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HARVARD UNIVERSITY HIGH ENERGY PHYSICS 
Contract DE-AC02-76ER03064 

1. Introduction 

Research programs in experimental high energy physics are carried out at Harvard 
under the general supervision of a departmental faculty committee on high energy 
physics. The committee members are: G.W. Brandenburg, M. Franklin, S. Geer, 
R. J. Glauber, K. Kinoshita, F. M. Pipkin, R. F. Schwitters, K. Strauch, M. E. Law, 
and R. Wilson. Of these individuals, Professors RJ . Glauber, F.M. Pipkin, 
R.F.Schwitters, K. Strauch, and R. Wilson are the principal investigators with whom a 
number of junior faculty members and post-doctoral research fellows are associated. Dr. 
Brandenburg is the Director of the High Energy Physics Laboratory and administers the 
DOE high energy physics contract Professor Schwitters is currently on leave of absence 
as Director of the Superconducting Super Collider project. In the fall of 1990 Professor 
G. Feldman, who is currently at SLAC, will join the Harvard faculty and become a 
principal investigator. Harvard is planning to make one or two additional senior faculty 
appointments in experimental high energy physics over the next two years. 

The principal goals of the work described here are to carry out forefront programs in 
high energy physics research and to provide first rate educational opportunities for 
students. The experimental program supported through HEPL is carried out at the major 
accelerator centers in the world and addresses some of the most important questions in 
high energy physics. Our educational efforts are concentrated in graduate education, where 
we are currently supporting 15 research students. In addition, undergraduate students 
work in projects at HEPL during the academic year and over summers. 

These budget projections cover all of the Harvard based high energy physics 
experimental activities. The "umbrella" nature of this contract greatly simplifies support 
of our essential central technical and computer services and helps us to take advantage of 
new physics opportunities and to respond to unexpected needs. The funding for the 
operation of the HEPL facility is shared equally by the experimental groups. 
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Harvard financially supports our high energy physics research program in many ways. 
The University pays the full salary of tenured faculty for the academic year from non-
contract funds. The University has contributed significantly to special travel expenses 
incurred by faculty members. It has also provided startup funds and support for special 
projects, for example the University contributed about one third of the funds for the 
purchase of our VAX computing facility. The non-tenured faculty are paid from 
university funds for the teaching fraction of their time, which is usually one-quarter. The 
University provides full support for the tuition of first and second year graduate students 
and partial support for students who have passed their qualifying exams. Finally, the 
partial salaries of five HEPL staff members are supported by Harvard. 

Our activities greatly benefit from the existence at Harvard of several very strong 
theory groups, which are supported by the NSF and the University, in addition to 
Professor Glauber's group, which is supported under this contract. Our theoretical 
colleagues give exceptional stimulation and guidance for our experimental activities. The 
Physics Department also invites several Loeb Lecturers each year who provide the 
Cambridge community with fresh points-of-view in all areas of physics. In the 1990-91 
academic year a visiting professor, R. Cousins from UCLA, will be joining in the 
activities at HEPL. 

HEPL physicists are involved in numerous committees and activities which benefit 
the entire HEP community. A few examples are given here. Professor Strauch has served 
as chairman of the IUPAP Commission on Particles and Fields for the past three years. 
Dr Brandenburg has been a member of the DOE Energy Sciences Network Steering 
Committee since 1986. Professors Pipkin and Feldman have recently been serving on the 
Fermilab and Cornell PAC's respectively. Finally, Professor Wilson and Dr. 
Brandenburg are sponsoring the annual U.S. Particle Accelerator School at Harvard this 
June. The latter is being supported by a separate DOE grant. 
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2. Facilities 

A. High Energy Physics Laboratory 

The High Energy Physics Laboratory is the focus of the high energy experimental 
physics activities at Harvard University. The building, originally part of the Cambridge 
Electron Accelerator (CEA), has offices for faculty, postdocs, students, engineers and 
administrators. It houses a machine shop, an electronics shop, a high-bay equipment 
assembly area, test laboratory space and the VAX computer facility. The test laboratories are 
equipped with appropriate NIM and CAMAC electronics, a CAMAC interface to the VAX, 
and several microcomputers with CAMAC interfaces. We have three engineering 
workstations which are used for circuit analysis and layout and for mechanical design by our 
engineering staff. 

Even though data are taken at the accelerator centers (FNAL, CERN and Cornell), 
detection equipment is built at Harvard and much of the data are analyzed in-house. The 
ability to make major hardware contributions to experiments permits us to be effective 
partners in collaborations; this ability constitutes a very important part of our program. Our 
excellent shop and assembly facilities were inherited from the CEA; our dedicated technical 
staff originated at the Harvard Cyclotron Laboratory many years ago. 

The engineering staff consists of an electronics engineer, a mechanical engineer, a 
machine shop foreman, and a computer system manager. The technical staff consists of three 
electronics technicians, two machinists, and two mechanical technicians. The administrative 
staff (whose salaries are all or mostly paid by the university) consists of the Director, a 
secretary and a bookkeeper. No engineer or technician is assigned to a given group; instead 
the staff works on different group initiated projects according to priorities set by the high 
energy committee. 

The size of the HEPL staff has decreased in recent years because of tight budgets. If our 
facility is to remain functional and effective it is essential that the erosion of technical 
personnel be stopped. In fact because of the increased demand for prototype development as 
planning for the SSC begins, we feel it is especially important to bring our technical staff 
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back to full strength. Therefore we have added one engineering position in the HEPL 
operations budget for 1991 and one machine shop position for 1992. 

The HEPL shop facilities have been used to build equipment for numerous experiments. 
The major effort during 1978 and half of 1979 was devoted to the CLEO experiment at 
Cornell. The equipment built included the TOF system, two high-pressure Cerenkov 
counters, and the end-cap shower counter system. During the same period a proportional 
tube muon detector was built for the Crystal Ball experiment at SLAC. The period 1980 
through 1983 saw the design and completion of the major components for a proton lifetime 
experiment at the Park City mine. A luminosity monitor for the Crystal Ball detector in its 
new home at DESY was also designed and built in the spring of 1982. The machine shop 
completed large electromagnetic calorimeters for both the Collider Detector at Fermilab (CDF) 
and the Tevatron Muon experiment (E665) during the period 1984-1986 the machine shop 
has been busy constructing the upgraded CLEO TOF system and building hardware for both 
L3 and UA1 at CERN. Recently a new trigger hodescope has been completed for E665. The 
figures on the following pages illustrate the allocation of the HEPL resources to the different 
groups for the last three years. Our current project is the fabrication of an array of drift tubes 
to extend the muon coverage of CDF. Over the last three years the electronics shop has been 
designing and building readout electronics for CDF, CLEO, E665, and UA1 and is 
prototyping electronics for future experiments. More details on schedules and on future 
plans can be found in the sections of this report for the individual groups. 

We have always had an active program of detector R&D at HEPL involving several of 
our physicists. This work has resulted in new calorimeter designs and in advanced readout 
systems in recent years. This effort has recently been funded as a part of the SSC R&D 
program. Two members of our engineering staff, J. Oliver (electronics) and E. Sadowski 
(mechanical design), spend at least half of their time on this work. This program is 
described in a later section. 

In an adjoining building is the Harvard Cyclotron laboratory with an external beam of 160 
MeV protons. It is available at cost for testing counters and for detector development. Over 
the years several of our groups have taken advantage of this convenient facility. 
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HEPL ELECTRONICS SHOP USAGE 
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B. Computer Facility 

We feel very strongly that it is essential for our physicists to have access to substantial 
computing resources at HEPL if they are to play leading roles in exploiting the physics 
potential of the major detectors they have helped to build. Indeed, for the vitality of high 
energy physics, it is extremely important that graduate students and post-doctoral researchers 
be able to participate fully in data analysis while resident at their home universities so that 
they may exchange ideas with their theoretical colleagues and scientists in other disciplines. 
This is particularly true at Harvard where our outstanding theory group has a deep interest in 
connections between experiment and theory. 

All HEPL experimental groups are participating in a variety of forefront high energy 
experiments that will require large data analysis efforts at Harvard. The Harvard CDF Group 
led by Professor Schwitters and Dr. Brandenburg has been involved in a major data analysis 
effort aimed at looking into the completely new mass scale made available at the Tevatron 
proton-antiproton collider. Professors Pipkin and Wilson are participating in Fermilab 
E665, a major new Muon experiment at the Fermilab Tevatron. They are also involved in the 
upgraded CLEO detector at Cornell's electron-positron facility, CESR, which will allow very 
detailed studies of hadrons composed of bottom-type quarks. Professor Strauch and his 
group are members of the L3 Collaboration, which began taking data at LEP this past year. 

There is also a continuing need for computing by theorists and other researchers in the 
Harvard Physics Department that is currently being served by the HEPL computer facility. In 
return the Physics Department has contributed to the purchase of the system, and the non-
HEP users contribute to the operating costs of the facility in proportion to their usage. 

The heart of the HEPL computer system is a VAX 8650 which was purchased in 1985. 
It was acquired with funds from both the Department of Energy and the Harvard Physics 
Department In 1987 the VAX CPU was upgraded and memory was added for a total of 56 
megabytes. The system currently has 3500 Mb of disk storage, two 800/1600 bpi tape 
drives, four 1600/6250 bpi tape drives, 32 CRT terminals and six modems. A range of 
peripherals are attached: a CAMAC interface, a line printer, two laser printer/plotters and 
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four video cassette drives which can hold up to 2.5 gigabytes of data on each cartridge. A 
diagram of the current configuration of the VAX system is shown at the end of this section. 

Two VAXstations are transparently "clustered" with the system via etherneL The first is 
a color 3200 system which is intended for interactive analysis and which is directly connected 
to the program library and data disks. The second is a black and white 3100 system which is 
also used for analysis, but which doubles as a network router for the 8650. The latter system 
was purchased with Physics Department funds. (Two additional VAXstations are in use by 
the CDF group at Fermilab). 

The VAX system is housed in the HEPL building; in addition to the machine room, 
several terminal rooms are provided for convenient user access. Our users in the Physics 
Dept. and elsewhere on campus can reach the system via the campus-wide ethernet. The 
HEPL VAX is linked via HEPnet to the major labs and most other U.S. high energy groups, 
and is also connected to LEP3net, NSFnet and BITnet. We serve as a routing node on the 
network for the HEP groups at both Brandeis and Tufts. 

The VAX system has performed admirably. Many analysis programs have been written, 
installed, and used including those for the following experiments: the CCM Muon 
Spectrometer, CLEO, Mark II, Crystal Ball, the Park City Proton Lifetime Experiment, and 
CERN UA1. Currently there is extensive DST analysis and Monte Carlo production 
underway for CDF and CLEO, and software development is proceeding for E665 and L3. 

In future years we will need to increase our total CPU power even further as L3 data 
begins to arrive and as CDF runs at higher luminosities. It is now clear that the best way to 
do this is not to invest in "mainframe" style of computing, but to link multiple 
microprocessors together. This can be done with specialized processors such as the Fermilab 
ACP, or it can be done with modern workstations, such as the VAXstation 3100, connected 
by ethernet This "distributed computing" scenario is the best for a university environment 
because of its flexibility and generality, and because it can be completely assembled from 
commercially available products. The VAX 8650 will continue to be useful as the file server 
and network interface for such a distributed system of workstations and other 
microprocessors. 
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We are requesting $50K in equipment funds in both 1991 and 1992 to continue to build 
our computing power. With $50K we can currently purchase eight VAXstation 3100's, 
which have the CPU equivalent of 30 VAX 780's. However, with the advent of RISC 
workstations, it is possible to do twice as well, once our programs will run in a UNIX 
environment In any case our goal will be a cluster of a dozen powerful, interactive 
workstations with a total CPU power of at least 50 VAX 780's. Along with the purchase of 
workstations it will be necessary to increase our data storage capacity, i.e. acquire at least one 
additional disk drive and investigate the possibility of a video cassette jukebox. 
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3. Proton-Antiproton Colliding Beam Program at Fermilab 

(Professors Feldman, Franklin, and Geer; Drs. Brandenburg, Konigsberg and Phillips; 
Mr. Kearns, Mr. Trischuk, Mr. Hurst, Mr. Jessop, Mr. Ng, Mr. Baumann, and 
Mr. Ptohos) 

Since 1980 the primary physics activity of the group has been focused on the Tevatron 
Collider program. Our students and postdocs have been in an excellent position to 
exploit the tremendous physics opportunities provided by 1.8 TeV proton-antiproton 
collisions at the Tevatron. We are producing and studying the properties of the weak 
vector bosons, searching for new kinds of heavy quarks and leptons, and making 
systematic studies to test the theory of strong interactions, QCD. We are in a position to 
look for entirely new phenomena such as Higgs boson production, supersymmetric 
particles, Centauro events, and all manner of other exotic possibilities. 

The Harvard CDF group has been led since its inception by Prof. Roy Schwitters with 
assistance from Dr. George Brandenburg. In the fall of last year Prof. Schwitters was 
selected as the Director of the Superconducting Super Collider, and since then has been on 
leave-of-absence from Harvard. In his absence Dr. Brandenburg has taken on 
responsibility for the activities of the group. Prof. Gary Feldman, who will be joining 
the Harvard faculty in the summer of 1990, plans to join the CDF group and to take on a 
leadership role. 

The CDF collaboration consists of a dozen U.S. university groups including Harvard, 
two national laboratory groups outside of Fermilab, and several Japanese and Italian high 
energy physics groups. The entire enterprise is being managed through the Fermilab CDF 
department, but all of the collaborating institutions are expected to contribute substantial 
effort to the construction and running of this apparatus. Equipment funds for this purpose 
have been assigned to Fermilab and divided among the participating institutions 
according to a formal agreement procedure with Fermilab. 

The design philosophy was to build an apparatus capable of detecting the production 
of quarks and leptons in proton-antiproton collisions provided by the Tevatron. Quarks 



Harvard University High Energy Physics 15 

are manifested as jets of hadrons. Therefore the apparatus must be capable of detecting 
dense clusters of hadrons, isolated leptons, and missing energy due to neutrinos. It is 
also highly desirable to measure the energies of all hadrons through calorimetry and 
momenta of charged particles by magnetic analysis over as much of the solid angle as is 
feasible. These general considerations set the overall scope of the detector. 

The final design for CDF has a central magnetic spectrometer built around a solenoid 
magnet with charged particle tracking, shower counters, and hadron calorimetry. Since 
the expected physics of proton-antiproton collisions yields particles at very small angles 
with respect to the beam line, it is necessary to augment the central detector with 
forward-backward arms capable of measuring hadron energies and electromagnetic 
energies through calorimetry- Many of the components of this apparatus were built with a 
high degree of modularity for ease in assembly and to provide the granularity that is 
desirable for detecting jets of hadrons and leptons. This modularity also allows for 
construction by several different groups. The Harvard group constructed and is 
responsible for the electromagnetic shower calorimeter for the forward angle regions (2° -
10°) at both ends of the detector. We are also currently producing drift tubes to extend the 
muon coverage of the central region of the detector. 

CDF had a short test run in the fall of 1985 and the first engineering run in the spring 
of 1987. A long physics run, which began in June 1988 and ended in May 1989, yielded 
a total integrated luminosity of 4.5 pb"1 logged to tape. In our next run, which will take 
place in 1991-92, we should gain a factor of approximately 5 in total integrated 
luminostiy. 

In 1989 there were seven Ph.D physicists associated with the Harvard group. Dr. 
Brandenburg and Dr. Tom Phillips, a postdoctoral research associate, were responsible 
for the Forward Electromagnetic Calorimeter system. In addition they began the planning 
for an extension of the existing Central Muon system for the 1991 run. Asst. Prof. 
Marjorie Shapiro and Dr. Drew Baden, another postdoctoral research associate, were 
heavily involved in the development of the offline analysis software. Asst. Prof. Steve 
Geer, who had recently joined the group, began planning for the 1990 CDF Test Beam 
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Run for which he was the coordinator. Dr. Melissa Franklin, who had been a Harvard 
Junior Fellow, was instrumental in maintaining the gas calorimetry systems in CDF and 
is now preparing them for the next run. Finally Dr. Eric Pare, a visitor from France, 
worked on the offline calibration of the calorimetry. In addition to their specific 
responsibilties, each of the above physicists were actively involved in physics analysis. 

As the new academic year began we had several personnel changes. Marjorie Shapiro 
and Drew Baden left Harvard this fall for faculty positions elsewhere. Melissa Franklin 
joined the Harvard faculty as an Assistant Professor and Steve Geer was promoted to 
Associate Professor. Eric Pare also returned to France, so that we were effectively down 
by two postdoctoral positions. This spring one of these two positions has been filled by 
Dr. Jacobo Konigsberg from UCLA. We would like to refill the other postdoc position 
at the beginning of 1991 and this has been included in our 1991 budget request. This will 
be essential so that we can fulfill our commitments to the CDF collaboration for the 1991 
run and begin to actively participate in the work of the SDC collaboration which is now 
forming to build a large solenoidal detector for the SSC. Gary Feldman is also requesting 
DOE support for a sabbatical leave to work on CDF during the 1991-92 academic year. 

The commitments of the Harvard group to CDF include A) the production, testing, 
and calibration of the Forward/Backward Electromagnetic Calorimeter (FEM), 
B) the fabrication, testing and installation of drift tubes for the Central Muon Extension 
(CMEX), C) the coordination of the "gas" calorimeter systems of CDF including their 
calibration and the development of new electronics, D) developing software for data 
reduction of the CDF calorimetry and for general purpose use by online and offline 
analysis programs, and E) participation in the physics analysis. The Harvard 
commitments to CDF are described below. 

A. Forward/Backward Electromagnetic Calorimeters 

Our group in collaboration with the Brandeis University group designed, constructed, 
tested, and installed a large electromagnetic shower counter system for use in the small 
angle region (2° -10°) of the CDF colliding beam detector at Fermilab. The system uses 
proportional tube calorimetry with lead sheets as the radiator. The proportional tube 
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planes are constructed using a novel technique which combines aluminum tubes and 
cathode pad readout The total system (both forward and backward regions) has 
approximately 3000 independent pad towers which are read out in two depth 
segmentations. 

The proportional tube planes and cathode pads were fabricated as individual sealed 
chambers for each layer of each quadrant The quadrants were tested in a high energy 
electron beam at Fermilab. The response of the calorimeter as a function of energy was 
linear up to 200 GeV and the measured energy resolution was approximately 3% at 100 
GeV. This calibration is being repeated and checked during the 1990 test beam run. 

During the 1987 engineering run and the 1988-89 long run, the calorimeter performed 
well. It is a standard part of the CDF readout and is included in the electromagnetic 
energy and jet triggers. Data from the forward calorimeters are being used in the 
measurement of the jet scattering angles and in the analysis of multijet events. 
Electromagnetic clusters in the forward calorimeters are also being used in the study of 
the Z° vector boson. 

B. Central Muon Extension 

It has been clear that good lepton identification capability has been extremely important 
for many important physics topics under study by CDF, in particular the search for the 
top quark. Although there is the potential for electron identification at all angles 
currently, muons can only be directly identified in the central region, 9 > 55°, and in the 
forward region, 2° < 9 < 10°. 

Therefore we are participating in the upgrade of the current muon detectors. In 
particular our group has designed and are building an extension of the central muon 
system (CMEX). This utilizes the steel in the yoke and hadron calorimeters to extend 
the existing coverage from 9 = 55° down to within 40° of the beam. It is being 
accomplished by adding a ring of drift tubes covering the region 40° < 9 < 55°. The ring 
will have "spokes" consisting of individual drift chamber cells approximately six feet 
long and six inches across. The ring will have four layers at both ends of the detector, and 
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each ring will contain approximately 1200 drift tubes. The layout is designed so that 

these tubes appear as a logical extension to the current central muon detector 

The CMEX drift tube design was developed at Harvard by Dr. Brandenburg and Mr. 
Sadowski. It consists of an aluminum extrusion with a 1" by 6" cross section. Circuit 
boards with longitudinal cathode strips are laminated to the top and bottom inner surfaces 
of the tubes. A resistor chain steps the voltage of these strips, and they shape the field so 
that a uniform drift field is maintained throughout the tube volume. We are building 
these drift tubes in the HEPL shops with funding provided through the CDF 
management. We plan to have the necessary tubes for rings at both ends of the detector 
ready for the 1991 CDF run. They will be tested at HEPL and laminated into 15° 
azimuthal "wedges" before shipment to Fermilab for installation on the CDF detector. 

D. Gas Calorimetry and Electronics Development 

Prof. Franklin is the coordinator of all work on CDF gas calorimetry. Along with the 
current recalibraton of the entire plug and forward gas calorimetry systems, these devices 
are being studied to see if they are adequate for the higher luminosities planned for the 
Tevatron in the future. Although the system should be fine for the 1991 run, there is 
concern that it may have difficulty in 1993 when the bunch spacing of the Tevatron will 
be reduced to 400 nsec and the luminosity may rise as high as 2xl0 3 1 cm" 2 sec 1 . In 
particular the performance of the calorimeters when they are run at lower gain is being 
investigated. Running at lower gain may be required to avoid "glow mode" problems. 
Alternative calorimetry options for these regions are being studied by CDF groups, and if 
it is decided to replace the gas we may participate in the implementation of a new system. 

We are also investigating the impact of the Tevatron improvements on the readout of 
the gas calorimeters. A preamplifier has been prototyped which reduces the length of the 
signal from a single calorimeter chamber pad to under 200 nsec. If these were to be 
installed on each pad, or small groups of pads, it should be possible to readout the gas 
calorimeters with the shortened Tevatron bunch structure expected in 1993. 

Our group had originally developed the front-end electronics for all the gas-tube 
calorimetry in CDF. These boards contained 24 preamplifier and charge-sensitive 
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integrator channels, and were designed to interface with the RABBIT System designed at 
Fermilab. The other related electronics projects we have pursued are the following: A 
board has been designed for electrical checkout of the gas calorimeters by pulsing the 
anode wires. An upgrade of the Analog-to-Digital Conversion (ADC) board in the 
RABBIT system has been prototyped. A FASTBUS interface for the master clock 
generator, which provides timing information to the RABBIT system, was developed. A 
system for fanning the precision timing signals from the CDF master clock system in the 
counting room to the front-end electronics was designed and produced. 

D. Software Development 

The Harvard CDF group has played a very significant role in the ongoing development 
and management of the enormous body of code used in analyzing CDF data. The group 
made significant contributions to the definition of the data structures used for offline 
analysis. A macro expander used to maintain site dependent code within a single source 
file was entirely designed and implemented at Harvard. The main analysis driver, used 
for online calibration and offline reconstruction and physics analysis, was also written at 
Harvard. 

Several members of the Harvard group have been involved in CDF efforts to define the 
standard CDF reconstruction package. A large portion of the calorimetery reconstruction 
code has been written by our group. This includes the code to perform offline calibration 
corrections and to clean-up the data sample (remove noise and remove energy deposits 
associated with neutrons). The jet cluster algorithm currently used by CDF was 
developed at Harvard and we have also made significant contributions to the electron 
detection algorithms. We have been involved in the maintanace of the reconstuction 
package as a whole and in the development of procedures to validate the quality of the 
results of this package. Members of our group have also been involved writing and 
maintaining the code used online to monitor the quality of the data being written to tape 
and in the development of a fast detector simulation package used extensively in CDF 
analysis. 
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E. Physics Analysis 

At present, the Harvard analysis effort has two main thrusts the study of QCD (the 
theory of the strong interactions) via the production of high transverse momentum jets 
and the study of the weak intermediate vector bosons (the W* and Z°). Our group 
currently includes seven graduate students, three of whom are currently working on their 
theses. Three other students, David Brown, Robert Carey and Richard St. Denis, have 
already completed their Ph.D and have taken new positions. The list of physics topics 
studied at Harvard includes the following 

1. Measurement of cos 8* distribution in jet events. The study of the scattering angle of 
jets with respect to the beamline provides an important test of the standard model. The 
distribution of this scattering angle can be predicted by QCD and is sensitive to the 
evolution of the proton structure functions with momentum transfer (Q 2). We have 
studied the cos 8* distributions of both two and three jet systems. 

2. Study of the angular distribution of jets in multi-jet events. The high center-of-mass 
energy of the Tevatron and the large solid angle coverage of the CDF detector together 
make our experiment quite sensitive to multi-jet events. The multi-jet sample is 
important for two reasons. First, the sample should be contain many events with either 
initial or final state gluon radiation. Second, the sample should allow us to place a limit 
on (or measure) the cross section for multi-parton interactions within the proton. 

3. Study of W and Z production in pp collisions. The production cross sections for W 
and Z and their mass ratio can be predicted by the standard model. The cross section ratio 
is sensitive to the number of light neutrino species, while corrections to the mass ratio 
depend on the top quark mass. We have focussed our attention on the W mass, the Z cross 
section, a search for possible Z' states, and the decay angle asymmetry of the Z. 

4. Search for the Higgs Boson. If the Higgs boson is very light (< few GeV) it will be 
produced in about 1% of all W and Z events, and will decay with a large branching ratio 
to a positive and negative track pair. Searching for an isolated high-transverse-
momentum oppositely charged track pair produced in the current CDF W and Z data 
samples has enabled the Higgs boson with a mass less than a few GeV to be excluded. 
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The majority of the analysis described above is being performed at Harvard using the 
HEPL VAX system. At present we are using the VAX 8650 both for reconstruction and 
for final physics analysis in both the jet and W, Z channels. We have studied ways to 
improve the quality of calorimeter reconstruction and therefore have re-analyzed a large 
fraction of the calorimeter data on a timescale of every few weeks. We also do Monte 
Carlo simulation at Harvard on both the 8650 and on our Micro VAX workstations. 

Our ability to perform CPU-intensive analysis at our home institution has meant that 
our graduate students can reside in the Boston area while they are working on their thesis 
analysis. This fact has allowed us to profitably interact with other members of the 
Harvard Physics department (both theorists and other experimentalists). 

We have also had two postdoctoral physicists in residence at FNAL since the start of 
CDF running in 1987. They have participated in analysis efforts which are underway 
there, including the search for top and the study of events with large missing energy. 

The 1991-92 run will result in a substantial increase in the amount of data available 
and will increase our sensitivity to new physics. We intend to extend our analysis effort 
as this data becomes available. 

F. Timetable 

im 
Data analysis of the 1988-89 run continues. The FEM calorimeter is being 

recalibrated in the FNAL test beam and the capabilities of the entire gas calorimetry 
system for the higher luminosity 1991 collider run is being investigated. The production 
and installation of the central muon extension (CMEX) is underway for the 1991 run. 

1991 

The gas calorimetry will be turned on for the 1991-92 run and the CMEX system will 
be commissioned at the same time. We will assist in the upgrading of offline software to 
handle the increased data flow expected in this run. We expect to also be participating in 
the preparation of upgrades for the following run which is scheduled for 1993. 
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4. e+e- Colliding Beam Program at CESR 

(Professors Pipkin, Wilson and Kinoshita, Drs. Henderson and Procario, Mr. Wolinski, 
Mr. Xiao, Mr. Saulnier and Mr. Mauskopf) 

1288 

Li May 1988 operation of the CESR storage ring was halted and a one-year program 
to install the new CLEOII detector and to upgrade the CESR ring was begun. 

A. Improvement in CESR Storage Ring 

Before the shutdown, the storage ring was operated routinely with seven bunches 
typically collecting integrated luminosity greater than 2 pb'Vday, with several days 
exceeding 4 pb"1. An instantaneous luminosity of lO^cnr^ec" 1 was achieved. A new 
design for RF cavity windows was developed which reduced the problem of short lifetime 
for the windows at higher power levels. The remaining cavities were fitted with the new 
window arrangement so the machine could be run with two operating cavities in the ring. 
A shorter bunch length and further tuning of the microbeta insertion will increase the 
available luminosity. At the end of 1990, it is anticipated that CESR will run with only 
one interaction region; this will provide higher luminosity for the CLEO II detector. It 
is expected that these improvements will increase the luminosity by at least a factor of 7 
to nearly 10 3 3cm" 2sec - 1. 

B. Final Run of the CLEO I Detector 

During the period March 1987 - April 1988 the CESR ring operated mainly at the 
T(4S) and Y(5S) resonances. The CLEO I detector collected a data sample with integrated 
luminosities of 60 pb"1 at the Y(3S), 21pb-! at the T(1S) and 230 pb"1 at the T(4S) 
resonances, 100 pb - 1 at a continuum energy between the T(3S) and T(4S) resonances, and 
90 pb"1 at the T(5S) energy. For this final run the collaboration undertook several 
modifications to improve the detector's performance. These changes, affecting the areas 
of tracking, dE/dx and triggering, will carry over to the CLEO II detector. 

The original CLEO drift chamber was replaced in 1986. The new chamber contains 
51 layers of sense wires compared to the original 17. In 11 of the layers the wires are 
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oriented at a slight angle to the beam line which, in conjunction with the remaining 
parallel wires, provides a "stereo" measurement of position z, in the direction parallel to 
the beam line. Cathode pads on the inner and outer surfaces of the chamber provide 
additional measurements of z. In comparison, the original chamber contained 8 "stereo" 
layers. In the layers of wires oriented parallel to the beam axis the pulse heights as well 
as arrival times of signals are recorded to enable determination of the specific ionization 
in each drift cell. Significant improvements have been realized from the new chamber, 
both in tracking and ionization measurements; the momentum resolution for muon pairs 
is now measured to be 1.4%, an improvement of approximately a factor of two, and the 
resolution in dE/dx is 6.4% for Bhabha electrons, compared to the previous 10%. The 
higher density of sense wire layers in this chamber has increased the geometric acceptance 
of tracks from 80% to -90%. 

Good resolution in tracking at the innermost parts of the detector is important for 
isolation of secondary from primary interaction vertices, for reduction of background in 
identification of long-lived particles, for improvement of CLEO's ability to reconstruct 
B mesons and for the measurement of the lifetimes of the charmed mesons. To this end, 
a 3-layer "straw" inner vertex chamber constructed from carbon filament drift tubes was 
inserted just outside the beam pipe (inside the 10-layer vertex detector, which was 
installed in 1984 and remains unchanged). 

High triggering efficiencies with tolerable rates are achieved relatively simply in 
e+e~ annihilation experiments by requiring evidence for one or more particles scattered (or 
produced) at wide angles to the beam direction. At CLEO, at least one hit in the time-
of-flight counters, in combination with two or more charged tracks in the drift chamber, 
has been minimally required of all triggers to restrict the trigger rate to tolerable levels, 
less than a few Hz, with high efficiency, 70% for two-jet events and 90% for B B events. 
Because of such high efficiencies the detailed understanding of the trigger in CLEO has 
thus far been relatively unimportant. However, with the current emphasis on 
improvement of efficiencies and increase in data collection at CLEO, the precision of 
measurements will improve to the point where triggering will need to be further studied 
and understood. Better understanding of the triggers will also benefit analyses of events 
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with low particle multiplicity for which efficiencies are lower, such as tau pairs and 
searches for invisible T decays. A trigger study initiated by the Harvard group involved 
collection of data for at least one run with a trigger which was unrestrictive in the 
evidence it required for tracks in the drift chamber. Trigger efficiencies were evaluated by 
comparing events found in full analysis which did and did not pass the standard trigger. 
The major impact of this study was a revision of our efficiency for triggering on tau pairs. 

Another way to approach this problem is to install a trigger with greater acceptance 
and easily understood response. A possibility which had been discussed but never 
implemented is a trigger on tracks in the inner tracking chambers without further 
requirements of calorimeter or time-of-flight hits. Such a trigger would raise the 
efficiency for various types of interesting events which produce low numbers of low 
momentum tracks which have little or no efficiency for penetrating to the outer detector 
to trigger the detector. Until 1986 the timing configuration at CLEO did not allow 
sufficient time to enable any track recognition in the primary trigger, which contained 
only time-of-flight and calorimeter energy requirements. A new configuration installed 
with the new drift chamber allows sufficient time for track recognition in the primary 
trigger and introduces the possibility of triggering on tracks without requiring hits 
elsewhere. To trigger effectively in this mode it is important to develop an algorithm 
which has a well-understood response to low-momentum tracks and good random noise 
rejection. 

The Harvard group designed a trigger system for the drift chamber using a new 
algorithm for finding tracks which is more general than that of the conventional memory-
based track finder. Track-finding efficiencies are based on transverse momentum rather 
than on the detailed geometry of drift cell configurations. It is also designed to be used at 
the lowest level, without requiring hits in other parts of the CLEO detector. The 
hardware was built by the Harvard group and tested in the CLEO system in the fall of 
1986. The test revealed a source of noise in the drift chamber data acquisition system 
which was aggravated by the incremental load from the trigger. The rate from this noise 
was intolerable with the full trigger system installed, so data runs were taken with only 
parts of it installed, a possibility designed into the hardware. These tests demonstrated 
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that die trigger itself is workable, and this work has been published. Modifications were 
made in the hardware and it was incorporated in the trigger hierarchy for the CLEO II 
detector. A report on the status is given in the 1990 section of this document. 

G. Other Work on the CLEO II Detector 

1. Hardware 

The major part of CY1988 and CY1989 was devoted to the installation of the 
CLEO II detector. The CLEO I detector was disassembled and the new magnet and 
solenoid installed in the pit The drift chamber was moved into the clean room and all of 
the broken wires were replaced. The 8000 Csl crystals were assembled in the barrel 
housing and tested using cosmic rays. The new solenoid was tested in the CESR 
assembly area before the final installation in the pit in the beam area. The time of flight 
counters were completed at Harvard, tested with cosmic rays and moved to Cornell in 
October 1988. The electronics for the new time of flight system was completed at 
Harvard. At Cornell, many of the data boards were redesigned so as to minimize the reset 
and gating requirements and improve the operation with seven bunches in the machine. 
The new barrel time of flight counters and the new electronics were installed in January 
1989. 

One of the future goals of CLEO II is the insertion of a high resolution vertex 
chamber with a small inner radius to enhance the ability to measure secondary vertices. 
Although the final design of this detector is not yet determined, it is likely to require a 
beam pipe with inner radius around 2.5 cm. The feasibility of reducing the beam pipe to 
such small radii in the interaction region is a question not easily answered without direct 
experimental evidence. Questions such as compatibility with accelerator parameters, 
susceptibility to synchrotron radiation, heating of local components, vacuum quality and 
detector noise are important to know before the final insertion of such a device. To 
answer these questions, a small 3-layer prototype chamber with inner radius 2.3 cm was 
inserted inside the current vacuum chamber in the interaction region, after all regular data 
taking was complete and a beam test was conducted for about three weeks in May 1988. 
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2. Software 

The greatly expanded capabilities of the CLEO II detector will be fully exploited by 
the effective design and management of processing software. A new topic of crucial 
importance is the reconstruction of photon and 7rP momenta in the Csl calorimeter. With 
the large volume of data we expect to analyse from CLEO II it is vital that this software 
be reliable and have a low maintenance overhead. 

The Harvard group is responsible for the software for calibration and analysis of the 
data from the CLEO II time of flight counters. As well as code development for the 
CLEO upgrade Harvard has also been principally responsible for the development and 
maintenance of the new Monte Carlo software necessary to model the behavior of the 
drift chamber (DRII). The VAX 8650 at Harvard has been an invaluable resource for 
testing of programs and generation of events. The coupling of this to the Cornell 
computing system via HEPnet has been especially valuable. 

D. Highlights in Physics Results 

New and published CLEO results are listed below. The results are all from data 
taken in 1987-8. 

(1) Measurement of B° B° mixing and xBo/xB+ 

(2) Limit on rare exclusive decays of B meson 

(3) Study of ic+ir transitions from the Y(3S) 

(4) Evidence for charmed baryons in B meson decays 

(5) Limit on flavor-changing neutral-current decays of the b quark 

(6) r(b-*ulv)/T(b-»clv) from the end point of the semileptonic B decay spectrum 
(7) Search for charmless decays B-» ppit,ppKK 
(8) New measurements of the B mass by reconstructing B -» DTC and D*Jt 
(9) Measurement of D* + polarization in semileptonic B meson decay 

(10) Measurement of total continuum charm cross section 

(11) Measurement of Ac production 
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(12) Observation of z£ baryon 

(13) Search for B ̂  p Iv and B -^ 7tlv 

(14) Search for neutral Higgs in B decay 
(15) Measurement of D D correlations to infer a lower limit on the total charm 

cross section 
(16) Reconstruction of B mesons using a OC fit 
(17) AX correlations 
(18) Search for particles with a fractional change 
(19) Semileptonic branching fraction of B° mesons 
(20) Search for charm-changing neutral currents 
At Harvard we have made good use of the HEPnet link to Cornell and a major part 

of the data analysis was carried out at Harvard using the VAX 8650. Some of the 
analyses which have been motivated and carried out by members of the Harvard group are: 

(1) Measurement of D D correlations to infer a lower limit on the total charm 
cross section 

(2) Search for B -» rclv and plv 

(3) Measurement of total continuum charm cross section 

(4) Search for production of magnetic monopoles 

(5) Identification of leptons from B decay 

(6) Identification of D*° 

(7) Search for particles with a fractional charge 

(8) Reconstruction of B mesons using a OC fit 

(9) Measurement of (b-m)/(b-»c). 

(10) Inclusive study of A and AA correlations 

A topic of fundamental interest is the degree of mixing of the neutral B° meson B° 

<-> B°. The surprisingly high level of mixing reported by the ARGUS collaboration for 

B°'s observed in T(4S) decays suggests that, it is possible to study this phenomenon in 
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detail. This is important since the presence of mixing introduces the possibility of 

observable effects due to CP violation. The CLEO group has confirmed tthe ARGUS 

result. 

Another topic brought to the limelight in 1987 is the coupling of the b quark to the 
u quark. We continued efforts to search for evidence of b-»u decays in the inclusive 
leptonic and exclusive hadronic decays. The B - p p:c mode reported by ARGUS was 
searched for but not found. The ARGUS group has recently reported that there is no 
evidence for this decay in a more recent data run. The Harvard group played a major role 
in the determination of the ratio of (b-»u)/(b-c) by a study of the momentum spectrum of 
the electrons beyond the end point for semileptonic b-»c decays. This result was 
subsequently confirmed by ARGUS. 

1989 

A. Hardware 

The new barrel time of flight counters and the new electronics were installed in the 
CLEO II detector in January 1989. The assembly of the CLEO U detector was completed 
in the summer and the data taking for the CUSB study of the Y(3S) began in October 
1989. The data for this run will be used not only for physics but to understand the CLEO 
II detector. The Harvard group efforts were devoted to the CLEO II time of flight 
system, the binary linked trigger and the exploratory studies for a silicon vertex detector. 

The Harvard group has joined with Ohio State and Cornell in proposing and 
studying the possibilities of a new vertex detector with a precision adequate to identify 
most of the decay vertices of the B mesons. 

Silicon detectors have excellent position resolution, but both the beam pipe and the 
silicon will scatter low energy particles so that the precision for projecting the track back 
to its origin to measure the vertex is impaired. It becomes important to reduce the size of 
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the beam pipe, to keep the thickness of the beam pipe small, to keep the thickness of the 
detector small and to study clever algorithms for finding the vertex. 

Two types of detectors are being explored. A "double sided" silicon strip detector 
and a silicon drift detector. Harvard devoted its efforts dominantly to the silicon drift 
detector and, in particular, the readout for the silicon drift detector. A silicon drift 
detector is a particularly elegant solution to the problem, because each track gives xy 
information with no confusion. The low capacitance pick-up pad allows especially good 
signal to noise ratio. A sample MOSFET waveform analysis chip was obtained and an 
interface constructed so it could be readout with an IBM PC. This test was quite 
successful and showed that the reported difficulty with a high clock speed was not a 
limitation. An extensive study was also made of the signal to noise and the optimum 
circuits for reading out and digitizing the data. Three prototype readout systems are being 
constructed ~ one for use at each of Ohio State University, Cornell University, and 
Harvard University. 

B. Physics Program 

A major effort of the Harvard group was devoted to the completion of the analysis 
of the data for the determination of the ratio of (b-u)/(b-c), through measurement of 
electrons beyond the endpoint for b-c, a search for primary diquark production using 
inclusive A's and AX correlations, and a search for B -> rclv and B-> plv. 

The CLEO group continued the analysis of the data taken prior to the shutdown and 
published ten new papers dealing with many aspects of B physics and charm physics. A 
major effort was devoted to the refinement of the software for the CLEO II detector. 

Some highlights of recent physics results and areas of continuing investigation are 
the following: 

1. Ac continuum production and decay 

2. A c decay asymmetry 

3. Rare decay modes of B° 
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4. Two photon physics 

5. Study of x physics 

6. T(5S) decay and B s production 

7. Y(4S)-*TX 

8. B-4AcX 

9. B° semileptonic branching ratio 

1990 

The major effort in 1990 has been devoted to understanding the CLEO II detector 
and the development of software for the analysis of the data being taken on the T(3S). 
The schedule now calls for the termination of the run on the T(3S) in May 1990 and the 
start in late May of a long run on the Y(4S). The effort of the Harvard group has been 
focused on the time of flight system, the BLT trigger and the continued exploration of the 
design for a silicon vertex detector. 

Time of Flight System (Dr. Procario) 

The principal individual responsible for the software for the time of flight counters 
is Michael Procario. He has used electron pair data to determine the individual 
phototubes delays (T 0) and to determine the velocity of light in each counter. Using 
these data he has obtained a time resolution of 300 ps. The next step is to determine the 
correction for discriminator walk for each counter. This should give an improved value 
for the resolution. Variations in T 0 and in the number of hit counters suggest that many 
aspects of the system are not understood but that the potential for high resolution time 
measurements is excellent. The aim is to realize in practice the 110 ps resolution 
obtained in the cosmic ray tests. 

It is anticipated that for operation with 14 bunches and higher beam intensity we 
will need new data acquisition cards for the time of flight system. This question will be 
studied and the data taken in the next few months will be used to access the situation. 
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Charged Particle Trigger (Prof. Kinoshita, Mr. Mauskopf) 

In CLEOI each event was required by the primary (Level 1) trigger to contain some 
evidence of ionization in either the time-of-flight counters or the electromagnetic 
calorimeters. The efficiency for individual charged tracks to pass this trigger was 
complex, due to limited solid angle acceptance, cracks between octant sectors, curvature 
in the magnetic field and large amounts of intervening matter, mainly in the solenoid. 

In its original incarnation the binary link tracking (BLT) trigger, designed and built 
by the Harvard group, was envisioned as a very fast (~50 ns) trigger on particles with high 
as well as low curvature in the CLEO II drift chamber, to be used at Level 1 to enable 
triggering with little dead time and without the support of other trigger elements. The 
ability to trigger exclusively on tracks in the central drift chamber system is clearly 
desirable — the detector is central and monolithic, so that the acceptance is readily 
modeled and high and there is little loss of particles by interaction or absorption. In 
addition, the availability of a large number of sense wire cylinders in the CLEO II drift 
chamber compared to the original CLEO I chamber provided a significant increase in the 
number of well-measured tracks not entering the barrel detector fiducial volume. 
Exclusive triggering on drift chamber tracks might then be used to raise the efficiency for 
events with low charged particle multiplicity, such as e + e" -* T+x" or Y(3S) -» 7t+7t" 
T(2S), Y(2S) -»\i+li~, or T(2S) -> nothing detectable, in which the pions have very low 
momenta and a significant fraction of the T(2S) decay products may fall outside of the 
trigger acceptance. 

Substantial changes to CLEO and CESR have occurred since the original design of 
BLT. The anticipated introduction of 14-bunch storage reduces the minimum time 
between beam crossings from 361 ns to 168 ns, eliminating the possibility of using drift 
chamber information at the lowest level (now called Level 0). This is partially mitigated 
by the fact that the vertex detector's (VD) drift time is still sufficiently short to allow 
Level 0 triggering. However, rates of the VD Level 0 output were found to be in excess 
of 100 kHz in the early part of this run (1989-90), too high to insure high live times. The 
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loosest Level 0 trigger now considered usable requires one hit in each of the time-of-
flight (TF) and vertex detector (VD) triggers. 

In CLEO II the shortcomings of the previous outer trigger elements have been 
reduced via increased solid angle coverage and the elimination of most cracks and 
intervening material. New capabilities introduced in CLEO II include the addition of 
endcaps, for both TF and the calorimeter (CC). The rates for all trigger elements have 
risen correspongingly. The final trigger rates, using triggers similar to those of CLEO I, 
are 2-3 Hz, close to the maximum capability of the data acquisition system. 

In the past CLEO has been able to maintain efficiencies in excess of 70% for two-
jet hadronic events by tightening or loosening criteria based on final trigger rates. With 
the prospect of higher luminosities in the future, along with probable increases in rates, it 
is appropriate to consider which criteria are most discriminating and whether further 
criteria could improve the efficiency and reduce unwanted background events. Although 
it will eventually be necessary to implement data acquisition systems which are capable 
of accommodating much higher luminosities, an improvement of signal to background is 
nevertheless desirable, as it will increase the efficiency of computing time used in offline 
analysis. 

Although the outer trigger elements have fewer cracks and inefficiencies than in 
CLEO L a tracking trigger is always an essential part of any trigger and is cruicial to the 
understanding of detector efficiencies. The BLT trigger is less dependent on details of 
kinematics and geometry than the other trigger elements and has greater acceptance. Full 
understanding of trigger efficiencies increases in importance as a detector improves and 
the total amount of data increases. If the BLT can be used in an effective way to allow 
triggering with looser TF and/or CC requirements, this will lead to smaller systematic 
uncertainties in measurements made by CLEO II. 



Harvard University High Energy Physics 33 

New Hardware 

Several changes to drift chamber electronics have necessitated changes to BLT 
hardware at the inputs. In addition the hardware to evaluate BLT output and prepare bits 
for triggering purposes has been redesigned to provide more information. 

A. Inputs 

In CLEO II the inputs to the BLT system are ECL signals generated and latched on 
the drift chamber data boards. The outer BLT supercell layers (E-H) require further OR's 
of the four-wire FastOR signals which are performed by wired OR's and buffered on the 
backplane of the drift chamber crates. The transformation of the FastOR inputs from 
TTL to self-latching ECL balanced twisted pairs has resulted in significant noise 
reduction, necessary for the implementation of BLT. Because the existing BLT hardware 
provides for TTL inputs the conversion of the input channels from ECL to TTL is 
necessary for compatability. In addition the inputs are arranged with an entirely new 
cabling scheme. To perform both the conversion via MC10125 converters and to 
reorganize the inputs, five new boards have been added to an expanded crate. 

B. Outputs 

The original BLT hardware contained two types of trigger outputs, a very fast 
(~10ns) "bit counter" for the lowest level based on analog electronics and a digital counter 
for both numbers of set bits and of clusters of bits using programmable memories, 
suitable for a higher level (-100 ns). In the CLEO II version the analog circuit has been 
replaced by a simple digital OR of all output bits (~10 ns). In addition a single bit back-
to-back indicator is generated by taking the 42 bits from each layer read out, ORing them 
in 21 adjacent pairs and requiring coincidences in the resulting 21 (nearly) opposing pairs 
of bits. Further counting of both bits and clusters of bits is done using programmable 
memories as in the previous version. All counting is done in parallel for both levels read 
out (previously referred to as D and H, now called A and B). 

The input to the trigger (Level 1 or Level 2) is then formed as a 4-bit word (LW) by 
processing the above numbers through a programmable memory. The most significant 
bit is the back-to-back bit, which may be taken from either or both levels A and B. The 
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other three bits are evaluated in a hierarchical structure based loosely on the scalar sum of 
transverse momentum required to trigger each. Since the threshold transverse momenta 
required to fire the levels are 90 MeV/c and 180 MeV/c, respectively, this structure 
provides naturally for a hierarchy in increments of 90 MeV/c. L1W may be calculated 
assuming either that the number of bits or the number of clusters represents the number 
of tracks found. Simulation studies suggest that cluster counting is the more accurate 
measure of the true number of tracks, for low track multiplicities. Calculations from 
both assumptions are available to generate L1W and can be selected as "pages" by setting 
the variable BLTOP when the trigger is specified. In actual triggers tested to date only 
the cluster counting has been used. At each level (A,B) the "level 0" result, the back-to-
back bit, the number of bits n^ n g and the number of clusters n^°g are assembled into a 
single 13-bit word to be read out. In addition the output bit confirguation (42 bits each 
level) is saved in three 14-bit words, so that a total of eight words representing the BLT 
output are read out. 

C. Higher Levels 

If the existing BLT trigger is used at Level 1, it is possible to assess further the 
output bits by calculation in the crate controller of information to be used by the Level 2 
trigger. A similar process is used currently by the precision tracker (PD), which does not 
initiate a decision unless there is a level 1 trigger. 

High momentum threshold: There are several correlations which are easily executed 
and which could be useful for tracks which are found at level B. The BLT output at level 
A corresponds within one half wire cell with those at level B (8(p ~1 mr). Tracks may be 
tagged by requiring azimuthal correlations between bits in levels A and B, in a manner 
similar to that of the layer-to-layer correlations sought in the basic BLT. Tracks with 
transverse momentum above 340 MeV/c may be identified by requiring correspondence 
within one cell width. This is straightforward to determine by simple manipulation of 
output words, after which bits or clusters may be counted. 

Charge: The azimuthal correlations may be used to establish the sign of the charge 
of a track by determining whether the correlation is in a clockwise or counterclockwise 
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direction. To identify the charge with confidence and good acceptance while limiting the 
probability of a false identification, we look at A to B correlations which are not exactly 
straight in azimuth but are displaced by one or two cells to either side. One can then 
obtain a measure of the charge balance of an event by taking the ratio of the difference and 
the sum of the number of positive and negative tracks found, 

n + - n_ 
f Q ~ n + + n. * 

It is expected that events produced in e+e~ annihilation should have a distribution which 
is approximately symmetric in charge, while beam-gas and beam-wall events, in which 
protons predominate, would tend to have net positive charge. This quantity, applied to 
tracks found offline, is one criterion used in final hadronic event selection to differentiate 
between hadronic and beam wall/beam-gas events. 

Field Tests 

To investigate possible running configurations using BLT, data were collected with 
beams in which L1W was used as input to the trigger at Level 2. Two runs were taken 
which included, in addition to the usual trigger, a "hadronic" line using BLT for tracking. 
In both runs the Level 0 and Level 1 criteria were looser than in the standard hadronic 
lines. In the first of the two runs we required only one TF hit in addition to tracking 
requirments and the test line was prescaled. Somewhat tighter requirements in the second 
run allowed data to be taken with no prescaling. By running with a loose trigger, one can 
derive rates for tighter triggers from the fraction of events found offline to satisfy those 
criteria. 

A study of this test run suggests several ways in which the trigger could be 
modified to increase the acceptance for multitrack e+e~ collision events. It is found that 
the BLT trigger can be operated in a mode in which 10-20% more hadronic event 
candidates are found than with the present trigger, due to a higher acceptance for events 
with low transverse energy. The parameter fQ is used as a discriminator in this trigger, 
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eliminating beam-wall and beam-gas events efficiently and allowing a greater capability 

to collect events in substantially new regions. 

Silicon Drift Detector 

A prototype silicon drift detector has been designed by the collaboration and ordered . 
from SI, Inc. in Oslo, Norway. This will arrive in summer 1990. The readout system 
that will be used for the prototype has been designed at Harvard, and will consist of a 
commercial low noise preamplifier, a wired pulse shaper unit, the Kleinfelder waveform 
analyzer chip and a pulse height digitizer. Four sets of prototype read out for Harvard, 
Cornell, Ohio State and a spare will be constructed at Harvard. 

A VLSI system is being considered for the final design. This will utilize a 
preamplifier mounted on a high resistivity silicon substrate designed by Rehak of BNL, 
either matched to the drift detector, or made on the same silicon sheet. This will use 
JFET technology and be a especially resistant to radiation damage. This will then feed a 
VLSI shaper and the Kleinfelder waveform analyzer chip. It is hoped that tests will be 
complete so that a decision can be made on the type of Si vertex detector in January 1991. 

Future Plans 

It is planned to make a long run and acumulate a total of 300 pb'l on the T(4S). 
This run will also be used to study B production just above the T(4S) and in particular 
look for the production of BB*. This is an important channel for study of CP violaton in 
the B meson system. This data will be used to study B physics, charm physics and i 
physics. The availability of the high resolution photon detector will make it possible to 
reconstruct more B meson completely and to study the B mesons in greater detail. It 
should be possible to identify exclusive b-»u decays and make more precise 
measurements of the K-M matrix elements. 

The CESR group plans to submit a proposal for a B factory in 1991. The Harvard 

group will join this effort. 
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There will be a continued effort to increase the luminosity of the present storage 
ring and to augment the capability of the CLEO II detector. To work with the higher 
bunch number and luminosity, it may be necessary to replace the present time of flight 
data acquisition system with new cards. The Harvard group will study the operation of 
the system and if it proves advantageous take responsibility for design of the new 
electronic cards. 

The Harvard group will continue to join in the effort to develop a vertex chamber 
with higher resolution and collaborate with others on the design and construction of such 
a detector. 
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5. Muon Scattering at FNAL 

(Professors Pipkin and Wilson, Dr. Fang, Ms. Conrad, Mr. Michael, Mr. Schmitt and 
Mr. Ashutosh) 

The Harvard group constructed in collaboration with a group from the University of 
Maryland an electromagnetic calorimeter for use in the forward spectrometer of the 
Tevatron muon experiment. The calorimeter is built using twenty planes of proportional 
tubes of the design first developed by Iarocci at Frascati for use in the Mont Blanc proton 
decay experiment The Harvard group refurbished the frames for the E98 spark chambers 
for use as drift chambers. The Harvard group took over from UCSD a major 
responsibility for planning, design, and construction of the second level trigger 
electronics. More recently, the Harvard group has constructed a scintillation counter wall 
using the time of flight counters previously employed in the CLEO I detector at Cornell. 
The Harvard group has also constructed a veto counter and electronics for a constrained 
logic veto which are essential for the operation of the experiment. The Harvard group has 
also built the electronics for the new vertex detector. 

In the summer of CY1983 the Maryland group supervised at Frascati and CERN the 
construction and stringing of the 400 modules required to build the electromagnetic 
calorimeter. The modules were shipped to Harvard in September 1983. The mechanical 
design of the calorimeter was completed in early CY1984 and the construction of the 
aluminum boxes required to house the chambers was started. At Harvard half of the 
chambers were modified so that they could be operated vertically. All the chambers were 
sealed to eliminate residual leaks due to compromises in the design. Each chamber was 
then tested at six positions with a source and the calibration data recorded. A specially 
constructed test set up was used to measure the resistance of the graphite coating in the 
profiles so that the individual modules could be located advantageously in the detector. 

The cathode pads for the readout were manufactured by a firm near Boston and shipped 
to Maryland for attachment of the cable harnesses. They were then shipped back to 
Harvard where the pads were fastened to the chambers. The electronic amplifiers attached 
to the chambers were designed and constructed at Harvard. 
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In January 1985 the aluminum boxes for containment of the chambers and the support 
structure were completed. The aluminum boxes and the chambers were shipped to FNAL 
at the end of January. The edge connectors for the chambers were shipped to FNAL in 
February. The installation of the iron absorber at FNAL was completed in April and 
shortly thereafter, the structure for the support of the calorimeter modules was erected. 
The Harvard group then started the insertion of the Iarocci tubes and the electronics in the 
aluminum boxes. Each of the planes was carefully tested prior to hanging. 

In March of CY1985 the construction of the lead radiator modules was started at 
Harvard. Each module consists of a sheet of aluminum to which is bonded a lead sheet. 
The modules were completed in June 85 and shipped to FNAL in July 85. 

The assembly of the 16 planes with summed anode readout was completed in July 85 
and some test data were obtained when the muon beam was completed and operated in a 
test mode. The tests were terminated at the end of August when one of the magnets in 
the accelerator failed and the running period for fixed target experiments was prematurely 
terminated. 

Near the end of the run an attempt was made to hang the lead modules. While the 
third module was being hung the hanger for the module twisted unexpectedly and 
collapsed. This brought to our attention a serious deficiency in the mechanical design. 
The hangers were shipped back to Harvard and rebuilt with a new design so as to 
eliminate the transverse instability. 

The rebuilt hangers for the lead modules were shipped to FNAL in April 1986 and the 
lead properly hung. The assembly of the four planes of individually read-out anode wires 
was completed and the chambers were hung in the summer of 1986. During the latter part 
of 1986, the electronics were completed, the installation of the cabling was started, and 
work began on the software to read out the FASTBUS data acquisition system. A 
system was set up to supply gas to the chamber, and to monitor the gain for the gas 
mixture. 

Also during 1986 code for the Monte Carlo simulation of showers was written and 
installed in the E665 offline environment. An event display for viewing individual 
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events in the calorimeter was written, and work on pattern recognition software was 
begun. In addition extensive hardware and software development for the calorimeter 
FASTBUS system was performed by the Harvard group. 

The first quarter of 1987 was devoted to bringing the calorimeter into operation. The 

cabling was completed and all wires, pads and associated electronics were tested. 

As a result of unanticipated delays, the Harvard group agreed to help the group from 
UCSD in an attempt to finish the Level-2 trigger processor in time for the run. Despite 
this effort the intended trigger processor was not ready and data taking during the 1987 
run was triggered by a system based on beam-veto similar to that previously employed in 
E98. Harvard played a major role in bringing this system into operation. 

The beam was commissioned by early July and proved to have properties closely 
matching those predicted by Monte-Carlo calculations. During beam tuning and up until 
mid-August the apparatus was brought into operation and the trigger improved. Data 
taking then commenced and continued until mid-January 1988. 

Three different targets and two beam energies were used. Alignment, empty target 
and various test data were also recorded. The number of muons and the luminosity in the 
different runs were as follows: 

'arget Energy 

(GeV) 

Muons 

(x 10 1 1) 

Luminositv Energy 

(GeV) 

Muons 

(x 10 1 1) (pb-1) 

D 2 
500 2.5 2.4 

H 2 
500 1.5 0.6 

Xe 500 1.5 1.1 

D 2 
100 0.26 0.25 

Xe 100 0.35 0.47 

For about half the data, the large RICH counter for forward hadron identification was not 
operational; all the other detector systems performed reasonably well. 
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In addition to the muon data taking there was a short (1 week) period in January when 
the beam was converted to an electron test beam. This enabled us to collect calibration 
data for the calorimeter, for the wide-angle Cherenkov counters, and for the time of flight 
counters. 

A total of 600K streamer chamber pictures were taken of which approximately 170K 
have good deep inelastic scattering (DIS) events. 3400 tapes of electronic data were 
recorded; a total of 2 x 107 triggers of which 1.4 x 106 are DIS events. 

1988 

CY1988 was devoted to careful analysis of the muon and calibration data taken during 
the 1987 run. There were a number of problems with the electromagnetic calorimenter 
which had to be understood in order to analyze the data. Other collaborators in the 
experiment worked on the analysis of the data for the components of the hardware for 
which they were responsible. Groups at FNAL, Munich, and Cracow began the analysis 
of the streamer chamber pictures. The focus of the initial analysis of the electronic data 
was the production of a scan list for selection of the "interesting" streamer chamber 
pictures. 

The Harvard group divided its effort between the analysis of the calorimeter data, 
the completion of the level two trigger system and a study of the deficiencies in the 
apparatus which should be corrected for the next run. Detailed studies of the data taken 
with the beam-veto trigger showed that the rates were too high for the scattered muon 
trigger to work the way it was originally designed. The rejection rate of the level I 
trigger was not sufficient for the level U trigger to function properly. The Harvard group 
studied this problem and proposed the construction of a new scintillator wall 
immediately in front of the calorimeter. It was proposed to use the time-of-flight 
counters from the CLEO I detector for the construction of the scintillator wall. This 
proposal was accepted by the Muon collaboration and the CLEO I octants were 
transported to Harvard for removal of the scintillation counters. 
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A table for lifting and repair of the calorimeter modules with problems was 
constructed at Harvard, transported to FNAL and assembled at FNAL. It was 
subsequently used to repair three of the chambers that had developed serious problems. 

The effort of the Harvard group in 1989 was devoted to the construction and 
installation of the new scintillation counter wall, the completion and testing of the level 
two trigger, the design and construction of a beam veto counter, and the design and 
construction of electronic modules for use in the muon experiment. The Harvard group 
was also responsible for design and construction of the electronics for the new vertex 
chamber. 

The scintillator counter wall was shipped to FNAL in October and assembled in 
November. The completion of the level trigger was more time consuming than 
anticipated and not completed during this calendar year. 

The design and development of the veto counter was a major effort. The veto 
counter used in the 1987 run was inefficient and did not provide as large a rejection of 
beam muons as desired. This is a complicated problem and a great deal of effort was 
devoted to understanding the shortcomings of the earlier beam veto and to designing a 
better beam veto counter. This took into account the experience of the Harvard group in 
the earlier muon experiments E98 and E398. 

After a considerable debate taking into account the time and cost, the muon group 
decided in December 1988 to propose the construction of a series of drift chambers as a 
replacement for the streamer chamber in the vertex magnet. This would provide 
electronic readout of vertex information and increase the data rate for the forward 
spectrometer. The proposal for construction of the chambers was presented to the FNAL 
Policy Advisory Committee in January 1989; the PAC felt this was a good proposal and 
the Director subsequently gave the project his blessing. 

These chambers are a joint project of several institutions in the muon collaboration. 

Frames are made at the University of Washington, the chambers are strung at FNAL; The 
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University of Wuppertal (F.R.G.) has provided funds for construction. Harvard made a 
major contribution to the construction of the electronics for the chambers. Harvard, in 
particular, designed the preamplifier chip by modifying a previously used FNAL design 
and built the "mother boards" and the shaping circuits. 

1990 

The muon experiment received first beam in February and is scheduled to run until 
the August shut down and then another two months when the accelerator is turned back in 
October. The focus of the run before the shutdown will be the study of inelastic muon 
scattering from complex nuclei. The focus of the run after the shut down will be study of 
hadron production from hydrogen and deuterium targets at high center of mass energies. 
The present data show that the jets are quite striking and that they can be used to study the 
gluon distribution in the nucleus at small Bjorken x. The group plans to request an 
additional three months so they can make a more definitive study of jets. 

The beam veto counter was installed in March. In early April the veto counter was 
used successfully to provide a trigger for deep inelastic scattering and it was shown that 
the level 2 trigger could be used to enhance the rate for hadronic events at high W. It is 
planned to start taking data in early May. The vertex chambers are now nearing 
completion and some modules have been tested in the beam. They will be put into 
operation or soon as they are available. 

The first results of the analysis of the data form the earlier run are now becoming 
available. Reports have been presented at the meeting of the Division of Particles and 
Fields, at the Moriond Conference, and at the Washington Meeting of the American 
Physical Society. Several students have completed or are now completing their theses. 

Future Plans 

It is clear that in addition to the A dependence studies and the study of hadron 
production at high W, there is well defined physics for further muon experiments. The 
group considered this situation and decided that a new group should be formed for further 
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experiments; the majority of the collaborators in the present group were not interested in 
continuing with the muon experiments. A subgroup of the present group has submitted a 
letter of intent for an experiment to make precise measurements of the structure funciton. 
Harvard is one of the groups signing the letter of intent. 

Structure functions are important both for what can be learned about the nucleon and 
as ingredients for a detailed understanding of some of the data from other kinds of 
experiments, such as pp colliders. Recently a large discrepancy between the EMC and 
BCDMS F2 measurements has come to light. At low x, BCDMS finds a value of F2 
which is 12% larger than that found by EMC, and curiously, close to that found earlier by 
E98 and E398 at Fermilab. The parameter identifying the scaling violation becomes very 
different; the quoted value of the scaling parameter, A, is ~60-90 MeV for EMC and ~220 
for BCDMS, again close to the E398 value. This is a difference of two to three standard 
deviations.. The gluon distributions extracted from the EMC data are strongly correlated 
with the value of A and are extensively quoted in the literature. The final D2 data from 
EMC is now published and suffers from large systematic errors. It was not possible to 
take advantage of the pure non-singlet distribution FP2 - F"2 in extracting A. 

There is a clear need to remeasure the proton and neutron structure functions. In 

order to have adequate statistical accuracy, we would need a much longer target than is 

being used in the current measurements. We can double the Q 2 range covered by existing 

data and cover the entire Q 2 , x range of all previous experiments, including those at 

SLAC, in a single experiment We should be able to obtain D2 data with the same 

quality as the H2 data. With a long liquid target run we expect a large number of 

exclusive p° and (j), especially with our very low Q 2 trigger (<0.5 GeV2). This would 

allow careful study of the transition between vector dominance and parton scattering. \y/J 

production would be copious enough to allow photon gluon fusion studies, and some 

fraction of the target could be used for a continued study of final state hadrons. We 

anticipate that after the 1990 run we will understand the apparatus well enough to be able 

to control systematic uncertainties to the requisite 1% level. In addition, we believe it 
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will be necessary to alter the machine chamber configurations that was modelled after the 

EMC collaboration. This will need construction of some new chambers. These will be 

designed in 1991 and constructed in 1992. 

In March of 1990, at Fermilab's request, we wrote a "letter of intent" announcing 

these longer range plans for a special run for precise structure function measurements. 

The number of participants signing the letter of intent is too small to carry out this 

program and additional collaborators are being sought. One possibility is collaboration 

with European groups who are also interested in precise measurements of structure 

functions. This was discussed at the nuclear structure function workshop at the end of 

April. 
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6. The L3 Experiment 

(Professor Strauch, Drs. McBride, Kumar, and Schiitte, Ms. Wang and Mr. Scott) 

The annihilation of high energy electrons and positrons has proven to be one of the 
most powerful probes into the nature of the fundamental properties of matter. The first 
observations of large hadron production at high energies were made at the Cambridge 
Electron Accelerator; the subsequent discovery of the \j//J at BNL and SLAC opened a 
whole new world of particle physics. Our group was part of the original CEA team. 
From 1976 to 1987 we were members of the Crystal Ball collaboration using SPEAR at 
SLAC and then DORIS at DESY to investigate a wide variety of phenomena involving 
the properties and decays of charmonium ( cc ) and bottomium ( Bb ) states including the 
identification of two new particles 6(1640) and i(1440). At DESY, our group was 
particularly active in the analysis of the inclusive reaction T(2S) -»yX and two photon 
reactions e+e* -»e+e* X where X= 7t°, TJ, T\'. Two photon production of 7t° and r\ were 
observed and studied for the first time. Except for paper preparation using existing data, 
our group has worked only on the L3 program since the start of 1987. 

When CERN decided to build LEP, our group joined in 1980 in the planning of a LEP 
experiment with MIT colleagues (Professor Ting's group) with whom we had previously 
collaborated in the ISR experiment 1-209. Out of these discussions evolved the 
"Magnetic Hall" concept of the L3 experiment which was formally approved as one of 
four LEP experiments in September 1982. By the end of 1988, the collaboration included 
groups from Bulgaria, PR China, France, FR Germany, DR Germany, Hungary, India, 
Italy, Netherlands, Spain, Sweden, Switzerland, USA, USSR. The U.S. participants 
came from CIT, Carnegie-Mellon, Harvard, Johns Hopkins, MIT, Michigan, 
Northeastern, Princeton, UC-San Diego, Union College. 

The L3 detector is a general purpose detector with emphasis on accurate identification 
and energy measurement of photons, electrons and muons. It is installed at the 
interaction point two. LEP started operation in the summer of 1989 and has already 
reached peak luminosities of about 30% of the design value at the Z° peak energy. In its 
phase I, LEP will operate at a maximum use center-of-mass energy Vs = 100 GeV. In its 
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phase II (1993-4), the maximum value of Vs will be increased to ~ 190 GeV well above 
the W pair production threshold. When Vs is set to the Z° peak energy and with an 
average luminosity of L^IO3 1 cm*2 sec _ 1, one Z° is produced every 3 seconds! 

During our previous collaboration with the MTT group, we jointly developed a new 
type of drift chamber to measure the momentum of high energy muons. For reasons of 
effectiveness and efficiency, we again worked with our local colleagues (and others) on 
building, testing and operating the precision muon detection system of L3 . 

After the completion of the first octant of 5 muon chambers and its successful test at 
the Harvard High Energy Physics Lab in September of 1985, the focus of activities of the 
muon group shifted to CERN. Professor Antreasyan (then with our group) moved to 
CERN in April of 1986. Dr. McBride moved there in September of 1986. Their major 
responsibility was to form and lead the two groups charged with setting up, 
instrumenting and using test stations for (1) drift chambers after they are produced and (2) 
octants after they are assembled. This involved both hardware and software tasks. Dr. 
Schmitt joined the group on October 1, 1986 at CERN and his first task was to 
coordinate the instrumentation of octants. After completion in mid-year 1988, he became 
hardware coordinator of the muon detector's VME monitoring system. 

Close coordination, with the chamber builders led to a successful construction and 
testing schedule which produced eighty satisfactory drift chambers installed in 16 
octants. The chambers were tested with the standard gas mixture and high voltages, and 
the wire alignment in each octant was verified to better than 30 |im using both UV laser 
tracks and cosmic rays. The software developed for the octant tests is being used in the 
detector calibration and the track reconstruction in the experiment. All 16 octants were 
tested and readied for moving into pit #2 by November 1988. The move and installation 
of the octants on the support tube took place in December 1988 - January 1989 as 
scheduled several years ago. 

In 1986, the HEPL VAX 8600 was linked to MIT as part of the LEP3NET network, 
which has been a great aid in communication between HEPL and CERN. 
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The HEPL Machine Shop has produced a variety of chamber and octant parts such as 
cable trays, piping for chamber gas, mountings for printed circuits, stands etc. J. Oliver 
and the HEPL Electronics Shop have completed 16 VME based ADC modules (972 
channels in total) which have been used in the CERN chamber tests and have been 
incorporated into the muon chamber monitoring system for the L3 experiment. In 
addition, they build DAC boards for the high voltage control system used for chamber 
testing. With our colleagues at Northeastern, J. Oliver and his workshop designed and 
built a multiplexed pulse height monitoring system for muon detector calibration. In 
order to achieve the maximum resolution in the drift chambers, it is important to monitor 
the gain in the chambers. The monitoring is done by picking 5% of the amplified 
chamber pulses at the input to the discriminators. The layout, prototyping and testing of 
the multiplexers and fanout boards needed for this system was done in the HEPL 
workshop. The completed system was installed in the Spring of 1989. 

Professor Antreasyan resigned from Harvard in February 1988, but continues 
working on L3 as a member of one of the Italian collaborating groups. Ms. Wang moved 
to CERN in January 1988 after completing her work on the wire bridges in Cambridge. 
Meeting the installation schedule required a great effort by all concerned. Some 
additional technical help was required: we supported one technician at CERN during 
most of 1988. 

mi 
In last year's budget submission we wrote: "This year (1989) promises; to be a most 

exciting year for LEP and L3". Indeed it was. The year started with a mad scramble to 
finish installation of all L3 detector components, wiring them up, connecting their 
electronics, testing with and without magnetic field. The first beam was stored on July 
14 and usable luminosities with colliding e+e- beams obtained within a few weeks. By 
the end of September the L3 detector had been brought into operation and serious data 
taking began. By the end of the 1989 run L3 had recorded ~ 1,000 nb"1 of data at and 
around the Z°peak yielding - 20,000 Z° events! CERN can be very proud that LEP 
operation started on the date scheduled several years ago and that a useful luminosity was 
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achieved so rapidly- Builders of the four detectors can be proud that each was able to 
obtain exciting physics results. 

As of March 1990 six papers by the L3 collaboration had been published or approved 
for publication: 

(1) "A Determination of the Properties of the Neutral Intermediate Vector Boson Z°" 
using the first 157 nb"1 of data at seven energies between 89.26-93.27 GeV with 2538 Z° 
events. 

(2) "Mass Limits for Scalar Muons, Scalar Electrons, and Winos from e+e" Collisions 
near Vs=91GeV" using the same samples as in (1). 

(3) "Measurement of gA and gv, the Neutral Current Coupling Constants to Leptons" 
using the same sample as in (1). 

(4) "Measurement of Z° Decays to Hadrons, and a Precise Determination of the Number 
of Neutrino Species" using 627 nb_ 1 of data taken at ten energies between 88.279 -95.036 
GeV with 12, 465 Z° events. 

(5) "A Measurement of the Z° Leptronic Partial Widthes and the Vector and Axial 
Vector Coupling Constants" using 924 nb*1 of data taken at nine energies between 88.279 
-94.278 GeV with ~ 18,000 Z° hadron events. 

(6) "Measurement of Z°-» b~b Decay Properties" using the same sample as in (5). 

The most important results in these papers are the characteristics of the Z° (Mz° = 
91.156 ± 0.026 ± 0.030 GeV, r h a d = 1744 ± 53 MeV, T Fb = 353 ± 48 MeV, r e V = 
82.8± 2.4 MeV, T^ = 537 ± 48 MeV), the number of neutrino generations (3.29± 0.17) 
and the axial vector and vector couplings of the Leptons to the Z° (gA=-0.495±0.007,gv=-
0.066±0.037). All observations so far fit into the Standard Model. 

The Harvard group was deeply involved in bringing the L3 muon detection systems 
into operation and in taking data. Dr. McBride implemented and maintains T0CAL, 
the Hard and Software Investigation Tool for checking and calibrating the muon chamber 
electronics. Dr. Schiitte implemented and maintains part of the Data Acquisition 
Software and maintains and studies the read out electronics. He is also working on a 
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program to monitor the global muon chamber performance by means of on-line event 
analysis and processing. Dr. McBride is a leader in the analysis of e+e" -> \i X events; 
paper (6) (see above) is the first product of this study. Ms. Wang is concentrating on the 
reaction e+e"-» |l+[X" developing techniques and corrections to maximize the energy 
resolution for muons. Mr. Scott is just starting. 

Dr. Schmitt received an offer which he could not refuse and left on April 30, 1989. 
He had contributed greatly to assembling the muon detector and getting it ready for data 
taking. Dr. Schiitte joined the group in June 1989. With the approval of DOE we 
searched for an additional group member in order to be able to participate significantly in 
analysis while keeping our responsibilities for operation of the L3 muon detection 
system. Dr. Kumar was appointed in December 1989 and joined the group at CERN in 
February 1990. Mr. Scott worked with us during the summer of 1989, returned to 
Harvard to finish his course program and pass his oral examination, and moved to CERN 
in March 1990 to start looking for a specific thesis project. 

Keeping the L3 Muon Detection System running requires experienced technical help. 
We have agreed to pay for one half of a local technician. The other half is paid by E.T.H. 

129JL 

Operation of LEP is starting again at the end of March 1990. The shut down period 
since Christmas 1989 was used for various repairs in all systems of L3 including the 
muon detection system. LEP is scheduled to operate until the end of August primarily 
for data taking with some time assigned to machine development. It is hoped to obtain at 
least twenty times more data than in 1989. During the shut down following this long run 
Phase 2 components of the L3 detector such as the forward and backward BGO 
hemispheres are scheduled to be installed. 

To help us analyze the expected large amount of new data we have ordered an Apollo 
DN 10,000 for delivery in April 1990. We will also need one Apollo DN 2,500, funds 
for which have been requested. 
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1221 
This will be the second full year of operation of LEP and L3. Results of the data taken 

in 1989-1990 will clearly determine the run energies. Enough data should become 
available to have a good chance to find rare events such as Higgs particles if they exist in 
our energy region. Using the experience gained, some detector improvements are likely 
to be planned and carried out. 

1221 
Plans for increased luminosity of LEP will probably have been carried out and much 

more data will be obtained. Analysis will constitute a larger fraction of our effort. 
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7. Detector R&D for The SSC 

A. Warm Liquid Calorimetry 

(Dr. Brandenburg, Prof. Geer, Dr. Oliver, Mr. Sadowski, Mr. Daw, Mr. Ptohos) 

Although we are confident that there is new fundamental physics to be learned at the 
TeV mass scale, we have no certain prediction as to how this physics will manifest 
itself. To be sensitive to new physics signals SSC detectors must have a wide and 
general detection capability. We do know, however, that the basic observables, even at 
SSC energies, are quarks and leptons. This implies a 4n detector geometry with good 
electron, muon, and jet detection. Good calorimetry wll be crucial for any such detector. 

The main issues will be 1) good energy resolution with uniform response to 
electromagnetic and hadronic interactions, 2) good segmentation, 3) good hermeticity 
(few cracks and holes), 4) fast response times, and 5) radiation resistance. We believe 
that an attractive readout medium for an SSC calorimeter would be warm liquids along 
the lines of those tested for the UA1 calorimeter upgrade. Such liquids as TMP and 
TMS have good electron mobility. They have also been shown to be extremely resistant 
to radiation. The radiator material could be uranium, lead or tungsten, and the radiator 
thickness should be chosen so as to equalize the electromagnetic and hadronic response. 

The first area we are investigating is the electron mobility of different liquids. This 
is being done in collaboration with a group from Brookhaven. It is hoped that candidate 
liquids other than TMS and TMP will emerge from these studies. A graduate student 
from Harvard has been working at Brookhaven this past summer carrying out this work 
under the supervision of Prof. Geer and with the assistance of Dr. Holyrod of 
Brookhaven. 

The second project is a general study of the possibilities for fast readout of 
calorimetry towers. The capacitance of a stack of plates and the inductance of the signal 
cabling are the limiting factors in obtaining short readout times. Thus proper 
segmentation of a calorimeter and proximity of front end electronics are the crucial design 
issues. Dr. Oliver has been studying the optimization of these factors at Harvard. He 
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also has an informal collaboration with Dr. Radeka and his group at Brookhaven. He and 
Dr. Brandenburg are currently members of the SSC Subsystem Group. (Brig Williams, 
spokesman) investigating the issues. 

A major goal of our project has been the construction and testing of a prototype 
"swimming pool" calorimeter. Dr. Brandenburg has coordinated this effort and Mr. 
Sadowski has spent a major fraction of his time on the engineering aspects. In addition to 
the other Harvard participants, Dr. Theriot of Fermilab has helped with the design of this 
prototype. We are currently members of the WALIC collaboration, and will be assisted 
by them in the filling and testing of the prototype. This will be one of the first attempts 
to combine the radiator and readout plates in a single vessel in contrast to the UA1 box 
design. 

We have decided that a small electromagnetic calorimeter would be the most 
appropriate device to build as a first prototype. Therefore we have designed and are 
building a sealed box which contains 25 layers of radiator plates and ionization gaps. It is 
subdivided into 16 towers each with two depth segmentations. The radiator thickness is 
one radiation length and the liquid gap width is 1.5mm.. The box is being constructed 
using stainless steel and ceramics so that it can be cleaned by baking. Our intention is 
eventually to use depleted uranium which is clad with stainless steel as the radiator, but 
for the first prototype we may use tungsten, because it is easier to obtain and can be 
directly immersed in the liquid. We plan to have this prototype ready for a test in the 
Fermilab test beam in the summer of 1990. 

Finally, our group has joined in the SSC Subsystem Group (Moishe Pripstein, 
spokesman) studying the design of a complete warm-liquid calorimetry system for an 
SSC detector. We are being assisted in this effort by an engineering team from EG&G 
Corporation. Our starting point was a conceptual design that emerged from the 
Tuscaloosa SSC Calorimetry Workshop earlier this year. This study will not only be 
concerned with the internal details of the calorimetry, but the structural issues of 
constructing a huge detector will be investigated along with related topics such as 
placement of electronics, routing of cables, access for maintenance. The design will be 
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optimized for hermeticity, i.e. inter-module cracks will be minimized, and front-end 

electronics will be located as close to the active elements as is possible. 

The goal will be to build a full-scale warm-liquid calorimeter prototype module. 
This should be ready for testing in the winter of 1990 at the end of the next Fermilab test 
beam cycle. 

B. Silicon Drift Detectors 

(Profs. Clark and Wilson, Drs. Henderson and Oliver, Mr. Sadowski) 

A third collaboration is with the SSC Subsystem Group headed by Dr. Pavel Rehak 
of Brookhaven National Laboratory to study the applicability of silicon drift detectors to 
the SSC program. A silicon drift detector is, in principle, an elegant solution to the 
problem of vertex detection. Each particle traversing the detector gives an x, y readout 
independently of all other particles. 

In addition the low capacitance (0-3pf) of the readout pads allows a good signal to 
noise ratio, and permits the design of JFET preamplifiers with high radiation resistance. 
It is even possible to include the preamp on the high resistivity silicon wafer of the 
detector itself, avoiding the connection problems. 

In 1990 Harvard is engaged in two aspects of this work. We will engage in radiation 
damage studies using both gamma radiation (probably 1 Mrad of Co 6 0 gamma rays) and 
neutron or proton bombardment to knock out lattice centers. We will observe the 
resolution both before and after the radiation bombardment and endeavor to study 
annealing of the radiation damage. We anticipate using gamma rays at BNL and either 
protons from the Harvard cyclotron or neutrons from the University of Lowell. Harvard, 
BNL, and the University of Pittsburgh all expect to have working, but different, silicon 
drift detectors for these studies. 

Dr. Oliver and Prof. Clark will study the design of integrated electronic circuits for 
read out of these devices. The preamplifier is likely to be the preamp made of high 
resistivity silicon of Rehak; the waveform analyzer, the chip by Kleinfelder; although 
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since this is CMOS and subject to radiation damage, we hope to change this at a later 
date. The primary development task will be the pulse shaping chip. 

Harvard will collaborate in a minor way with the Monte Carlo studies of the detector 
use being carried out by the Princeton and Pittsburgh members of the collaboration. 

C. HEPL R&D Support 

The primary technical contribution to detector R&D from the HEPL facility is the 
electronic engineering support of Dr. John Oliver and the mechanical engineering 
support of Mr. Ed Sadowski, both of whom spend half of their time on these projects. In 
addition to the partial support of their salaries we have included general M&S funds in 
the R&D budget to cover the costs of travel, tooling, and other supplies. 

The funds for this work in 1988 and 1989 have come from the SSC generic detector 
R&D program. For 1990 the work is being funded from the three Subsystem Groups 
mentioned above. The total 1990 funding covers the operations costs mentioned above 
with approximately $65K of equipment funds remaining for prototype parts, tooling, test 
equipment, and assembly labor. For 1991 and beyond we will plan to support these 
activities with funds from the SSC program, probably in connection with the SDC 
collaboration. 
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8. Theory 

(Prof. R. Glauber, and Dr. Z. Ryzak) 

We have demonstrated a year ago the first conclusive evidence for the observation of 
strong spatial correlations between the nucleons in a nucleus. This evidence is based on 
the analysis of measurements of pion double-charge-exchange processes made at the 
Clinton Anderson Laboratory at Los Alamos. The theory we have developed to describe 
the mechanism of these processes has been applied successfully at pion energies of 35 and 
50 MeV to measurements in 1 4 C, 1 8 0 , 2 6Mg, 4 2Ca, '"Ca, and 4 8Ca. There are now some 
ten measurements of the cross sections of the calcium isotopes at 35 MeV, for example, 
and all of them are in good agreement with the theory. A program to conduct similar 
measurements at much higher pion energies has been proposed at the KEK Laboratory in 
Japan. We are now making preliminary studies of the analysis of such collisions by the 
methods of nuclear diffraction theory. 

The double-charge-exchange process, which is detected in these experiments as a 
transition between isobaric analogue states, has an amplitude that depends quite 
sensitively on the spatial correlations between the pairs of valence neutrons that are 
converted to protons. The most important component of these correlations is the long-
range correlation brought about by the angular momentum and parity constraints imposed 
by the nuclear shell model. Observation of the correlations thus lends more internally 
detailed support to the shell model than has been available to date. 

We have completed the phenomenological analysis of the high energy p - p and p -
p cross sections that we began in connection with the collider measurements made at 

CERN. Our calculated results fit the experimental ones, including the total cross 
sections, accurately enough to bring to light what we find must be a number of systematic 
experimental errors. While these are for the most part not serious, they do indicate a need 
to reanalyze at least some of the experimental data, and they do cast considerable 
quantitative doubt on the recent use of Coulomb interference effects to evaluate the ratio 
of the real part of the forward scattering amplitude to the imaginary part. A full-length 
paper on these calculations has been prepared and submitted for publication. The same 
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model can be used to discuss the processes of diffraction dissociation, and we will be 
undertaking that study shortly. 

Hadrons scattered from non-spherical nuclei excite inelastic rotational transitions. 
Determining how these transitions influence the angular distributions of the scattered 
hadrons has been a long-standing problem of the fundamental collision theory. Procedures 
based on numerical solution of the Schrodinger equation must take so many coupled 
angular momentum transfers into account that it has not been possible to use them for 
many experimentally accessible cases. We have developed, in collaboration with G. Faldt 
of the University of Uppsala, Sweden, a much more direct and practical way of dealing 
with such problems. Using the techniques of nuclear diffraction theory, we find, permits 
us to sum in compact form the effects of multiple exchanges of angular momentum 
quanta. We find that we can extend considerably in this way the range of applicability of 
earlier work on rotational inelasticity. Our paper on this technique should appear shortly 
in Physical Review C 

When photon wave packets enter a dielectric medium they turn into superpositions 
containing all possible odd numbers of vacuum photons. At the same time the field 
variances become those typical of "squeezed states" rather than those of the vacuum state. 
Light waves entering dielectrics, and light waves undergoing more general types of 
scattering processes thus present a number of interesting quantum field theoretical 
problems. Not the least of these is determining which quantum effects are accessible to 
measurement and which are not We have developed, together with M. Lewenstein, a 
research fellow, a general theory of the behavior of quantized electromagnetic fields in 
inhomogeneous dielectric media. We have submitted a lengthy and definitive paper on 
the subject for publication. 

We have also conducted studies of and presented papers on the inelastic scattering of 
charged particles by quantized traveling and standing wave fields, and of the radiative 
decay of excited atoms within resonant enclosures. 

Quantum chromodynamics: Dr. Ryzak has been studying the relation between the 
parton model description and the operator product expansion in the description of large-
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momentum-transfer hadronic processes. He has shown that the two pictures involve 
precisely the same number of independent physical quantities. He has also begun a 
sequence of detailed studies of the decay processes of heavy B mesons. 

Professor M. Ozawa of the University of Nagoya, Japan has been a visitor on 
sabbatical leave (with support from his university supplemented by the Hamamatsu 
Corporation). He has carried out several studies of the quantum theory of measurement, 
and of its mathematical basis, in consultation with Professor Glauber. 
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10. Budget Tables (rev. 6/18/90) 

Our budget projections for the three year period 1990-1992 are contained in the tables 

on the following pages. The CY1990 figures represent actual funding. The CY1991 

column as well as the CY1992 column present the operations budgets that are required for 

the effective functioning of each group and the HEPL facility over the next two years. 

The overhead rate of 68% used for 1990 remains unchanged for 1991, but rises to 69% 

in 1992. The "Travel Tickets" item is for our subcontracted travel expenses, which are 

overhead free. The "Lab Subcontract" item is for expenses that are subcontracted to the 

accelerator labs, which in 1990 are overhead free, in 1991 will bear overhead at half the 

normal rate, and in 1992 will be charged the full overhead rate. 

In the footnotes the term "New Postdoc" refers to a replacement for an existing 

position, while the term "Postdoc X" indicates a proposed additional position. Finally 

the 1990 operations budget for the HEPL facility assumes that $200K of outside income 

will be available to cover salaries. 

Our equipment fund requests are summarized in the last table. Descriptions of the 
various items may be found in the text. The VAX Facility Upgrade item is intended to 
benefit all the experimental groups at Harvard, while the remaining items are attached to 
specific projects. 

u 



HEPL Equipment Funds 

CY1990 CY1991 CY1992 

CLEO II Upgrades (incl. Si. Vertex) 5,000 (a) 25,000 50,000 

E665 Upgrades (incl. Trig. Hodoscope) 20,000 (a) 15,000 100,000 (b) 

LEP3 Analysis Workstation 11,000 (a) 

VAX Facility Upgrade 50,000 50,000 

TOTAL Requested Equipment Funds 36,000 90,000 200,000 

Other Equipment Funds: 

CDF Central Muon System Upgrade (c) 200,000 100,000 

SSC Calorimeter Subsystem R&D (d) 50,000 

SSC Silicon Drift Subsystem R&D (e) 49,000 

(a) Includes 1990 supplementary funding (CLEO 5K, E665 5K, L3 UK). 

(b) Funds for new tracking detectors for proposed structure function experiment. 

(c) Funds to be transferred from Fermilab CDF management. 

(d) Funds are from the SSC Detector Subsystem programs for Warm Liquid Calorimetry 
and Front End Electronics. These funds also cover the R&D operations budget. 

(e) Funds are from the Silicon Drift SSC Detector Subsystem program. 


