safe below a few thousand
Rads of ionizing radiation. Assuming no catastrophic accidents and also a general power .
down procedure for the chips during beam injection we believe the CDF SVX readout
electronics will be safe. A second source of radiation damage is the interaction of neutrons
in the devices. This source is hard to estimate. Neutron effects are generally believed to be
secondary to ionizing effects in MOS devices. We plan to perform some neutron dosimetry
studies inside CDF during the upcoming run. At present a series of gamma and neutron
irradiations of test chips fabricated during the SVXC development are being carried out
at Fermilab. We plan to extend these studies to SVXC as well. Should these indicate a
potential problem there are a number of design modifications which can be made to the
circuit to radiation harden it.

3.3 Data Acquisition

In Section 3.2 we described the use of SVXC, a custom VLSI circuit, as the basic
readout element of the CDF SVX. In this section we will discuss the other elements of the
data acquisition and control system which will be part of the CDF SVX. The design of
this system is currently in progress. We therefore cannot uniquely specify its components.
Generically however they are well defined. In addition, we have developed prototype
modules for use in the beam test and the design of the full system is being influenced by
that work. More detail on the data acquisition system is in a CDF document [15].

Before describing the conceptual layout of the data acquisition system for the SVX
we will give an estimate of the average number of words of data expected from the vertex
detector. Recall that the SVXC chip performs a local sparsification of the data. Typically
we would request all hit channels and their two nearest neighbors. The SVX covers roughly
6 units of rapidity. At CDF we expect 4 charged particles per unit rapidity in a minimum
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bias event. Additional multiplicity due to jets in an event might contribute another 25
tracks. This gives us,

((6 x 4) + 25) particles x 4 layers x 3 channel/hit = 588 hit/event.

This is an underestimate because there will be a additional soft component, as well as
spiraling tracks to contend with. This component might double the hit numbers. Further,
there will be a certain occupancy due to electronic noise fluctuations. This contribution
depends upon the S/N ratio as well as the threshold cut we impose on the chip. With a
S/N of 13 for a MIP, if we set the threshold at 0.3xMIP then we are at 3.90 on the noise
or a fraction of a percent probability. Thus the noise contribution should be negligible.
We therefore expect, 1-2K hits per event. Each hit represents 8-10 bits of digitized pulse
height plus 16 bits of address indicating the side, the Wedge, the chip number, and the
channel of the hit. If we take 26 bits total then we expect 3-6 Kbytes per event from the
SVX. The present CDF event size is at the 60-100 Kbyte level.

The conceptual layout of the data acquisition system is shown in Figure 17. In this
example we have arbitrarily chosen to package certain modules in FASTBUS and place
them in the counting room. In actual use, the packaging might be different and certain
pieces might instead be in the collision hall. On the other hand, the front end readout
components, discussed in Section 3.2, beginning with the cable into the interaction region,
are well specified at present.

The basic elements of the data acquisition and control system, as indicated in the
figure are as follows. |

1. SEQUENCER: This module is the master control for the CDF SVX. The various
sample and hold functions and resets of the SVXC circuit as well as its data readout
require particular digital sequences on up to 12 clocking lines. At different phases
of operation, different clock sequences need to be executed. The Sequencer is a
programmable device which puts out the required patterns and can switch among
the various operating phases in response to external interrupt. A prototype device,
the SRS (SVX Readout Sequencer), has been built and used to operate the SVX at
the beam test. We envision extending some of ideas developed for this to the full
Sequencer. The entire CDF SVX will require one or two of these modules.

2. ADC/MEMORY: The data coming from the CDF SVX will consist of a time se-
quence of analog voltages and digital addresses corresponding to the pulse height and
address of the hit strips. As we are dividing the readout into 24 individual units, there
will be 24 such sequences in parallel. The ADC/Memory must digitize and store the
pulse heights and addresses in a set of associated memories. The ADC will digitize
fast enough to handle the readout speed of SVXC (1 MHz) and will be synchronized
to the Sequencer. For the test beam we built a module using an 8 bit flash ADC
and sufficient RAM to buffer the events. In the CDF SVX we will have 24 parallel
channels of ADC/Memory which will be packaged in some convenient modularity.
Note that while in Figure 17 the ADC/Memory is indicated as a single module, it will
likely be two separate modules for each of the 24 readout units.

3. REPEATER:.: This device is a general interface to buffer, fanout, and multiplex
signals going to and from the interaction region. It will be placed as close to the SVX
as possible while remaining outside CDF proper.
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4. POWER: Power is required for the chips (5,6,£12 volts) and for the silicon detector
reverse bias (+100 volts). The complication here is that a certain amount of safety
interlock is necessary to prevent damage to the readout electronics. If the chips lose
power while the detector is biased, leakage current can charge the amplifier inputs up
to the bias voltage. These are MOS gates and will be destroyed if breakdown occurs.
Thus, the detector bias must be interlocked to the chip power. Furthermore, because
of the potential for radiation damage, the chip power must be brought down during
injection. We envsion a hardware interlock to a gate provided by the accelerator
control system.

Design work on the data acquisition system is a subject of current activity.

5. Expected Performance

Simulations of this detector [3],[4],[5], have been performed over the last few years
to determine resolutions and efficiencies and to assess its usefulness in sorting out some
specific physics processes (see Section 2). A detailed description of the detector was given
in the section dealing with the design and assembly of the SVX and in a CDF note [1].
We refer to Figures 4,5, and 6 for an overall view. We will summarize here the results of
our studies which were also presented in the cited references.

4.1 Track parameter resolution

The impact parameter resolution, which can be obtained with the combination of
information from the CTC and the SVX, is 10-15 um for tracks of p; greater than a few
GeV /c For tracks of lower momenta the effects of multiple scattering dominate, and the
resolution is degraded to about 60 um at a p; of 500 MeV . In Figure 18 we show calculated
impact parameter resolution versus p;. The transverse momentum resolution of the CDF
central tracking system is also improved by the introduction of the SVX in CDF, mainly
because of the extension of the lever arm. Our studies indicate that more than a factor 2
in p; resolution can be gained for tracks of p; > 15 GeV/c in all cases in which an average
beam position constraint cannot be used (because the track originates from a secondary
vertex).

4.2 Trackfinding

The trackfinding algorithm used in this study matched CTC tracks with hits in the
SVX. Track finding in the SVX alone has been not so far been considered for two reasons:
1) the redundancy of the SVX is rather marginal (4 measurements and 3 track parameters
to determine); 2) due to the short lever of arm of the SVX, fitting for circular tracks
without an independent measurement of momentum gives an impact parameter resolution
of over 100 pm (when no CTC information is added to the fit).

The computed efficiency for finding tracks in the SVX, as well as the probability to
find wrong tracks, may depend significantly on the Monte Carlo event sample used to test
the trackfinding algorithm. The high track density in jet cores will lead to lower efficiencies
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than in softer events. Furthermore, within these jets, the tracks originating from bottom
decays are strongly correlated, and this correlation may make the job of reconstruction
even harder. For these reasons we have calculated our trackfinding efficiencies with different
samples of ISAJET generated QCD events: bb jets of different p; and W — tb.

We define the trackfinding efficiency as the fraction of reconstructed tracks out of
the total number of “reconstructable” tracks, that is, all tracks which have been found
and correctly measured in the CTC and which traverse at least three SVX layers. We
also define an error rate, that is, the fraction of tracks which are poorly reconstructed in
the SVX, as the fraction of tracks for which the absolute value of the difference between
the true and reconstructed impact parameter is larger than three times the calculated
statistical error.

Efficiencies and error rates for the various event samples are shown in Table 3: the
indicated efficiency is high (~ 99%) and error rates are low (~ 2%), independent of the
type of event sample chosen.

Current studies of trackfinding in the CTC alone indicate that its efficiency can vary
from ~ 99% in minimum bias events to better than ~ 70% inside dense high p; jets (work
on this is very much in progress and the number should be expected to improve). Thus
the power of the SVX depends to some extent on the quality of tracks found in the CTC.
In those cases where we want to tag an isolated lepton, or a B jet (generally lower p;), the
compound efficiency should be good.

4.3 B meson tagging

Our efficiency for tagging B meson decays is determined by a number of effects. As
described below, a tag will require three tracks all consistent with a secondary vertex.
The first step is to select the track candidates. We say that a decay prong of a B meson
is tagged if it is reconstructed in the CTC, it is reconstructed in the SVX, and it has
significant impact parameter (i.e., the impact parameter divided by the calculated error
is larger than 3). From the results on B meson decay prong tagging efficiencies shown
in Table 4 (for 20 GeV/c bb jets) and Figure 19, it is clear that there are two dominant
effects at this stage. First, the limited detector acceptance, caused by the lower p; cutoff
of the CTC and the restricted z coverage of the SVX relative to the longitudinal size of the
interaction region, reduces the initial sample by ~ 40%. Second, the combined CTC+SVX
resolution, effected by multiple scattering, reduces it further to the indicated values. These
two effects account for the trend seen in Figure 19 of higher efficiencies for higher jet p;.
The hardening of the p; of the B prongs both increases the CTC acceptance and improves
the resolution, because the effect of multiple scattering becomes less significant. We stress
here that tracking inefficiencies in the SVX are of negligible importance in this case.

We now come to the problem of tagging B meson decays. Reliable tagging needs at
least three reconstructed prongs in the SVX. Indeed, since all the position resolution is in
the R — ¢ plane, at least three tracks are needed to constrain them as originating from
a single vertex. Charm contamination is supressed by this requirement since the charm
decay prong multiplicity is much lower than that of B mesons and the lifetime of charmed
mesons is shorter. Contamination from strange particles can be virtually eliminated by
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the three track requirement also as well as from the longer decay length. Error rates of
one spurious 3 fold vertex out of 103-~10% high p; jet events have been calculated using this
tag. Further study and experience with real events may indicate ways to reduce this even
further. Note also that the error rate for a double tag is completely negligible. Typical
tagging efficiencies (Ej3 in the figure) are shown in Figure 20 as a function of the p; of the
bb jet sample; separate curves are also shown to separate the effect of physics (E3 physics
in the figure), i.e., the inefficiency due to the fact that some B mesons decay into less than
three charged prongs, and that of CTC acceptance (E3 CTC in the figure). Double tag
efficiencies (efficiency to tag both B mesons in the event) are also shown in Figure 21.

5. Test Beam Results

A prototype of the SVX has been assembled, and operated in the CDF test beam
during Dec. 1987 through Feb. 1988. The aim of this exercise was to measure signal
to noise, efficiency, and resolution, and to gain real-time experience operating the front
end readout chip in a full detector system. The prototype consisted of a four layer silicon
detector telescope. Each detector was assembled on a stiffened foam Ladder in the same
way as is intended for the final detector. In this prototype we had one single detector on
each Ladder, giving a strip capacitance of about 8-10 pf. An earlier version of the readout
chip, SVXB, was used as front end electronics. This chip had higher noise than SVXC, but
otherwise was essentially equivalent functionally. The combination of shorter strips and
higher noise made the S/N roughly equivalent to what we expect in the real CDF SVX
with 25 cm strips and the SVXC readout chip. The front end was read out and controlled
by a prototype Sequencer and ADC /M emory system built for this test. Several thousand
230 GeV pion events were collected and analyzed. One of the four layers failed to function
properly. In Figure 22 we show a typical event. The three working layers are shown, offset
by their relative spacing. A detailed description of the setup and the analysis of the beam
test data can be found in a CDF note [6]. We summarize here the results of the analysis.

1. Pedestals. Pedestal values were consistent with low leakage currents (in the 1-2
nA range) over most of the instrumented area of the detectors. The o of the pedestal
distributions were quite consistent with the estimates obtained assuming 8 pf input ca-
pacitance and a noise vs. input capacitance curve obtained on the test bench, indicating
that noise contributions from other sources were insignificant. The distributions were also
remarkably Gaussian as shown in Figure 23.

2. Charge distributions. Charge liberated by ionizing tracks in the detectors can be
shared by more than one strip. An analysis to determine which contiguous groups of strips
(clusters) were hit was therefore performed. A position, based on an optimized centroid
calculation algorithm, and a pulse height (sum of all strip charges) were associated with
each cluster. We then searched for clusters in the three detectors which lay on the same
line within a +150 pym window. The cluster charge distribution associated with tracks is
shown in Figure 24. The superimposed curve is the fit to a Landau distribution convoluted
with a Gaussian. Here, the match between the fit and the expectation is excellent.

3. Efficiency. To determine the efficiency on the middle layer we have selected events
with only one cluster on the two outer layers and then formed the following table:
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Counter Counts Fraction of total counts

Total counts 5565

Bad Spot 122 2.19%
Base Sample 5443 97 .01%
Tracked 5399 99 .19%
Not Tracked 6 11%
Not tracked bad 32 .59%
Missed 6 11%

The entries are defined as follows. Total Counts is our base sample. Bad Spot indicates
those events for which the track position on the middle layer corresponded to a dead strip.
Most of these were near the edges of the detectors are were due to the bonding and handling
procedures used in the prototype fabrication. The fraction of Bad Spots will be much less
in the actual device. Base Sample is the remaining difference and all subsequent numbers
are relative to it. Tracked are those events for which a cluster was found in the expected
spot. Not Tracked are cases where a cluster was found on the middle layer, but not in the
right position: a scan of all the events of this category indicated that they consisted mostly
of events where at least one of the clusters contained a delta—ray, which produced an offset
in the computed centroid of the cluster. Not Tracked Bad are the number of cases where
the track extrapolated to a bad spot on the middle layer, but an extra cluster was present
somewhere else on that layer. This contribution is equivalent to Bad Spot and should be
eliminated also. Finally, Missed are those events for which the position on the middle
layer was good but no cluster was found there. This is a true inefficiency. Most of the
remaining inefliciency (Not Tracked) can in principle be removed by a more sophisticated
cluster analysis. The remaining contribution (Missed) can be removed only by improving
the signal to noise ratio, and can be regarded as the intrinsic inefficiency of the detector.

A similar analysis performed on the other layers yields comparable results.

4. Resolution. In Figure 25 we show the distribution of the extrapolated track position
minus the cluster centroid on the midle layer. Such distribution has a standard deviation
of 10 um, corresponding to an intrinsic detector resolution of 8 um.

5. Alignment. A final remark must be made on the quality of the alignment between
the detectors. The mean value of the residual distributions on each of the three layers
is —3 pum, 3 um, —12 um respectively, with no geometry correction whatsoever. These
values compare very well with our goal of a Ladder to Ladder alignment tolerance of 20
um. Furthermore most of the error comes from problems in construction of the Ears used
in the prototype, connecting the Ladder to the supporting flanges. We have redesigned and
mechanically improved the Ears which will be used in the real CDF SVX and therefore
are confident that the mechanical tolerances will be even better.

6. Schedule and Budget

Our goal is to have the SVX system ready to take data during the 1990 collider run.
The system should be assembled at least 5~6 months ahead in order to debug, test, and
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gain operating experience with it. The target is therefore that all parts should be assembled
by September 1989 (with the possible exception of some DAQ modules).

If we can begin materials procurement in July of 1988, the chart shown in Figure 26
indicates how we will meet that goal. The current status of the items shown is as follows.

1. Detectors: All drawings are complete and approved by the detector fabrication firm.
The raw silicon has been procured. Processing time is 6—7 months.

2. Front End Electronics: We are performing detailed evaluations of the latest version
of SVXC and expect to be ready for a final production run soon. Expected processing
time is 2-3 months for the chips followed by 2-3 months of mounting and testing.

3. Mechanical Parts and Tooling: We are currently drawing the final mounting
fixtures and expect most of the work can be completed by the end of 1988.

4. Ladder Assembly: This involves many operations, shipping, and testing. We have
experience with all of them. We can start as soon as material is procured and the
tooling is complete. We expect this phase to last ~ 6 months.

5. Full System Mounting: This is a relatively short sequence of operations which
however need tooling and instrumentation which we are still designing. We estimate
3 months for the actual mounting process.

6. DAQ: The DAQ additions represent a modest increment for CDF. We expect the
design to evolve from our experience with a prototype system in the test beam as well
as from the general experience with the CDF DAQ system. We should have prototypes
early in 1989 and could proceed with production and testing over that year.

7. Minor Items: Other operations and construction such as survey, Far fabrication,
cable fabrication etc. are omitted from the chart since they are less time consuming
and are carried out in parallel with the above.

We have prepared a cost estimate for the SVX and it is given in Table 5. Note that
the estimate includes additions to the CDF data aquisition system required for the SVX.

7. Summary and Conclusions

The proposed SVX upgrade of CDF has gone through the preliminary phases of con-
ceptual design, performance simulation, prototype testing, and technical design. At this
point the device is ready to be built. This upgrade could open a new range of physics
for CDF and offer a new handle for future discoveries. A group within CDF, dedicated
to this project, was formed and has acquired much experience and expertise over the past
few years of work. An accurate cost assessment has been given. A significant financial
contribution on the part of INFN has already be allocated, and we require the additional
funds from DOE which are detailed in this proposal to make the SVX operational for the
1990 run of CDF.

Appendix 1: SVXC Circuit Operation

In this appendix we give a more detailed description of the operating procedure for
SVXC. A functional diagram of the circuit is given in Figure 14. The active element 4
is the CMOS charge sensitive amplifier. Elements B, C, D, and E are CMOS inverters.
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Element B also serves to limit the bandwidth seen at the sample and hold capacitor Cg
and reduce the noise as described above. When the reset switches on the CMOS inverters
are OPEN, the inputs have very large impedance. When the reset switches are CLOSED,
the inputs are fixed at a voltage in the middle of the operating range of the inverter, ie.
they are connected to a fixed potential. For example, consider the case of R4 OPEN, and
Rp, Rs, and Rg CLOSED. At the moment Rp is set OPEN any charge flowing to the
input will be integrated and held on Cs and C¢. If R¢ is then opened, the voltage stored
on Cs will be held fixed from that time onwards. Let the time between Rp opening and
R¢ opening equal Trnr. If Rp is then closed again the charge stored on Cg will be cleared.
Opening Rp again allows Cs to again track the input starting from zero. If Rg is then
opened a time TynT since the last opening of Rp, the integrated leakage current stored
on Cs will equal that stored on C¢ from before. The idea then is to inject a threshold
during the first integration period and wait for charge from a MIP in the silicon detector
to appear during the second. If the voltage across Cg exceeds the voltage across C¢ then
the output of element C will exceed its reset level.

Elements D and F are a latch which can be used to indicate the state of the compar-
ision to digital logic which follows after appropriate clocking. An example of the cycles
described above is shown in Figure 27. Held voltages can be kept until a readout of the
chip is initiated. At that point, hit channels can be multiplexed out serially at about 1
MHz.
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Figure 1a: Graph for the decay W — tb followed by semileptonic ¢ decay.
Figure 1b: Graph for the decay W — tb followed by hadronic ¢ decay.

Figure 2: Four jet invariant mass spectrum from W — tb followed by hadronic ¢ decay
after cuts described in the text.

Figure 3: Number of B jets which can be tagged for 1 pb~1.

Figure 4: Overall layout of the CDF SVX showing an isometric view.

Figure 5: Quarter view of SVX showing Ladder structure.

Figure 6: Quarter view of CDF showing position of SVX.

Figure 7: End view of SVX showing radial layer positions and tilts.

Figure 8: Generic silicon detector readout scheme using custom chip.

Figure 9: Design of Ladders for the CDF SVX.

Figure 10: Ladder alignment and fabrication fixture.

Figure 11: Photograph of prototype bulkhead.

Figure 12: Percent radiation lengths contained in the SVX versus polar angle of
particle.

Figure 13: SVXC die photograph.

Figure 14: Functional diagram of SVXC circuit.

Figure 15: SVXC front end amplifier.

Figure 16: Noise and S/N for 280 pm silicon versus detector capacity.

Figure 17: Conceptual layout of the SVX data acquisition system.

Figure 18: Impact parameter measured by the SVX+CTC versus p;.

Figure 19: Track tagging efficiency for B jets versus jet p;.

Figure 20: Vertex tagging efficiency for B decays versus p;.

Figure 21: Double tag efficiency for bb events.

Figure 22: Typical event from the SVX beam test.

Figure 23: Individual channel pedestal distribution from beam test prototype.
Figure 24: Pulse height distribution for clusters on tracks.

Figure 25: Distribution of residuals of clusters on tracks for middle layer.
Figure 26: Timescale for SVX fabrication.

Figure 27: Timing cylces for SVXC operation.




Table 1la: Barrel geometrical parameters

Radius [pm] Length [pm]

Layer #1 28438 256000
Layer #2 42769 256000
Layer #3 57100 256000
Layer #4 78616 256000

Table 1b: Silicon crystal geometrical dimensions

Width [pm] &+ Length [pm]

Layer #1 16040 50 85000
Layer #2 23720 50 85000
Layer #3 31400 50 85000
Layer #4 42930 50 85000

+ Thickness [pm]

50
50
50
50

280
280
280
280

Table 1c: Characteristics of the active area of the detectors

Readout
Width [pm] Pitch [pm]  strips
Layer #1 15360 60 256
Layer #2 23040 60 384
Layer #3 30720 60 512
Layer #4 42240 110 384

Number

of chips

Wk W

Table 1d: Coverage in polar angle

Theta &+ Eta £

Layer #1 6.3
Layer #2 9.5
Layer #3 12.6
Layer #4 17.2

2.9
2.5
2.2
1.9

+

15
15
15
15

Length [pm]

84500
84500
84500
84500




Table 2

Basic Specifications for SVXC Readout Chip

Number of channels/chip = 128.

Power dissipation = 200 mW/chip.
Gain of analog channel = 20-30 mv/fc.
Open loop gain = 2000

Nominal feedback capacitor = 0.3 pf

Nominal value of charge injection capacitor

0.03 pf.
Range of front end (approx) = 10 MIP.

Signal from MIP in Si detector = 25000 e or 4 fc.

Typical leakage current from 3 Si detectors = 3 na/strip.
Risetime at sample and hold capacitor = 900 ns (10%-90%) .
Reset time of charge integrator = 300-400 ns.

Capacitance of strip = 30 pf.

Signal to noise ratio = 13 (quad sample), 18 (double sample) for 30 pf.
Maximum analog readout speed = 1 MHz.

Maximum digital readout speed = 10 MHz.

Risetime of analog output = 400 ns.

Analog supply voltage = 6 VDC.

Digital supply voltage = 5 VDC.

Number of bits digital data = 7 chip addr + 7 chan addr.




Table 3

SVX Trackfinding Efficiency vs Pt of B jets

A= % of track not found

B= % of tracks with ABS(true - reconstruct impact parameter)/sigma > 3
where sigma is the fit error on the impact parameter

Sample size of good tracks (found in CTC and cross » 3 SVX layers = 1000

| Pt Jet | A | B |
5 GeV/c 2.4 0.8
10 GeV/c 1.2 2.5
20 GeV/c 1.7 2.2
100 GeV/c 1.3 2.4
W-->tb 1.6 2.0




Table 4

SVX B jet Vertex Tagging Efficiencies

Sample of 20 GeV Pt B jets, Nbp = Number of B charged prongs = 500
Beam pipe diameter = 2 inches

%CTC = #B decay tracks reconstructed in the CTC / Nbp
%SVX = #B decay tracks reconstructed also in the SVX / Nbp
%TAG = #B decay tracks reconstruct in SVX with visible i.p. / Nbp

where i.p. means impact parameter and "visible" means that the
impact parameter is greater than 3 times its fit error.

Conditions | %CTC | %SVX | %TAG |

No multiple scattering and 64. 64. 46.
bunch length sigma = 1 cm.

Multiple scattering ON and
bunch length sigma = 1 cm. 64. 64. 32.

Multiple scattering ON and
bunch length sigma = 20 cm. 62. 51. 24,




Table 5
CDF SVX Budget Estimate

Ttem | R&D FNAL | Equip FNAL | INFN-Pisa |

Silicon Detectors:

Silicon detector prototypes 13.0
Silicon wafers for detector fab 60.0
Drafting for masks 5.0
Prototype AC coupled detectors 29.0
Mask fabrication 23.0
Production detectors 700.0
Mechanical:
SVX mechanical model:
Cut dummy silicon 2.0
Model Ears and pins 3.0
PHI mounting fixture 45.0
Misc. mechanical R&D 20.0 10.0
Final mech construction 30.0
Cooling 10.0
New beam pipe 100.0
Front End Electronics:
Ear board prototypes 5.0
Ear board preliminary 10.0
Radiation damage tests 5.0
SVXC chip tests 5.0
Custom cables R&D 20.0
Production of SVXC chip 40.0
Production/test of Ear boards 40.0
Detector power supplies 10.0
Custom cables production 30.0
Data Acquisition:
DAQ Sequencer development 15.0
Sequencer construction 30.0
DAQ ADC development 10.0
ADC construction 37.0
Memory modules 125.0
FASTBUS scanners 20.0
Segment Interconnects 10.0
Crates and power supplies 32.0
Cables 37.0
- Subtotals 95.0 596.0 840.0
Contingency (25% on US) 24.0 149.0
Contingency (25% on Italy) 210.0
EDIA (on US contribution) 143.0
Subtotals 119.0 1098.0 840.0
Total US = 1217.0
Total Italy = 840.0

Total 2057.0
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FIGURE 17

CDF SVX: Possible DAQ Configuration
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Figure 26

CDF SVX Construction Schedule
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TO: T. Yamanouchi
FROM: M. Shochet, A. Tollestrup
SUBJECT: Muon Upgrade Proposal for CDF Detector

The enclosed proposal is for an upgrade of the CDF Muon sys-
tem. T. Liss will describe this system in detail at his PAC
presentation. This upgrade will significantly improve our angu-
lar coverage for muons and thereby greatly increase our accep-
tance for dileptons. The added steel in the central region also
eliminates the problem of hadron punch through, an improvement
important for triggering on leptons in a very high luminosity
environment.

We need Stage 1 approval in order to utilize the resources
presently available in the Collaboration. The muon work as well
as the electronic improvements needed for the luminosities
expected in the next two rums can be carried out within the
Laboratory’s fiscal guidelines.
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Introduction

The current CDF muon system covers the regions 55° < 8 < 90° . and 4° < 6 < 17°
with respect to both the proton and antiproton directions. This leaves a large gap in
zenith angle from 17 degrees to 55 degrees. This is a region of crucial importance for
studying the leptonic decay channels of heavy particles. In addition, the CDF central
muon system, which covers the region 55° < 8§ < 90° has an average of only 5.4 pion
interaction lengths between it and the event vertex. This presents serious problems both
online and offline. Online, the single muon trigger rate is dominated by interacting and
non-interacting hadronic punch through. Offline, the identification of muons in or near
jets is compromised by non-interacting punch through.

The CDF muon upgrade consists of four parts: central muon upgrade, central muon
extension, end wall chambers and intermediate toroids. Figure 1 shows an elevation view
of the CDF detector including the layout of the proposed chambers and additional steel.
The central muon upgrade consists of an additional 60 cm of steel behind the current
central muon system, followed by a second set of muon chambers. The central extension
covers the region from 42° < 6 < 55° with chambers mounted on the surface of a cone for
270° in azimuth, while the 90° quadrant at the bottom of the detector will be distorted to
accomodate the floor in the collision hall. The conical arrangement of these chambers can
be seen in the top view of the detector shown in figure 2. The distortion neccessary for the
bottom quadrant is shown in the beam’s eye view of figure 3. The region 30° < 4 < 42°
is covered by chambers mounted in a circle on the end wall calorimeter. In the region
17° < 8 < 30° one can no longer use the central tracking chamber in the trigger to
measure muon momentum, so this region is covered by the intermediate toroids, employing
one meter thick magnetized iron instrumented by drift chambers. In figure 4 we show the
number of absorption lengths as a function of 8 at ¢ = 0° before and after the upgrade.
Each of the systems is described in detail below, and a summary of the cost of each system
is given in Appendix A.

Physics Motivation

The motivation for the upgrade as a whole has two logical parts: extended coverage and
additional central steel. The former is an issue of muon acceptance, while the latter is an
issue of trigger rates and background. We will frequently make use of the example of bb
decays to illustrate various points in this document. This is not by any means because this
is the only physics we are interested in, but rather because the difficulties in studying bb
decays are rather generic. They include the desire to have good dimuon acceptance and
to be able to identify muons near hadronic activity.

o Central Upgrade

Muon physics in the central region is of the utmost importance because heavy particles
tend to decay centrally. For instance, from ISAJET Monte Carlo studies we find that
44% of the decay leptons from a 60 GeV top quark will be in the region 55° < 6 < 90°
(note that when we speak of a region in 6 we will always mean that angle with respect




to both the proton and antiproton directions). Similarly, for bottom quark decays, 25%
of the decay leptons will be in the same region. Because the present CDF central muon
system has an average of just 5.4 pion interaction lengths between it and the interaction
point, about 1 in 220 hadrons traverses the calorimeter without interacting, thereby faking
a muon. A detailed study of hadronic punch through in the central region has been done
and is attached as Appendix B. This is a serious problem for the physics of non-isolated
muons, such as those from semi-leptonic b decays, and also muons from other processes
which typically contain significant amounts of hadronic activity.

To illustrate this difficulty, we take the case of b decays. In figure 5 we show the
transverse momentum distribution of charged tracks inside jets with E; > 20GeV and
40° < 8 < 90°. A track is considered to be inside the jet if it is contained in a cone of size

AR = /A2 + Ag? < 0.7

about the F; weighted centroid of the calorimeter cluster. If one is interested in muons
above 5 GeV we see that there are typically 1.2 such tracks per jet. This means that
0.5% of jets above 20 GeV will contain a non-interacting hadron, i.e. a fake muon. The
cross section for the production of bb pairs with 40° < @ < 90° and with a minimum P,
of 20 GeV is 44 nb at the Tevatron [1]. The probability for one of these bottom quarks
to decay semi-leptonically to a muon with P; > 5.0GeV is 0.075. Thus the cross section
for observing a 5 GeV muon from b decay in an event with a 20 GeV jet is 3.3 nb. On
the other hand, the inclusive jet cross section integrated above 20 GeV is approximately
1 ub at CDF [2] for 40° < 8 < 90°. Using our 0.5% probability of non-interacting hadrons
in these events, we find that the cross section for this type of QCD background is 10 nb.
This simple argument gives a signal to background of 1/3 from punch through alone.

Another important source of background to muon events is the decay in flight of pions
and kaons. The probability for decay in flight to muons is .027/P; for pions and .127/P,
for kaons. Using the UAS5 particle mix of 21% kaons, 58% pions and 21% protons, we get
a decay in flight probability of a given charged particle of .042/P;. This is equal to the
probability of non-interacting punch through at 90° for P,=6.4 GeV. Since the probability
of non-interacting punch through is, to first order, independent of P;, it becomes the
dominant source of background to the prompt muon signal at even moderate P;.

The second concern which motivates the central upgrade is that of triggering on medium
P; muons. This is important for the study of bottom as well as for an understanding of the
backgrounds contributing to any new physics signatures involving muons, for example top.
The central muon trigger cross section out of Level 2 is 1.5ub (1.5 Hz at £= 10¥cm~2s71)
with a Py threshold of 6 GeV. At Level 3 this can be reduced to no less than 0.3ub without
losing a significant fraction of real muons. Above 6 GeV, the rate is dominated by interact-
ing and and non-interacting punch through. Current hardware limitations constrain the
rate out of Level 2 to a maximum of 10 Hz which must be split amongst a mix of many
different triggers. Similarly, the rate out of Level 3 is constrained by the tape writing speed
to be about 1.5 Hz. It is clear that if we are to be able to continue to trigger on inclusive
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muons at medium P, at luminosities much above 10°%cm 257!, we must significantly reduce

the background contribution to the trigger rate.

The central muon upgrade, averaged over zenith angle, adds 3.0 pion interaction lengths
of steel to the central region. This will reduce the background from hadronic punch through
by a factor of 20. Some help is also given to the less serious background from = and K
decays in flight by the additional absorption lengths which increase the minimum muon
momentum from 1.3 GeV to 1.8 GeV, and the magnetized return yoke above and below the
detector which provides a crude second momentum measurement. By adding the chamber
hits outside the extra absorber as an extra road requirement in Level 2, we will reduce the
Level 2 central muon trigger rate by more than an order of magnitude. This will allow us
to keep trigger conditions stable and to continue to trigger on medium P, muons as the
Tevatron luminosity climbs above 10¥%cm™?%s71).

Similar gains are achieved in offline analysis. The signal to background ratio for all
muon signals in the central region will improve by a large factor since the backgrounds
to most are now dominated by punch through. This will have a very significant effect
on our ability to do heavy flavor physics. This includes top, where the cross section
may be very small and the events typically have a lot of hadronic activity, and bottom,
where the dimuon analysis in the central region becomes essentially free of punch through
background, and, with enough data and suitable cuts the single muon analysis becomes
feasible. Similar gains in sensitivity are made in terms of searching for a fourth generation
of heavy quarks and leptons.

e Extended Coverage

The gap in muon coverage between 17° and 55° causes 50% of W — uv events to be
lost. The losses are even more serious for dimuon physics. Figure 6 shows, as a function
of pseudo-rapidity interval covered by a muon upgrade, from 0.65 where our central muon
system ends to 2.0 where our forward muon system begins, the acceptance for di-muons
from Zs, bb and 60 GeV tf production, assuming that we trigger on the entire system. The
minimum P, for triggering each of the parts is assumed to be 3 GeV for central, central
extension and endwall chambers, 5 GeV for the intermediate toroids and 6 GeV for the
forward toroids. This shows that in all three cases the dimuon acceptance is increased by
approximately a factor of four. The very small acceptance for bb is a result of the P, cut.
Fortunately the cross section is quite large.

Another way of looking at this is to ask how the di-muons are distributed about the
five different regions. Taking, again, bb — uTu~X as an example, we show, at the top of
the next page, a two dimensional array where each entry gives the fraction of detectable
di-muons, i.e. those which pass the above P; cuts, which are found in the corresponding
pair of regions. Using this table, we find that 22.1% of the di-muons are found with the
current central-forward combination. If we add the central extension, we gain another
21.2%, almost a factor of two. Adding, then, the endwall chambers gives another 33.8%.
Finally, completing the coverage with the intermediate toroids yields the remaining 23.0%.
Note that the increase in acceptance when adding a given region is sensitive to how much
is covered when that section is added. For instance, if we first add the end wall chambers
to the central-forward combination, we gain 26.0% rather than 33.8% . This malkes it clear




f ” CentralT Cent Ext ] End Wall TInt Toroids J For Toroids}

Central 16.3% 7.7% 9.0% 4.6% 2.1%
Cent Ext T.7% 3.4% 3.9% 2.1% 1.2%
End Wall 9.0% 3.9% 4.4% 2.3% 1.8%
Int Toroids || 4.6% 2.1% 2.3% 1.6% 1.7% |
For Toroids || 2.1% 1.2% 1.8% 1.7% 1.6%

Table 1: Distribution of di-muons from bb decays in the five components of the upgraded
CDF muon system

that leaving any sizeable gap in the overall muon coverage causes a large loss of di-muon
events.

Finally, one can ask for more than fractions. Is the number of events accumulated
sufficient to do physics? To answer this question we show the series of figures 7-10, giving
the number of dimuon events observed in one inverse picobarn of data at /s = 1800GeV
from bb with one muon in the central region and one in each of the other four detector
regions. In each figure, the abscissa is the P, of the central muon, and the family of curves
corresponds to different P; cutoffs in the region of the second muon. A bb cross section of
25ub and a b — u branching ratio of 11.7% have been used in making these plots. Similar
numbers of events are observed in other combinations of regions. It is quite clear that,
with complete coverage, an extremely rich sample of di-muons is obtained.

Having complete coverage for muons is also very important for measurement of muon
asymmetry in the electroweak decays of W — uv and Z° — ptp~. This is a difficult
measurement to make in the electron channel because we can only measure electron charge
to about 8 = 30° with the central tracking chamber. In contrast, with the toroids, we can
measure muon charge to very small angles.

An additional purpose of the muon upgrade will be to provide a passive (Level 3 and/or
offline) veto for cosmic ray induced bremmstrahlung events. This will be useful for helping
reduce these backgrounds in searching for large E; isolated gamma events, such as might
be observed from SUSY photino decays. At present, the muon coverage is such that an
appreciable fraction of cosmic ray induced bremmstrahlung events have no accompanying
track in the existing muon chambers, due to many holes in the coverage [3]. The extented
coverage will obviously fill many of these gaps, while the central upgrade will cover the
many ¢ cracks and the 6§ = 90° crack in the central detector.

eEffect of Tevatron Intensity Upgrade

The present muon system and proposed muon upgrades will function reliably and be
triggerable up to luminosities of a few 10%. At a luminosity of 10%! the di-muon and
di-lepton triggers are still working but we are beginning to have problems with the present
central muon system for single muon triggers. There is simply too much punch through
and the trigger rates become excessive. The central muon upgrade, if implemented, will
give us an additional factor of 20 in the reduction of punch through and thus will allow us




to trigger on single isolated muons at luminosities of several 10%.

There is a complication when the number of bunches exceeds six in addition to the
generic CDF electronics problem. The drift cells in the central muon system have a max-
imum drift time of about 700 ns. When the time between bunch crossings becomes of
the order of 1 us or less then an additional level of trigger, say level 1/2, will have to he
implemented. This can be achieved technically in several ways, for example, a plane of
scintillators or by requiring a radial track in the last two superlayers of the CTC. We will
start the necessary R and D as soon as we know the plans of the Laboratory.

Scenarios for operating the forward intermediate muon trigger above 10% luminosity
depend on the bunch spacing. The maximum drift time in either system is 1us. If the
3.5us bunch spacing (six bunch operation) is retained, a luminosity of 10*' would result
in a forward plus intermediate trigger rate out of level 3 of about 0.3 hz, or 30% of the
tape, with no P, cut. This rate is acceptable, depending on physics priorities for space on
the output tape allocated to various triggers. The TDC’s used in the toroid muon system
are digital devices which are capable of pipelining the data for bunch spacings less than
1us. It would be necessary to devise a pre-trigger so that hits from the correct bunch
crossing could be selected from the TDC’s, but the basic hardware can survive multibunch
operation.




Central Muon Upgrade

The central upgrade consists of adding a second set of muon chambers behind an
additional 60 cm of steel in the region 55° < 8 < 90°. The return yoke of the CDF solenoid
already provides the necessary steel above and below the CDF central detector so that it
is only necessary to add additional steel on the two sides. At this point we do not plan to
magnetize the additional steel.

The central upgrade chambers will be standard single wire drift cells. Four chamber
layers are required with one pair of chambers with the wire direction perpendicular to the
other pair. There is 22 cm of available space between the top of the CDF solenoid return
yoke and the bottom of the cable tray. For four chamber layers, this leaves us 5 cm per
layer. To keep the 3:1 aspect ratio of the chambers, necessary for easy field shaping, we
will build drift cells of 5 cm x 15 cm cross section. This gives a maximum drift time of
approximately 1.4 ps.

Three different lengths of chamber are required. The chambers which cover the return
voke on the top and the bottom of the detector will have wires running in the Z and X
directions (Z is parallel to the beam and X is out of the ring). The return yoke is split
into two pieces, both on top and on bottom, each of which is 640 cm in Z and 286 cm
in X . The X chambers will therefore be 286 cm extrusions. 43 chambers per layer per
yoke piece will be required for full coverage or a total of 344 X chambers for two layers.
The Z chambers will be 640 ¢ long extrusions. 19 chambers per layer per yoke piece are
required for full coverage or a total of 152 Z chambers for the yoke.

To cover the side walls we need again the Z chambers described above, and in addition
a third length chamber with wires in the Y direction. The Z chambers must cover a total
length of 1024 cm, so 68 Z chambers per layer per side wall are needed for a total of 272
more Z chambers. For the Y chambers, 1024 cm is probably too long for a single chamber,
so we will break this up into two chambers of 511 cm length. To cover the total length of
640 cm, we will need 86 Y chambers per layer per side wall for a total of 344 Y chambers.

Because of the arrangement of orthogonal layers, only a single TDC is required for each
channel. It is not necessary to use these chambers in the Level 1 trigger because they cover
the same pseudo-rapidity region as the current central muon chambers, and the level one
trigger rate is acceptable at low P;,. However, as described above, a Level 2 trigger using
the upgrade chambers is required when the Tevatron luminosity exceeds 10®cm=2%s71 in
order to keep the Level 2 trigger rate at a manageable level without having to raise the
P; threshold to an uncomfortable point. This can easily be done by adding hits in the
upgrade chamber as an additional road requirement of a Level 2 central muon trigger.




Design Parameters of the Central Upgrade

Pseudo-rapidity coverage |7]<0.7
Cell size Scm x 15em
Max drift distance 7.5¢cm
Max drift time 1.4us
Number of X chambers (286cm long) 344
Number of Y chambers (511cm long) 344
Number of Z chambers (640cm long) 424
Total number of channels 1112
Total additional iron required 630 tons
Pion interaction lengths at § = 90° 7.8
Minimum detectable muon P 1.8 GeV

Multiple scattering at 8 = 90° 15¢cm/P
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Central Muon Extension

The central extension consists of 'pinwheels’ of drift cells around each end of the central
detector. The pinwheels extend from 42° to 55°. At 55° they slightly overlap the coverage
provided by the central muon system. These cells extend the pseudorapidity coverage of the
muon system from 0.65 to 1.0 . No additional steel will be added for this detector. However,
as seen in figure 4, the large angle through the hadron calorimeter yields considerably more
material on average than protects the current central muon system.

The drift cells will be arrayed as a logical extension of the central system. In particular,
there are four layers of twelve cells for each 15° ¢ sector. Successive layers are offset to
eliminate ambiguities. In a given layer every cell overlaps the previous one at the inner
edge so that simple rectangular cells can be used in a circular geometry.

The upper three quarters of the pinwheel are tilted to increase its acceptance. The
section which extends 45° on either side of the vertical at the bottom is more problematic,
as can be seen from Fig. 1. This section must be inserted between the central detector
and the floor and requires the use of both vertical and horizontal cells. An end view of the
pinwheel 1s shown in Fig. 3.

A standard drift cell has dimensions 180cm long by 15cm wide by 3cm thick. For
the bottom section, cells of shorter lengths are needed. Each cell contains a single sense
wire and is run in the limited streamer mode. They will be fabricated from aluminum
extrusions. The inside faces of the cells are lined with a circuit board which provides a
relatively uniform gradient out to the edges of the cell. The circuit board has strips etched
parallel to the sense wire and these strips are biased to 2 kV while the outside strips are
connected to the grounded outer edges of the cells.

The total number of cells required for the central extension is 2(ends) x 4(layers) x
24(sectors) x 12(cells) = 2304. Including spares, the total to be fabricated is approximately
2400. It is possible to have these delivered to Fermilab in time for installation prior to the
1990 CDF run.

As is done in the current central system, each pair of cells have their sense wires joined
at one end and then have a single TDC - double ADC combination for readout. This
will give a rough position along the wire using charge division and an accurate position
transverse to the wires. The maximum drift time is approximately 1.5us which is adequate
for six bunch running; as in the rest of the muon system, more than six bunch operation
will require a Level 1/2 pre-trigger. The entire extension will require 144 TDC/ADC
RABBIT muon boards and 96 trigger boards. These in turn require an additional 12
RABBIT crates.




Design Parameters of the Central

FExtension
Pseudo-rapidity coverage 0.7<7n|<1.0
Cell size 3cm x 15em
Max drift distance 7.5cm
Max drift time 1.5us
Total number of channels 2304
Pion interaction lengths at § = 55° 6.2
Minimum detectable muon F; 1.4 GeV
Multiple scattering at 8 = 55° 13cm/P




End Wall Chambers

A primary consideration in the design of the endwall muon chambers has been to
use them for triggering purposes in combination with the central track processor. These
chambers will extend from 30° to 42° in zenith angle and will have 27 coverage in azimuth.
A track at a zenith angle of 30° will traverse four superlayers of the central tracking chamber
(CTC) so that a good match of the muon hits with tracks from the CTC is possible. In
addition to a good identification of muons, such a match also imposes a P; cut. Since
the CTC has very good ¢ resolution, it is important that the endwall chambers have a
resolution no worse than multiple scattering.

The endwall chambers will be segmented in ¢ and operate in the limited streamer
mode like the central muon chambers. A big advantage of this is that the electronics need
not be re-designed. There will be in all 48 modules of muon chambers, one per endwall
calorimeter module. Each module has four layers of staggered ¢ planes as shown in figure
11. The staggering helps to resolve the left-right ambiguity. Zenith angle information is
obtained by means of charge division. A typical ¢ cell in a chamber is shown in figure 12.
It consists of 2 I-beams at an angle so that the cross-section is rectangular, 2.0cm deep
with the width varying from 4.2cm at the top to 2.8cm at the bottom. Because of the
geometry chosen, a graded field is necessary to maintain the necessary field of 19 kV/mm
at the wire for streamer mode operation. This can be accomplished using resistor chains.
The field throughout the cell will be greater than 1 kV/cm so that the drift velocity is
saturated and uniform throughout.
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Design Parameters of the Endwall
Chambers

Pseudo-rapidity coverage 1.0<|n|< 1.3
Cell size 2cm x 4.2cm to 2cm x 2.8cm
Max drift distance 2cm
Max drift time 400ns
Total number of channels 2016
Pion interaction lengths at 42° 7.0
Minimum detectable muon P, 1.6 GeV
Multiple scattering at 42° l4cm/P
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Intermediate Toroids

Figures 1 and 2 show the intermediate toroids located between the forward tracking
chambers (FTC) and the forward electromagnetic calorimeter (FEM). The toroid iron is
centered at 5.2 m from the IP and is 1 m thick. The toroids are 7.6 m in diameter with a
2.6 m diameter hole in the middle, adequate for access to the small angle detectors and the
FTC. The toroids must be split for access to the end plug calorimeter. The magnetic field
in the iron will be saturated at an average value of 1.8 T, with a momentum resolution of
25% dominated by multiple scattering. For comparison the present forward toroid system
has a momentum resolution of 18%. Like the forward toroids, the intermediate trigger
will be self contained, based on the tracking of a muon through the toroid to determine
the transverse momentum. A correction to the trigger road must be made for the vertex
position.

It is useful to discuss the forward and intermediate toroids together when considering
high luminosity trigger strategies. The present measured Level 1 trigger cross section in
the forwards is 0.1ub dominated by trigger roads which are in fact not tracks. Level 2 has
no effect on the stand alone muon trigger. Tracking is done at Level 3, which results in
an output of 0.02ub and a distribution of muons which peaks around 3 GeV/c P,. Extra
rejection can be gained by a P, cut at Level 3. The spectrum is dominated by = — u and
K— u decays in flight for P; less than 10 GeV/c. Prompt muons are about half of the
yield at 10 GeV/c, and increase in fraction as the P, increases. Non-interacting hadronic
punch through is not a problem in the toroid systems.

The rapidity bite of the intermediate toroids is 1/3 that of the forwards, but the solid
angle is about 50% larger. While rapidity is a better measure for light particles, solid angle
is more appropriate for the heavy ones. Light particle decays dominate the rate for tracks,
but the Level 1 trigger is largely non-track garbage. If one takes the intermediate level 1
cross section to be 0.1ub then the level 3 output of tracks should be around 0.01ub or 0.01
hz at 10°° luminosity. The implications of higher rates have been previously discussed.

The drift chambers for the intermediate toroids are patterned after the forward cham-
bers. The chamber area is slightly smaller (37m? vs 45m? per ring of chambers), and the
middle chamber in the forward system is mounted behind the toroid in the intermediate
one, there being no room along the beam to split the toroid and its coils. Thus the in-
termediate measurement will be input and output slopes of the track. A total of 24 extra
96 channel digital TDC units are required, along with the associated trigger cards and
Fastbus crates. The pads in the present forward chambers are read out with RABBIT,
but we are investigating the possibility of using Fastbus readout for the intermediate pads.
We are also studying the implementation of a track finder at level 2 for both the forward
and intermediate toroids to further decrease the rates into level 3.




Design Parameters of the Intermediate

Toroids
Pseudo-rapidity coverage 1.3<in <19
Cell size 2.0cm x 10.0cm
Max drift distance Sem
Max drift time lus
Field Integral 1.8 T-m
Total number of channels 2304
Pion interaction lengths at 6 = 30° 11.6
Minimum detectable muon P, 2.5 GeV
Multiple scattering at 6 = 30° 18cm/P
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Figure Captions

Elevation view of the CDF detector showing the proposed muon upgrade chambers.

Top view of the CDF detector showing the proposed muon upgrade chambers includ-
ing the steel walls at the sides of the detector.

End view of the CDF detector showing the bottom 90° of the central extension.

Number of absorption lengths between the beam-beam vertex and the point where
muons are identified. The abscissa is the polar angle, 8, from the beam axis. The
dashed curve represents the current situation, with forward muon coverage from 3°
to 17° and central coverage from 55° to 90°. The solid line indicates the addition
of steel in the central region and the intermediate toroids. The curves indicate the
thickness at azimuthal angle, ¢=0.

The number of charged tracks per jet as a function of transverse momentum.

. Dimuon acceptance as a function of pseudo-rapidity (7) interval covered by a muon

upgrade for bb, t1, and Zs. The left most point corresponds to the present situation
with just central and forward muon coverage and the right most point corresponds
to filling the entire gap from n=0.65 to n=2.00 with a triggerable muon system.

Number of dimuon events in 1 pb~! from bb as a function of P, cutoff with one muon
in the central and one in the central extension. The abscissa is the P; cut applied to
central and each curve corresponds to a different P; cutoff in the central extension.

Same as Fig. 7 but with the second muon in the endwall chambers.
Same as Fig. 7 but with the second muon in the intermediate toroids.
Same as Fig. 7 but with the second muon in the forward toroids.
Typical end wall chamber module.

Typical ¢ cell of the proposed end wall chambers.
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Appendix A
CDF Muon Upgrade

CDF Muon Upgrade

A. Extension of Central Muon Chambers
Extends central muon coverage from 55 to 45 degrees

Consists of pinwheels of drift tubes around each end of the central detector

Materials Costs for tubes

Labor Costs to assemble tubes
Stands

Electronics 2304@%200
Trigger

Harvard Labor Contrib
Subtotal

25% Contingency

15% SWF
System total

B. Upgrade of Central Muon Coverage
Adds two steel walls to sides of central detector

Instruments new steel walls and top and bottom of magnet yokes with drift chambers

Steel 630 tons @ $750
Chambers
Labor to assemble chambers
Electronics 1112 @ $200
Trigger
Japanese Contribution
Subtotal

25% Contingency

15% SWF
System total

C. Intermediate Muon Toroids

Adds two steel toroids with chambers to cover 15 to 30 degrees

Toroids: Designed and fabricated by PSL
Design and drafting
Steel
Machining steel
Coils
Bases
Mounting for Chambers

Engineering supervision at FNAL

Chambers: Fabricated by U of Wisconsin
Chambers
Labor to assemble
Electronics and HV
TDC and Fastbus

Assembly at FNAL

D. Endwall Muon Chambers

Subtotal

Subtotal

Grand Subtotal
25% Cont
15% SWF
System Total

Consists of drift chambers covering the region between 30 and 45 degrees

Chambers
Labor to assemble
Electronics 2016@$200

Grand Total - All systems

Subtotal
25% Cont
15% SWF
System Total

9/22/88

125
200
100
460
100
-180
835
184
1583
1172

500
1000
200
222

-9886
986
247
185

1418

250
200
403
853
213
160
1226

6464
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Pion Punchthrough Probability
in the Central Calorimeter

David A. Smith, University of Ilinois
Hans B. Jensen, Fermi National Accelerator Laboratory

Abstract

The number of absorption lengths traversed by pions, kaons, protons, and antiprotons
in a central wedge is calculated as a function of the incident hadron momentum. The
momentum dependence is strong, resulting in 3 times as many non-interacting pions
at low momentum as compared to high momentum. Fits and a fortran function are
provided to ease calculations of backgrounds to muon signals. Corrections are made
for the energy loss of the particle in the wedge. An overall punchthrough probability
using the UAS5 charged particle mix is shown. The fact that K*’s have a smaller
absorption cross section than K ~’s leads us to the prediction of a charge asymmetry
in the non-interactive hadron punchthrough background to the inclusive central muon
spectrum.

1 Motivation

Two principal backgrounds confuse a study of prompt muons in the CDF central region. These
are muons from pion and kaon decay, and hadrons that don’t shower in the calorimeter. This note
concerns the latter category. A charged hadron leaves a minimum-ionizing trail in the calorimeter
until it showers. If it never showers, it is indistinguishable from a muon. The probability P for
an incident hadron not to interact after traversing a distance x of material is

P = e~d = e_x/'\“b" (1)
or 1/165 for A =5.10. The absorption length A, depends on the absorption cross section,

A
Npo'abs ’

(2)

where A is the atomic number of the material, N is Avogadro’s number, p is the density of the
material, and o4, is the absorption cross section. Hence one need only know the depths and cross
sections for the different materials in the calorimeter, and A comes from simple arithmetic.

The difficulty is in knowing the cross sections accurately. The Particle Data Booklet (PDB)
only tabulates values for proton interactions in different materials at high energy, £ > 50 GeV,
" and the PDB cross section curves are only for hadrons incident on proton targets. The cross
section for hadrons on heavier targets obeys a power law,

)\abs =

Ogps = UoAa (3)




[ Hadron l 0o I a ]

K+ 20.37+£0.80 | 0.791 + .01
K~ 22.56+0.90 | 0.779 £+ .01
xt 25.64£1.00 | 0.764 £ .01
T 25.86+1.00 | 0.762 &= .01
P 37.994+1.48 | 0.719 £ .01
7 43.50+1.73 | 0.698 & .01

Table 1: Parameters for the power-law fit to the A-dependence of the absorption cross-section for

60 GeV/c particles [Carroll].

and simple scaling from the proton values to the pion values is complicated by the fact that a
varies significantly amongst hadron species. Hence, the literature has to be probed beyond a
cursory reference to the data booklet. Table 1 shows how the power law for the inelastic cross
section varies for different mesons.

One last motivating remark: a rough, 10% estimation of A based on naive scaling will result
in a 50% error in the rate for non-interacting punch through’s. That is, the error in the rate is

8P _
5 =
and 0.1x5.1 = 51%. A survey of the literature indicates that about 3% accuracy in A is obtainable,

lowering the error in the rate to 15%. Hence a small improvement in the A calculation yields a
big gain in the rate estimate, and it is worth going into detail.

o

2  Sources

To get our numbers we have compared different sources:

e Published A-dependence of absorption cross sections, found in the PDB references and
references therein [Carroll, Roberts, Denisov];

e 7-iron absorption lengths measured during detector calibrationsin other experiments (CDHS,

CIFT};
e Particle Data Booklet cross section plots (see figures 1 and 2) ?;

e CDF central wedge testbeam data. This only provides limits on the final values, for reasons
discussed below.

Figure 3 shows a compilation of the various cross section measurements for pions in iron. Some
explanations are in order:

1Thanks to Bill Carithers for obtaining Vax files of the cross section data from the Particle Data Group.
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Figure 1: Meson-proton cross sections as a function of meson energy, taken from the Particle
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Data Group. In each plot, the top curve is oota1, the bottom curve is Gefastic, and the third curve
comes from subtracting the fits to the first two, Ginctastic = Otorat — Tatnrin.



100 1 7 IT_TIII T ﬁﬁl‘i‘l)] 7 R T T 7 ITIIII Ll T lrf_rl‘ I‘< 19000

g0

80 -

70 f proton—proton 5

60 1r

50 r Total el

40 S r

Inelastic
30 - 4 30
Inelastic
20 - 14 20

Millibarns

fory

0 — . 0

g - Elastic 1 g

8 - 4 B

7 - 4 7

6 i {1 6

5 1 1 IJlJLl L 1 1 lllllL ] 1 1 1 llJlll 1 Ll llllll s 5
-5 10 50 100 5 10 50 100

Momentum (GeV/e)

Figure 2: Proton-proton (left) and antiproton-proton (right) cross sections as a function of energy,
taken from the Particle Data Group. Curves are as in figure 1.

e The values listed in the PDB Table of Nuclear Properties are weighted averages from Carroll
and Roberts. Since Roberts only studies incident neutrons, and Carroll only descends to 60
GeV, Denisov is included to learn how to scale to lower energies.

e The solid curve is the average of the 7t and the 7~ inelastic cross sections on protons taken
from the fits in figure 1, scaled to match Denisov at p, = 30 GeV/c. We use the average
since the material in the wedge contains roughly equal proportions of protons and neutrons,
and the data booklet curves (or, alternatively, isospin symmetry) show that op+p = oy
and Or-p X Opin.

e CDHS [6] measures an effective absorption length for their iron/scintillator combination,
which is then corrected to obtain a value for pure iron. Their result is somewhat lower than
the other values. “

o CITF [5] measures the non-interaction probability P, which is then converted to a cross
section for comparison.

The main point of figure 3 is that thin-target measurements of the absorption cross section
yield the same results as measurements of interaction probabilities made using thick, complex
calorimeters. That is, the data in figure 3, obtained by a variety of different methods, yield
consistent results. Hence we can use the published values of the absorption cross sections covering
a broad range of target materials, particle types and energies to calculate the number of absorption
lengths in a wedge.

Carroll et al [1] provide the most recent, comprehensive set of absorption cross sections. Our
method, then, is to use Carroll’s values at 60 GeV/c to calculate high energy values of the number

4
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Figure 3: Pi-iron inelastic cross sections, as measured by the various authors{1-6]. Where absorp-
tion lengths (CDHS) or interaction probabilities (CITF) were measured, they have been converted
to a cross section for comparison. The solid curve is (r+p + 05—p)/2 from figure 1, to allow for
the equal proton and neutron mix in iron, scaled to match Denisov at 30 GeV.

of absorption lengths in a wedge, and then scale the curves from the Particle Data Group (the
Oinelastic curves of figures 1 and 2) to extrapolate to lower energies. Table 2 lists Carroll’s cross
sections for the different target materials present in the central wedges and for the different
particle types, at 60 GeV/c, as well as the absorption lengths calculated from equation (2).
The method just described introduces a small systematic error into our calculation. The
absorption cross section,
Tabs = Ttotal = Telas — Tquasis (4)

is different from the inelastic cross section,

. .
Oinelas = Ttotal = Oelasy (5)

by 0 guasi, the quasi-elastic scattering cross section 2. The difference is less than 3% over the energy
range covered by Denisov et al [3]. We use o4, to calculate the number of absorption lengths in
wedge at high energy, but 0,6, to extend to low energy. A systematic error arises to the extent
that the energy dependence of o, is different from that for ¢neq,. We consider this error to be
negligible. ‘

Central wedges contain two types of scintillator. The hadron calorimeter uses plexiglas (also
called Lucite or acrylic) while the shower counter has polystyrene. (CDHS [6] uses plexipop, which

2This is Carroll’s nomenclature. Unfortunately, the data booklet defines .14, to be exactly what we have called
Oabs- ;




+

] Kt K- | T | p |7

Target Absorption Cross Sections (mb)

Lead 1360 & 42 | 1414 4= 45 | 1479 £ 44 | 1730 + 52 | 1805 + 56
Iron 491 +-28 | 518 £ 29 | 554 £ 34 | 685+ 38 | 721 £ 41
Alu 280 £ 9 299+ 9 | 324+ 10 | 409 +£12 | 439 £+ 13
Carbon | 144 + 4 153 £ 5 169 £+ 5 2224+ 7 | 242 £ 7

Absorption Lengths (cm)

Lead 223+£07(21.4+£0.7}205+06}17.5+£0.5|16.8 % 0.5
Iron 240+14)227+£13]21.3+13|172+£1016.3+0.9
Alu 59.3 £ 1.9 555 £1.7581.2+16|406+12 378+ 1.1
Plexi 114 + 3 107 £ 3 97T+3 | T4+£2 67 £ 2
Poly 128 £ 4 120 £ 4 109 + 3 83+ 3 76 £ 2

Table 2: Absorption cross sections, in millibarns, for 60 GeV/c hadrons incident on different
targets (from Carroll et al [1]). The absorption lengths are calculated using the cross section
values and equation (2). (The central hadron calorimeter uses plexiglas and central EM uses

polystyrene.)

is doped plexiglas and has the same absorption length.) Since both plastics are predominarn
carbon, we scale from the data booklet values for the absorption length according to

oFPDB

carbon

Carroll *
acarbon

A= /\PDB X

3 Central Calorimeter Test Beam Data

3.1 Data Sample

Test beam data taken in M-Test on February 12, 1988 has been used for an analysis of the
non-interactive pion punchthrough probability. A 57.1 GeV 7™ beam was directed at the center
of tower 2 of wedge #30 3. The data consists of 18482 events (run 10516). A 10 inch by 10
inch scintillator counter placed behind an additional 9 feet of steel behind the wedge served as a
muon tag. The counter efficiency (for charged particles) was measured with 190 GeV pions to be
54897/56869 or 96.53% =+ 0.08% (statistical error only). The efficiency of the muon tag must be
less than or equal to this number (multiple scattering and interactions in wedge and additional
steel will reduce the efficiency):

Muon tag efficiency < 96.53% = 0.08%

3Thanks to Barry Wicklund and Fumi Ukegawa for making a short, special format disk file of this data!
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Figure 4: Total (EM + Hadron) pulse height distribution of 57.1 GeV u*’s at tower 2 center
(coarse bining). Note the 92 underflow entries.
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Figure 5: Total (EM + Hadron) pulse height distribution of 57.1 GeV ut’s at tower 2 center,
with coarser binning than figure 4.




3436 events are tagged as muons. Their pulse height distribution (EM + HAD) is shown in figures
4 and 5. The energy scale has been determined using the assumption that the beam energy of
57.1 GeV is correct, and then following the standard CDF calibration procedure. The muon
pulse height distribution looks Landau-like with an average of about 2.45 GeV. There is a long
tail towards large pulse heights. 56 events (1.6%) for instance, have (EM + HAD) > 10 GeV. It
is conceivable that some of these events are overlaps of two beam particles, a muon and a pion
for instance. The muon efficiency with a cut of (EM + HAD)< 5 GeV is then at least (figure 4):

(3178492 (underflows))/3436 = 95.2%
( 57.1 GeV ut’s at tower 2 center)

We are interested in measuring the non-interactive pion punchthrough probability. We will
now define this to be the probability that the (57.1 GeV) n* gives a pulse height (EM + HAD) of
less than 5 GeV. To obtain a “clean” pion sample, we begin with a total of 18482 events, followed
by the following cuts:

1. Remove 3436 events tagged as muons

2. Remove 278 events tagged as having late particle hits

3. Remove 27 events for which the total pulse height exceeds 85 GeV.
4. Remove 70 events tagged as electrons by the beam Cerenkov counter

5. Remove 189 events, untagged by the (inefficient) Cerenkov tag, but electron-like in that
they have EM > 50 GeV and HAD < 3.3 GeV.

This leaves 14482 “pion” events. Note that cuts 3-5 don’t remove non-interactive punch-through
candidates.

3.2 Analysis for (EM + Hadron)

The pulse height histogram (EM + HAD) for these pions is shown in figure 6. There are 223
events with 0 < EM + HAD < 5 GeV and 52 underflows. The muon pulse height histogram with
the same binning is shown in figure 5. The ratio between the two is plotted bin-by-bin in figure
7 (left). Apart from the underflow bin, the ratio looks fairly constant in the range 0 - 5 GeV at
a value of (223 pion events/3178 muon events) = 0.070. It seems reasonable then to count only
0.070 x 92 = 6 of the pion underflow events as real, and disregard the remaining 52 — 6 = 46
events in the pion data (maybe there was no real beam particle in these events?). In summary

then, there are 223 4 6 = 229 £ 15 events or 1.6% of the pion events which have (EM + HAD) <
5 GeV:

Fraction of muon-like events = 1.6%

Some of these events must be muons which were untagged because of the muon tag inefficiency.

There should be at least
(1.0 — 0.9653)

0.9653

3436 x =124 44

9
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Figure 6: (EM + Hadron) pulse height distribution of 57.1 GeV #t’s at tower 2 center, showxng
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such untagged muon events, leaving at most (229 + 15) — (124 £ 4) = 105 £ 15 non-interacting
pions. The non-interactive pion punchthrough probability is therefore at most

105 £ 15
14482 — 124

for 57.1 GeV #n*’s at the center of tower 2 (corresponding to Ayedge = 4.92 £ 0.14).

=0.73% £+ 0.1%

3.3 Analysis for the EM Shower Counter

A similar analysis can be performed to determine the pion interaction probability in the EM
calorimeter alone. Figure 8 shows the pulse height 'distribution in tower 2 (EM only) for muons,
while figure 9 shows the same distribution for pions. The bin-by-bin ratios are shown in figure
7 (right). The ratio is approximately constant in the pulse height interval 0 - 0.3 GeV with an
average value of 2092/1455 = 1.44. The total number of pions with a muon-like pulse height is
therefore 3436 x 2092/1455 = 4940. Correcting for the muon tag inefficiency, we therefore find
that the probability that a pion is muon-like in the EM calorimeter is

4940 — 124
14482 — 124
This number is surprisingly small. It would correspond to the EM calorimeter being 1.09

absorption lengths for these pions (™% = 0.336), which is more than calculated from the
materials (see below).

= 33.5% £ 0.5% (statistical only)
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