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I. DATA ANALYSIS - FERMILAB E-745 - E-782

Work continues on the completed data summary tape from the E-745 high

energy neutrino exposure in the Tohoku freon bubble chamber at Fermilab. In

particular, Tohoku continues to study hadron formation in neutrino-nucleus

interactions, while Brown and Tennessee are working on strange particle production in

weak interactions. In a November 1992 SESAPS talk, E. Hart will present our negative

conclusions regarding the Fermilab CCFR group's suggestion at Neutrino '92 that they

had seen some evidence for the production and decay of a heavy neutral lepton.

Scanning and measuring of the 300,000 picture exposure of 200 GeV/c muons (E-

782) is continuing at Tohoku and UT. The status of this effort as of the end of August,

1992 is as follows:

Frames scanned 151,500 10,560 useful events located

Events measured 4,020 Events cut 3,200

In January of this year, more stringent cuts were initiated to restrict events

measured to mostly those with v > 1 GeV/c. This effort has allowed the rejection of

about 75% of the so-called useful events before they are measured, and a factor of two

increase in the scanning rate. However, we will still not be able, as things stand, to

complete processing ali the good film in a reasonable time. It has therefore been agreed

to add a new collaborating group to the E-782 experiment. The University of Calcutta,



under an agreement between the NSF and the Indian Government, NSF INT9100666,

will use its plentiful scanning personnel to supply Tohoku with pre-scanned film,

relieving a bottleneck there due to the very large (frame/high v event =

40 ratio of this experiment. Three members of the Calcutta group, under Professor Lali1)

Chatterjee, spent more than a month this summer at Tennessee, being trained in

scanning, measuring, and data processing procedures, supported by the joint U.S.-India

grant.

Finally the Russian agency, ITEP, decided this spring not to go ahead with

project GINES at Protvino, ending considerations of working with them.



II. PHOTOPRODLIC_ION EXPERIMENTS AT THE

UNIVERSITY OF TENNESSEE

Several of us (George T. Condo and Thomas Handler) have expended consider-

able effort over the past several years in the study of mesonic states. These mesonic

states have been produced in both hadronic production reactions and photoproduction

reactions.

A. BC 72/73/75

In recent years our study of these mesonic states has been done primarily through the

photoproduction reactions:

"lP-" n_ . _*"n- (1)

The data for these reactions came from an exposure of the SLAC hybrid facility to

photons of energy 20 GeV. Our principal results have been the observation of the

a_(1320) vector meson in both reactions. The a; signal in reaction (2) was probably the

largest (more than 10s) signal ever obtained in a photoproduction experiment except for

tile photoproduction of vector mesons. This also proved, contrary to the standard

liturgy, that charge exchange photoproduction processes are significant even at photon



energies of 20 GeV. We also found, in both channels, evidence for the photoproduction

of a state which has been listed in the Particle Data Tables as _(1775) with I°(J m)

= 1(?.). An interesting sidelight of this result is that unless jr_ _ 2-. for this state, so

long as J < 4, the state is qq exotic (jPC 1.+ = ..= or 3+). Even if Jm 2 , this state would

appear far too near the _z(1665) to be a candidate for a radial excitation of the g2(1665).

Thus it would be strong candidate for a hybrid state.

During this past year we have submitted to Physical Review D the consequences

of these results as regards to the at(1260). One conclusion, which agrees with those of

many other authors, is that the pg radiative width of the at(1260) is considerably less

than that of the as; and this result suggests that the mass of the a t is somewhat less than

the average given in the PDT. We also present evidence, from both charge exchange

interactions above, that a further higher mass odd-G parity state exists in these spectra.

The existence of this state is reinforced by the observation of the fs(1270) as a decay

product of the state. Because the t"2(1270)has Jm = 2+., it cannot be directly produced by

either one-pion exchange or pomeron exchange. It has appeared in photoproduction

experiments only as the decay product of intermediate states.

Work is continuing on analysis of the Data Summary Tape from BC 72/73 where

we have isolated the following reactions:

_.(n +)pO (3)



The theory of reaction (3) was described by G. Wolf nearly twenty years ago. Our data

are in excellent agreement with his predictions, which have not previously been verified.

In both reactions (3) and (4) the pothat is produced has ali of the characteristics dis-

played by elastic p0 photoproduction (?p -. ppO). In particular, the p0 spectrum is quite

skewed about its maximum intensity and a fit of the spectrum to an ordinai3, Breit-

Wigner yields a mass less than 750 MeV. This work is being pursued by Kathy Danyo,

a graduate student in our group.

B. E-687

During the summer of 1991 The University of Tennessee joined experiment E-687

at FNAL. Our initial efforts in this experiment have been devoted to studying light

quark meson photoproduction at photon energies of -300 GeV. The experiment is

primarily concerned with studying the decay and production properties of charmed

mesons and baryons using photons incident on a beryllium target. In August of 1991,

two graduate students, Gavin Blackett and Murali Pisharody, moved to FNAL to

participate in the data taking which lasted until January 1992. After an initial period of

familiarization, our group was accepted fully into the collaboration. During their stay

at FNAL the graduate students became familiar with ali aspects of the experiment--from

software through hardware. After their stay at FNAL, both graduate students moved



back to Tennessee where they were part of the team that managed the processing of the

raw data tapes through the reconstruction programs on the various computer farms at

FNAL. The data processing was completed May, 1992. Even though we joined the

experiment late in the data taking phase, we have been given access to all the data. The

total available data sample is in excess of 350 million events.

We expect that the study of the production of states decaying into n*n, +-0,

and _*_+__ will be the bases for the graduate students' theses. Although the analyses

are not complete, a strong diffractively produced r dominates the data as it does at lower

energies. In addition, a signal corresponding to a 9'(1600) is also present in the 4-prong

channel. The n+g_ ° spectrum shows evidence for the w(785), as well as a small signal in

the h(550) mass region. Although the h has been observed in low energy photoproduc-

tion experiments (from the excitation of various N' baryons and their subsequent decays

to nucleon-h states), at higher energies, in the forward direction, one does not expect

significant direct h production.

The status of the p'(1600) has been controversial in the past. Neither the mass

value nor the width of the 2p and 4p decay modes are in agreement. The PDT, along

with most of the rest ot"the world, believes that the photoproduced state(s) that decay to

4p is the result of interference between two r' states ofmasses 1450 and 1700 MeV. We

are examining our 4p spectrum to tests its consistency with this hypothesis and also to



ascertain whether there is any evidence for the photoproduction of p3(1690), which could

further complicate the analysis.

We expect to continue these analyses and to expand into the study of the

charmed mesons and baryons. We are also planning to continue with the collaboration

in the next stage of the experiment, P-831.

C. Solenoidal Detector Collaboration Efforts

The past year has seen a continuation of ouT'Involventent in the Superconducting

Supercollider research and development effort. We (Thomas Handler and George T.

Condo) became a full institutional member of the Solenoidal Detector Collaboration

(SDC) at the beginning of 1992. Our efforts are focused on the calorimeter section of

the SDC detector.

Prior to the submission of the SDC Technical Design Report on April 1, 1992,

extensive calculations were done, in conjunction with P.K. Job of ANL and Tony

Gabriel of ORNL, with regards to the various configurations being contemplated for

the calorimeter as far as thicknesses and composition of the absorber materials to be

used in the hadron section of the calorimeter. The results of some of these calculations

have been published t in the past year. The configuration that was finally selected uses

lp. K. Job et al., Nuclr. Instr. and Meth. A309 (1991) 60.
P. K. Job et al., Nuclr. Instr. and Meth. A316 (1992) 174.



1" iron in the first section of the hadron calorimeter and 2" iron in the _,_-condsection.

The decision was partly based on the performance characteristics of such a calorimeter

and partly on its cost. The electromagnetic section of the calorimeter will use a lead

absorber. Ali sections of the barrel and endcap regions of the calorimeter will use 4mm

scintillating tiles with fiber readout as the active medium. Full details of the SDC

calorimeter can be found in the SDC Technical Design Report. 2

In addition to the simulations concerning the proposed SDC calorimeter

configuration, additional calculations, using the CALOR89 Monte Carlo code system,

were carried out to compare with the FNAL test beam results (T-841). It was found

that not only did the predicted z,:._,_utionsagree with the hanging f'fle test data but that

also longitudinal shower profiles matched as weil. Further calculations will be carried

out and a more detailed comparison will be made with the hanging f'tle test data.

One of the problems facing the SDC collaboration is the high event rate that is

expected at the SSC. The interaction rate will be about 108events/sec at the design

luminosity of 1033. The majority of these events will be of no interest. The question then

becomes how to recognize and write to storage the events that might be of interest? One

method is to exploit the physical characteristics of the interesting events.

2Solenoidal Detector Collaboration, SDC-92-201, April 1, 1992.



Certain of the decays of the expected Higgs particles will eventually be manifest-

ed in jet production. These jets wi11appear as large depositions of energy in compact

regions of the calorimeter, with the remainder of the calorimeter being quiet. The

calorimeter that is being designed for use by the SDC collaboration will be segmented in

both h and f. If the calorimeter readout is unfolded along h and f, it would resemble a

large grayscale pixel image. Pattern recognition techniques should, therefore, be usable

to determine the presence.of jet structure in a pp collision.

Artificial Neural Networks (ANNs) have shown themselves to be useful in such

pattern recognition problems 3. One aspect of the usefulness of ANNs is that they are

extremely fault tolerant. This means that even if part of the information is missing, i.e.

missing pixels, ANNs can still give the correct answers.

ANNs have been successfully applied to off-line problems in high energy

physics4. It is only recently that the first use of ANNs for triggering has occurred 5.

Working in conjunction with Charles Glover of ORNL, we have attempted to test

whether or not ANNs could be used to identify jet events. If ANNs could be shown to

work on such a problem, then the ANNs could be used, through the use of VLSI

3p. K. Simpson, Artificial Neural Systems, Pergamon Press, New York, 1990.

4Bruce Denby, FERMILAB-Pub-92/215-E, 1992.

5Bruce Denby, FERMILAB-Pub-92/215-E, 1992.



hardware implementation, in either the Level 1 or Level 2 trigger for SDC. The differ-

ence between this problem and other"applications of ANNs in high energy physics is the

large number of inputs to the ANN. Whereas other problems may have had at most

two dozen inputs to the ANN, the calorimeter readout that we would need has 960

pixels.

To test the feasibility of the use of ANNs we did a Monte Carlo simulation of the

process. We used ISAJET to generate both 2 jet and minimum biaS"events which when

then traced to the calorimeter. Some of the events were used for training the ANN. The

remainder of the events were used to test the ANN. Preliminary results gave an 88%

probability of correctly identifying 2-jet events. The results of this work were presented

at the Computing in High Energy Physics Conference held in Annecy France in

September of 1992. Members of the SDC Trigger group, who were at the conference,

were very interested in these results and they have suggested that we do a full scale study

of the use of ANNs for triggering.

D. Computer Facilities for the High Energy Physics Group

During March of 1992, the high energy physics group at The University of

Tennessee was able to acquire a Silicon Graphics 4D/240GTX computer system (SGI).

The computer system initially was configured with 4 processors, a 780 Megabyte hard

disk, and 16 Megabytes of memory. The system was initially devoted to SDC calorime-

10



ter simulation studies using the CALOR89 Monte Carlo code system. When the group

joined E-687, the E-687 code system was ported to the workstation, though initially very

little analysis was done on the machine.

After the return of the graduate students from FNAL in January 1992, the

workstation began to slowly be used for analysis of the E687 data. Data was first

skimmed out at FNAL then brought to Tennessee via the electronic networks, lt

became clear that the SGI. would have to upgraded by the addition of exabyte tape

drives. Also as the machine became more heavily used for analysis, the amount of user

disk space would also have to be increased. At the end of August 1992 two exabyte tape

drives and 2 Gigabytes of hard disk space were added to the SGI.

During the summer of 1992, two Science Alliance summer students worked on

projects, one for E-687 and the other for SDC. We had effectively five researchers using

the SGI. At this time a memory/swapping problem bottleneck was encountered causing

at times a long delay in response to commands from the various termknals that interact-

ed with the SGI. The only way to alleviate this problem was by the available random

access :memory. In September of 1992, an additional 48 Megabytes of memory was

installe,d. With the addition of this main memory, the response of the SGI was consider-

ably improved.

Because of the increased usage of newer languages, such as C, and the increased

usage of object oriented programming techniques the SGI system has recently been

11



enhanced by the addition of the C++ programming language to its repertoire of

languages,

The SGI has been of immense value to the University of Tennessee's high energy

physics group. Without it, the contributions to the SDC effort would have not been as

large.

E. I'-831

The E-687 collaboration has proposed P-831, a continuation of the current

experiment, to FNAL. This new experiment would be conducted with an upgraded

spectrometer and would take place during the 1994 Fixed target Program at FNAL. The

purpose of the continuation would be to accumulate sufficient events for a high preci-

sion study of the D semileptonic decay modes, QCD studies of Double D events, a

measurement of the absolute branching fraction oi the D°, searches for Domixing, CP

violation, rare and forbidden decays, fully leptonic decays of the D. and a systematic

investigation of charm baryons and their lifetimes. We estimate that the collaboration

currently has -110,000 fully reconstructed charm particles decaying into ali charged final

states. The new run would allow us to increase this number by a factor of 10 to -106

events.

In order to obtain such a large data sample in a reasonable time, the collabora-

' tion will ask FNAL to increase the photon flux that is available to the experiment. We

12



feel that this increased flux can be achieved by utilizing a slightly lower momentum for

the extracted main ring beam, thereby yielding more incoming electrons to the radiator

and by also utilizing the positrons that are in the secondary particle beam. The E-687

spectrometer, as currently configured, will not be able to handle this increased photon

flux. This necessitates an upgrade to the spectrometer. Modifications will have to be

made to almost all of the spectrometer elements.

As part of this upgrade effort, The University of Tennessee would, in conjunction

with the group from Pavia, Italy, rebuild the current hadron calorimeter. The new

hadron calorimeter would have enhanced triggering characteristics and would also be

better able to measure neutral particle showers. The basic part of the upgrade of the

hadron calorimeter would entail replacing the current gas/proportional tube counters

with scintillating tiles using fiber readout. The details of the hadron calorimeter upgrade

are detailed in Appendix A. It is expected that the rebuilding of the hadron calorimeter

would occur during the summer 1993.

The University of Tennessee has agreed to supply the new phototubes, their bases

and shields, and various miscellaneous pieces of hardware such as the boxes to hold the

tile system. The total equipment cost, including contingency is $148,000. We also plan

on having two students full time at FNAL for two months during the conversion of the

hadron calorimeter. This cost would amount to -$3000 yielding a total cost of

-$151,000.

13



In addition to the above requests for hardware and support for students, we are

asking for sufficient funds to support a post-doctoral fellow, for at least two years,

whose time would be devoted to work on P-831/E-831. Besides working on the hard-

ware upgrade on the hadron calorimeter, this person would also work on the physics

topics that E-831 will address. Estimated cost for this post-doctoral fellow is -$55,000

for the first year.

F. Future Work On SDC

During the coming year, we plan on continuing our work in shaaulation studies,

using the CALOR89 Monte Carlo code system, of the SDC calorimeter. Specifically we

plan on carrying out a full set of simulations to compare with the Hanging File Test

Run (T-841) that was performed at FNAL during the previous year. This simulation

work will be in collaboration with P. K. Job of ANL and Tony Gabriel of ORNL. This

comparison will be a straightforward comparison since all the experimental conditions

will be known from close communication with the hanging file experimenters at FNAL.

This will allow us to take into account, in the simulation analysis programs, ali of the

experimental variations and manipulations that have been done. If any discrepancies

are found, and none have been so far, appropriate modifications to the CALOR89 code

system will be made and the simulation process repeated. This work should result in

another NIM publication.

14



The importance of these comparisons with the hanging file test data cannot be

underestimated. Eventually the complete SDC detector will have to be simulated so that

detector's biases to physics events can be understood. In order to properly use and

uderstand these simulations, the Monte Carlo program must be above reproach.

We also plan on doing a full study of the feasibility of using Artificial Neural

Networks in the triggering process, either at Level 2 or Level 1, for the SDC detector. As

has been shown previously, ANNs seem to be a reliable way of triggering on jets in the

barrel and endcap regions of the calorimeter. A systematic study of the ANN configura-

tion needed will be carried out. So that this study can be carried out in an efficient

manner, funds are requested to purchase a commercial neural network program that is

currently being used by Charles Glover of ORNL. The program is NeuralWorks by

NeuralWare, Inc. with an educational institution cost of--$3500.

15



III. L3

A. L3 Activities

Prof. Read spent 6 weeks working exclusively at the L3 experiment at CERN

during July and August 1992. During the rest of the year, his involvement included

providing advice on various electronic interlock issues and keeping abreast of develop-

ments concerning wide-angle Bhabha scattering.

Interlock Enhancement

The L3 electromagnetic calorimeter, hereafter referred to as tile BGO, has a

hierarchical readout system. The level-1 readout which consists of preamps and ADC

boards is powered by 106 low-voltage power supplies. These supplies are controlled and

monitored by an interlock system whose software was previously written mostly by

Prof. Read. The system consists of two "server" IBMPC/AT compatible computers

which directly supervise power, a "temperature" PC which monitors the temperature of

the electronics, and a "master" PC which supervises the other PC's and makes decisions.

These PC's ali communicate in real-time many times per second. They constitute a

dedicated slow-control stand-alone local area DECNET network. The master PC

transfers its information to the online VAX-6310 where it is summarized, logged,

16



displayed to shift operators, and distributed to other interested parties (L3 slow control,

BGO online monitoring).

As of July 1991, when Prof. Read was last at CERN, this system had full

functionality but suffered from a fatal communication error which would cause a

network link between the master and one or both of the two server PC's to spontaneous-

ly drop. It should be noted that due to the fail-safe nature of the system this presents no

danger or risk to the electronics; however, such a failure cuts power and has the very

undesirable effect of stopping any data collection run in progress. This communication

error happened once per week if the master PC was connected via DECNET to the

VAX and much less frequently if not. It was inferred that this problem was due to an

excess of outside DECNET traffic hampering operation of the ethernet drivers of the

PC's. Since the control software for the ethernet drivers was propietary software from a

company that did not provide satisfactory support and has since gone out of business,

this problem was considered almost impossible to cure directly.

In order to cure this problem Prof. Read had suggested installing a DECNET
¢.

bridge to filter out unwanted traffic. His colleagues were not able to successfully

implement this suggestion, primarily due to difficulty in eliminating unwanted outside

broadcast messages. Instead, a student from Lausanne University, A. Kasser, devel-

oped software for a new "gateway" PC to simulate the effect of a DECNET bridge. Ali

17



DECNET traffic from the PC's goes to the gateway. The gateway is connected to the

VAX via TCP/IP.

During his recent trip Read, had a chance to inspect operation of the gateway for

the first time. Using a PC for this purpose may seem complicated, but it is actually

much cheaper than a CERN-approved programmable bridge and completely adapted to

this application. The gateway link to the VAX does die occasionally but this is com-

pletely innocuous since it has no effect on the safe operation of the 4 other PC's. The

presence of the gateway allows the other PC's to communicate in a "quieter" environ-

ment, which appears to improve the robustness of the communication links. The

interlock system network currently only drops a link at the rate of once every 6 weeks.

During this trip, Prof. Read provided guidance to a graduate student from

Lausanne and a post-doc from Princeton University concerning possible modifications

to the interlock system software. As L3 matures, the increasingly smooth operation

inexhorably leads to ever more stringent demands on reliability and robustness of

software. There is some indication that the likelihood of unexpected communication

link failures is reduced if ali PC's connected to the network are rebooted after the failure

of any one communication link. Given that rebooting all PC's as a matter of course in

the event of any network link failure proves desirable, the first issue is how to preserve

power in the event of rebooting one of the server PC's which controls power. Possible

18



software changes include allowing the level-1 power to remain on even during and after

a PC reboot providing certain conditions exist.

Read suggested that no changes be implemented until the time of the technical

stop for LEP scheduled from mid- to late-September. At that time, it is to be clarified

whether global reboot of all the PC's really does increase network reliability. If so, then

the changes should be implemented. Read provided detailed descriptions of the actual

modifications to the software that would be required, without actually providing any

new code. Preserving the power is very straight-forward from both the hardware and

software viewpoints. Most of the software modifications concern remembering the

previous on/off status and managing the interplay of various time-out conditions. In

general, it is better for the actual code to be written by the resident expert (no longer

Prof. Read) since he must debug it.

This possible modification then opens the door for a further modification. Prof.

Read is considering the feasibility and desirability of having the master PC ordering a

hardware reboot of all other PC's and then itself in the event of a link failure. This is a

"work-around" that handles virtually all possible rare network glitches (but not broken

cables or sick PC's) without cutting power while preserving safety. It relies on satisfac-

tory completion of the less ambitious project to preserve power across PC reboots. It

also requires a simple hardware circuit of relays controlled by the master PC that can

reboot any PC. It is consistent with a recent online philosophy that the ultimate

19



solution for rare glitches that cannot be properly diagnosed and corrected is to institute

automatic restarting without stopping the run.

Prof. Read also had an opportunity to observe and test a new part of the regular

BGO shift display which presents existing interlock status information (using color

graphics and pop-up alarm windows) in a very user-friendly fashion that is integrated

with the rest of the online command menus and displays.

Analysis Projects

Prof. Read assisted a colleague and a student in performing data analysis

investigating the process b-. :_X where _c -"J/_ + Yand J/_ -. is+Is-. This is a reaction

that L3 should be esp,_..iallyable to observe due to its excellent muon momentum and

photon energy resolution.

When Read arrived, a graduate student, M. Wadhwa, from the University of

Annecy had observed a peak of 6 events with a background of 2 in the J/O + y invariant

mass distribution. The peak was not observed if the photons were paired with false

hypothesis J/q candidates formed using I_.is- pairs with the wrong invariant mass

("sidebands"). However, there were several concerns about the analysis. The peak was

observed 80 MeV below the known Xc(3510)mass. Also, the peak was sensitive to the

version of the reconstruction code that was used. Moreover, an independent analysis by

V. Innocente of the University of Naples had failed to observe the same effect.

20



Read engaged in extensive discussions with M. Wadhwa and V. Innocente,

performed data analysis, and scanned candidate event displays in order to help clarify

the situation. There was some time pressure since early August was the last possible

moment for any new results to be approved to be shown at the upcoming "Rochester"

conference in Dallas at which many L3 results were shown. The conference lasted from

August 5 through 12.

The analysis begins by selecting J/0 -. i_+1_- candidates. The selection criteria are

discussed in a recently submitted paper, t A sample of 43 candidates with very little

background is obtained. Many of these events also contain low energy photons. By

forming J/0 + y invariant mass combinations one can search for _o candidates. Both the

J = 1 and J = 2 states of the Xohave appreciable, known branching ratios to J/O + y. It

remains to be determined whether L3 can resolve the two states and how large the J = 2

contribution is. Both CLEO and ARGUS have measured the B -, x_X branching ratio.

L3 can measure the b -. xoX cross section times branching ratio. CDF has recently

reported a measurement. It is unlikely that LYs measurement will be as accurate as

CLEO's.

Prof. Read expects to be able to continue to contribute to this analysis from

Tennessee since he has access to the data and remains in communication with his

t"Inclusive J Production in Z° Decays," L3 Collaboration, submitted to Phys. Lett.B.
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colleagues, lt appears possible that the observed mass shift can largely be eliminated

by using the space point of the muon crossing point as the photon origin in the recon-

struction of the Xccandidate.

Other recent analysis efforts within L3 have led to papers concerning improved

Higgs mass limits, QED studies, QCD studies, measurement of inclusive rl production,

improved measurements of the Bo._g 0 mixing parameter, measurements and upper

limits on multi-photon final states, measurement of the Z -. bU and Z -- cT forward-

backward asymmetries, and x lepton polarization.

Meetings and Shifts

Prof. Read attended L3 Z-lineshape meetings, B-physics meetings, and private

meetings with other physicists. He attended the August L3 general meeting. He

attended meetings and engaged in discussions concerning planned upgrades to L3. The

following systems will be added: a new silicon strip luminosity monitor, a silicon

microstrip vertex detector, and forward-backward muon chambers.

A proposed upgrade to L3 known as L3+ 1 is to convert L3 from a LEP detector

to an LHC detector. This would involve raising the L3 magnet and muon chambers by

1 m in order to be concentric about the new LHC beam pipe. More recently, S. Ting

and his colleagues appear to be leaning towards a more ambitious proposal for an

essentially new major detector. Read heard conflicting reports concerning whether a
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marriage between a successor to L3 and the proposed Compact Muon Solenoid (CMS)

was still under consideration. He engaged in unofficial discussions and read recent CMS

collaboration metting minutes to try to stay abreast of CMS developments.

Read took 14 BGO data-taKing shifts. He explained shift duties and BGO online

operations to his colleague H. Cohn who arrived at CERN on July 31. H. Cohn took 14

shifts. Thus, Read and H. Cohn fulfilled their group's annual shift quota during their

trips this summer.

In the past year, the L3 data aquisition system has become noticeably more

reliable and robust. Whenever beam was delivered during Read's shifts, L3 was fully

operational. On the other hand, LEP machine operations are plagued with various

unrelated problems. Although significant advances have been made and the prognosis is

good, lumisosity and background levels have only recently equaled the performance

obtained at the end of last year. Water leaks, RF problems, the difficulty of tracking

down some experts on weekends, detector magnet problems, beam-beam interactions,

and other problems result in a rather fragile situation. In particular, problems requiting

any access to the machine often lead to further difficulties in returning back to standard

conditions. There are more sporadic "bad" fills than in late 1991. The net effect is that

LEP provides colliding beams during 67% of the time scheduled for physics.

The L3 data rate onto tape is now less than 2 Hz, which is 35% better than last

year. This reduction in background is due to the new level-3 trigger for the tracking
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chamber (TEC). The 1992 DAQ efficiency is 84%. The most siginificant sources of

down time are VAX crashes and cooling problems. Recent 8 x 8-bunch running

(discussed below) results in a crossing time of only 11.1 issec, a factor of two shorter

than previously. This increases the L3 dead-time from 5% to 9%. Efforts are underway,

particularly by the BGO group, to reduce the dead-time to a more acceptable level.

LEP Developments

Considerable effort has been made to enhance LEP luminosity. A key part of

this plan is to switch from colliding 4 on 4 bunches to colliding 8 on 8 in a pretzel

scheme. Alternate SPS cycles are used to interleave two groups of four bunches for each

beam. LEP delivered the first collisions with 8 bunches in both LEP beams during

Read's trip on July 29. The total beam current for both beams was 4 mA. The instanta-

neous luminosity was approximately 4 x 103°cm-_sec -t which is no more than during

usual 4 x 4 mode. Sparking in the pretzel separators was not a serious problem. The

next milestone is to eliminate mis-crossings at each of the 4 interaction points. A

significant increase in luminosity is expected.

The same beam optics are used for both the 4 and 8 bunch running in order to

optimize efficiency. Recent introduction of polarization wigglers has increased the

longitudinal bunch length. This should reduce instabilities in the RF cavities. The

maximum peak luminosity achieved is 9 x 103°cm-2sec -_.
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The LEP developments have led to a much longer luminosity lifetime, resulting in

a higher integrated luminosity per "lrdl." The b_t LEP fill ever occured during Read's

trip (250 nb-t).

Advances have been made concerning improving the absolute energy calibration

of LEP using a polarized beam. Unlike SLAC, LEP does not provide collisions for

physics data collection with polarized beams. (Detector magnets kill the polarization.)

With detector magnets off, only the electron beam, and running at 94 GeV, a polarized

electron beam was obtained. Prof. Read discussed the current status with an L3

colleague who has accepted a fellowship to work in the LEP polarimeter group for one

year.

Rather than injecting polarized e- like SLAC, LEP obtains a transversely

polarized beam spontaneously via the Sokolov-Ternov effect. Wiggler magnets signifi-

cantly decrease the time needed for the polarization to build up. In 1991, 20% polariza-

tion was obtained within 30 minutes. A laser polarimeter is used to measure the degree

of polarization. Circularly polarized light is directed at very small angles towards the

beam. The amount of deflection of the Compton-backscattered photons depends on the

beam polarization. Data gathered during resonant depolarization of the beam will

allow an absolute energy calibration of the machine with an uncertainty of significantly

less than the present 20 MeV.
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During Prof. Read's trip one machine development period was devoted to

polarization, lt was very frustrating that no polarization was observed, lt is difficult to

know where to move in the parameter space avaiiable to LEP unless at least some

amount of polarization is observed.

It appears that the LEP lattice is effected by lunar tidal forces. A clear demon-

stration of this remarkable effect should be possible in early September when the

excursion should be maximal. Software corrections for this effect are being investigated.

B. GEM

Overview

Prof. Read has been a member of the GEM Collaboration since its inception. He

has been actively involved with their efforts to design a major detector for the SSC.

During this past year, GEM submitted and successfuUy defended their Letter of Intent

(LOI). The PAC recommended that GEM proceed to prepare the Technical Design

Report (TDR). Recently, GEM has decided against using barium fluoride (BaF2)

crystals to perform electromagnetic calorimetry. During the course of the past year

Prof. Read's GEM activities increasingly focused more on the proposed central tracker

developments. These efforts are discussed below after first describing his activities with

the BaF 2subdetector group.
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Barium Fluoride Calorimeter

Read was a member of the BaF_ subdetector group (partly due to his parallel

involvement with the L3 BGO subdetector group). Read spent time at Fermilab on

three separate occasions to participate in beam tests of a 7 x 7 BaF 2prototype matrix.

The test was known as Experiment T-849. The tests were designed to study uniformity,

energy and position resolution of the crystals.

Prof. Read attended meetings at Caltech and U.C. San Diego to discuss analysis

of test beam data from the Fermilab beam tests of a BaF 2prototype matrix for the

proposed GEM detector at the SSC. He contributed to the analysis effort using a local

IBM RISC/6000 workstation. He concentrated his analysis efforts on tracking incident

particles through the beam spectrometer to make the momentum determination. Also,

he investigated and assessed some light reflection programs in order to better under-

stand the light collection efficiency of the crystals. He presented some of his findings at

U.C. San Diego.

Read acted as a liaison between the BaF2subdetector group and the ORNL

Instrumentation and Controls Division (I&C) to facilitate development of an active,

linear photomultiplier preamp/shaper. After thorough checking of its performance, a

satisfactory design was implemented for use during readout of crystals on a cosmic ray

stand (after the Fermilab run was over).
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Central Tracker

Prof. Read has attended meetings and run Monte Carlo simulations to partici-

pate in development of the proposed silicon central tracker and the surrounding

Interpolating Pad Chamber. He has migrated his software activities from an IBM

RISC/6000 machine to a powerful local Silicon Graphics workstation. This workstation

(unlike the IBM 6000) is one of the types of workstations supported by the SSC Labora-

tory's computing division.(i.e., analysis code is intended to continue to run on this type

of workstation).

Interpolating Pad Chamber Readout

Prof. Read is currently active in the central tracker group of GEM. His hard-

ware activities include working with the I&C Division of ORNL in order to develop

radiation hard readout electronics for the Interpolating Pad Chambers (IPC) Which

surround the silicon microstrip tracker.

The front-end IPC readout electronics consist of a preamp followed by an analog

memory unit (AMU) followed by a flash ADC. The AMU is a switched capacitor

array. Due to its close proximity to the interaction point, it must be fabricated using a

process resistant to 1 MRad accumulated dose. The 16-channel AMU is 128 cells deep.

Efforts this year have concentrated on selecting a foundry for the first radiation hard

prototype fabrication run. This year ORNL signed non-disclosure agreements with
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Harris and UTMC for their radiation hard processes. They obtained process models to

simulate the effects of radiation damage on the circuits. An AMU prototype design was

developed this summer using the Harris AVLSI-RA process. The plan calls for several

devices on each silicon wafer. Thus, the prototype run should yield variant designs of

the AMU: one with a voltage-write, voltage-read topology and another with a voltage-

write, charge-read topology. The relative merits of these two topologies are being

assessed.
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IV. SLD

SLD completed its very successful 1992 run with 10,700 Z° with average polar-

ization of 22%. Tennessee completed a study of integrated luminosity for the run,

established energy and angular resolution of the Luminosity Monitor through the study

of approximately 20,000 Bhabha events, and has begun a detailed comparison of

observed radiative events with prediction of theory as incorporated in the BHLUMI

Monte Carlo of Jadach and Ward.

A series of presentations at the DPF meeting at Fermilab is presented in Appen-

dix B with preliminary physics results and data on the unique capabilities of the

detector.
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V. SSC DETECTOR RESEARCH AND DEVELOPMENT

A. Other GEM Activities

Other GEM activities include preparation of resistive plate chambers for muon

trigger. Tennessee has refurbished a set of drift chambers provided by us for a Fermilab

experiment to be used by a muon group at MIT in test stand for RPC. Studies will be

carried out on gases and chamber materials to make chambers insensitive to neutrons.

Also extensive studies of calorimeters for GEM have been carried out by a team

of Russian visitors under the direction of Y. Kamychkov. These reports are too

extensive for inclusion in this progress report but efforts of one member of the team are

included as an example in the Appendix C.

B. Radiation Hardness of Silicon Detector

In addition to construction of large silicon EM calorimete: capable of SSC

operation, Tennessee has provided in conjunction with John Walter and IntraSpec, Inc.

a systematic program for improvement in radiation hardness properties of silicon

detectors in very high neutrino fluxes. This work is not yet complete, but progress to

date is included in the renewal proposal and in the Appendix D which is our recent

paper on basic mechanisms.
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Summary

6

The spectrometer used in Fermilab Experiment 687 to study the photopro-
duction a1_d decay of charmed particles will be upgraded to enable it to accu-
mulate lOs fully reconstructed charm particles. The physics will involve high
precision studies of the D semileptonic decays, QCD studies of Double D events,
a measurement of the absolute branching fraction for the D °, searches for DO
mixing, CP violation, rare and forbidden decays, fully leptonic decays of the
D + and a systematic investigation of chum baryons and their lifetimes. The
estimates of charm yields are based on reasonable extrapolations from channels

we have already studied in E687.

The increased yield of charm will be obtained by 1) running at over 5 tlmc-
the average luminosity of E-687 and 2) increasing the efficiency of the detector
by a factor of 2. The increased luminosity will be achieved by lowering the

beam energy to 250 GeV, using the positron arm of the beam, ru_ining at higher
average proton intensity, and (hopefully) employing 990 GeV incident protons.
Additional gains can come from using a thicker radiator and/or a thicker target.

The detector must be upgraded to handle the increased luminosity. Major
changes are:

1. Speeding up the Hadron Calorimeter and using it in the First Level Trigger
to reduce deadtime,

2. Improving the time response of the vertex Microstrip Detector,

3. Deadening the PWCs in the beam region and adding straw tube planes to
cover the deadened regions. The straw tubes will, in fact, cover the whole
aperture, thereby improving tracking over the entire spectrometer,

4. Speeding up the Front End Electronics by a factor of 10,

5. Speeding up the Data Acquisition System, and

6. Improving the Second Level Trigger.

Additional changes will be made to the Muon system, the Cerer_kov system,
and the Electromagnetic Calorimeters. The Photon Energy Ta_ging represents
a very difficult problem, which is discussed at length. The energy tagging is
necessaryforthestudy ofproductiondynamics.



Abstract

The spectrometer used in Fermilab Experiment 687 to study the pho-
toproduction and decay of charmed particles will be upgraded to enable
it to a_:cumulate 10 s fully reconstructed charm particles. The physics will
involve high precision studies of the D semileptonic decays, QCD studies
of Double D events, a measurement of the absolute branching fraction for

the D°, searches for DO mixing, CP violation, rare and forbidden decays,
fully leptonic decr.ys of the D + and a systematic investigation of charm
baryons and their lifetimes.
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The purpose of FermilabExperiment 687 isto study the productionanti

decayofcharm and beautyparticlesusinga highintensity,highenergyphoton

beam, the FermilabWideband Photon Beam. The E687 spectrometerisshown

in Figure I. E687 finisheddatatakingin January 1992. By the middle of

August,1992allour datawas reconstructed.Resultsfrom halfthedatasampie

are now beingdiscussedand have been presentedat conferences.One result

on the observationofa charm-doublystrangebaryon,fl°,isbeingreadiedfor
publication.

Some ofthe highlightsofour resultsthusfararea largesample ofsemileo-
tonicdecayswhich leadto the bestvalueforthe CKM matrix elementIVc.[,

observationofnew charm baryondecaychannels,measurement ofthe lifetimes

forfourcharm baryons,observationofa largesample ofD - D events,demon-

strationofour abilityto measure absolutebranchingratiosforthe D °.Dalitz

plotanalysisforseveralmodes, and settingthebestlimitsforDO - D° mixing
and directCP violationinthe charm sector.

The historyofE687 isasfollows.We havehad threedistinctrunningperiods.

Ineachperiodwe havemade changesand improved the qualityofthe data.In

the firstrunningperiod,from June 1987 to February 1988,a sample ofabout

10,000fullyreconstructedcharm particleswas obtained.In thesecondrunning

period,from Februaryto August 1990,about 5 timesmore data was collected.

Inthe thirdrunningperiodfrom June 1991 toJanuary 1992 an equalsample

to the second running period was obtained. The second and third running

periods form a dataset containing 100,000 fully reconstructed charm particles

"_ decayingintoallchargedfinalstates(includingthosewit!,neutralvees)and

-," a large sample of states with x°'s. These charm particles allow us to explore
charm spectroscopy at a level never before achieved.

i As we look towards the future we believe that we are able to increase our

yield of charm particles yet another order of magnitude. The increased statistics

will allow us to improve many programmatic measur,-.men_s and push limits or
hopefully observe signals on topics which would indicate new physics. We believe
our principal competition will be from CLEO and possibly from other fixed
target experiments. The cleanliness of our signals and the ability to accurately
measure particles' lifetimes make this experiment unique. We believe that we

understand the dynamics of photoproduction and the large samples already ia
hand allow us to predict with confidence what we can achieve. Our goal has been
set to obtain a sample of about one million fully reconstructed charm p_rticles,
which is one order of magnitude higher than that obtained in the current run
ofE687.

This document isorgani_edaafollows:SectionI presentsthephysicsmoti-

vationforobtaininga verylargesampleof charm particles;Section2 presents

method forachievingthe higherphotonfluxes;Section3 describesthe modifi-

cationsand upgradesto thespectrometerthatare neededto har.dlethe higher

intensity(tb_sincludesa discussionofchangesto the detector,data,acquistion

system,and trigger);Section4 describesadditionalpossibleupgradesthatwill



improvetheoverallefficiencyfor reconstructingcharm decays;Section5presents

estimatesof the computer resourcesrequiredforofflineanalysisof thislarge

da*.aset;Section6 explainsthe beam requestand runningconditionsforthe

experiment.Insome cases,inthisdocument, we listseveraloptionsorpossible
approachestoa technicalproblem,ltshouldbe noted thateachtechnicalprob-

lem whose solutionisessentialforthesuccessoftheexperimenthas atleastone

solutionthatwilldefinitelywork and thatcan be implemented at reasonable
cost.
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1 Motivation for a High Luminosity Investiga-
tion of Heavy Flavors

The subjectofcharm spectroscopyisnow 15 yearsold.However,therearcstill

many areasin which our knowledgeisratherlimited.Informationhas been

accumulatedslowlybecauseofthecomplexityofthe finalstates,thesmallness

ofthe crosssections)the smallsizeofthe branchingfractions)and the large

backgrounds.A major goalof the experimentproposed hereisto investigate

the open issuesin the standardmodel of charm spectroscopy.For example,

thisexperimentisuniqueinitsabilityto study charmed baryons)and should

be a major contributorto thestudyofD°-/)° mixingand semileptonicdecays.
These and other"programmatic"studiesarediscussedbelow.We alsolistareas

where itispossibletosearchfornew physics,beyondthestandardmodel.These

searcheswillemergeasa by-productoftheprogrammaticinvestigationsand will

be referredto)followingI.Bigi[l],as High Impact Physicsstudies.

1.1 Programmatic InvestigationsofCharm

1.1.1 D°-D ° Mixing and Doubly-Suppressed Cabibbo Decays

In the Standard Model) the classicmechanism formixing isthe box-diagram.

PredictionsforD°-D °mixingaretiny[2])oforder10-6)and would be unobserv-

ableby any existingor projectedexperiment.However) ithaz been observed

that,forthecharm quark)thebox-diagramthatcontributesmost involveslight

quarks_ sand d.As aresult,longdistanceeffectscouldbeimportant)and final

stateinteractionsmay have to be takenintoaccount[3].A recentcalculation,
whichmaintainsa relativelyclosecontactwithexistingmeazurementa)predicts

a mixingparameterrof5 x 10-314].Mixingatthislevelwillbe measur©ablein

theproposedexperiment.

D°-D ° Mixingisstudiedintheexperimentby examiningthe ratio

WS
= CD'+-. D°_+-- (r+_-)_+ =__ (1)

(D*+ ----D°_"+--. (K- x+)_-+ RS

in absence of ali backgrounds we can parameterize the right sign,(RS), and the

wrong sign,(WS), signalsas

e-t/ro
RS(O=./(0 (2)

,rD

and

. . ffle-q TM

WS(Q ._, r n f(f) "_n + DCSD f(f) e '/r: ° (3)

where f(f)isa Monte Carlo efficiencycorrectionas a functionoft,n isthe

number ofrightsignevents,and 1"z)isthel[f'etimeofthe D o meson.



t'sin_ data from the 1988 run and a portion of the l'J._t} run E687 has oil-

tallied a limit off < U.0034 at 90_o CL. This is slightly better than the previous

limit of E691. Presuming that we are able to understand the backgrounds the

limit could be lowered to at least r< 0.001 at 90°_ CL ustng the existing E687

data. With this experiment we would certainly improve the World Limit an-
other factor of _ and it might be possible to achieve a factor oi" 10 or even

observe mixing. Our sensitivity should be below the theoretical limit mentioned

above[q] of 0.0005.

The associated topic of doubly-suppressed Cabibbo decays will also be ad-

dressed. These decays have branching fractions relative to the allowed decays

,_f taR't(8,) and should occur at roughly the 0.25 x 10 -2 level. E691 recently

published a possible observation of the doubly-suppressed decay D "v --. _bK*..

If this is a real signal, then E687 should have possibly 50 such decays and

this experiment should have several hundred decays. In E687 we have also

searched for a doubly-supressed decay of D + ---. K_-r-a "_ obtained a limit of

rt D*-- A',',r 7,r* 1
r(o--_'-,_,-,.*) < 0.01 at the 90%CL. The best previous limit is from Mark I
and is 5 times larger. This experiment should observe several doubly-suppressed

Cabbibo decay channels.

1.1,2 Semileptonic Decays

Semileptonic decays are interesting because they are easier to interpret theo-

retically than hadronic decays. There are several important measurements to

be made. From measurements of semileptonic branching ratios, the proposed

experiment could determine the CKM matrix element [Vr°[ to 2% and the ratio

of elements ll,_,J/[V, dJ to 4%. In fact, the measurements of this experiment are

likely to be limited by theoretical and systematic errors. The form factors for

the D °, D ., and the D_+ mesons will be determined. An interesting theoretical

advance by Isgur and Wise{5] shows that measurements of charm form factors

can be used to predict beauty form factors. The polarization oi" the W in D °

D* , and D_ decays will be measured, and interference effects, such as those

between the K'(890} and K'(1440), will also be investigated. Finally, it will be

possible to study the semileptonic decays of charm baryons.

The accuracy to which such determinations of the weak mixing parameters
can be made depends on the correctnessof the theoreticalmodels used to cal-

culate weak current mix.ingelements. These models willbe improved as better

data becomes available.In a recentreview article[6]of charm mesons the largest
deviation from the Standard Model wa_ claimed to be the ratioof D -, K'e+v

to D ---,Ke+v. The accuracy of course also depends on the experimental sta-

tisticaland systematic errors.

First we address the issue of how well the CKM, JV,,[ and [V,_[ can be

determined through the decays of charm particles. Historically, Jl_dJ, has been

obtained from neutrino and anti-neutrino measurements off valence d quarks.

The best measurement[7] determines tVc.,J = 0.21+0.03. This measurement is



Table i: Selected Semileptonic Decays.......

Mode Branch Ratio Exp.
(%)

D ° __.,e+X 7.5+1.1±0.4 MkIII[9]

D + _ e+X 17.0+1.9+0.7 MkIII[9]
.-,K-e +v, 3.84-0.54-0.6 E691{13]

3.4+0.5+0.4 MkIII[10]

3.8+0.3-}-0.6 CLEO[12]
3.94-0.37:0.7 ARGUS{a]

D ° ---, K- _+ vr 2.5+0.4+0.5 E653[I I"
q-o 2s

£)o.._,v-e+v, 0.39 o:xt+0.04 MkIII[9'

Table 2: Number ofD o ReconstructedDecays

--DecayChannel Br Events CKM Element

K-l+v 0.034 to,ooo Ivo,l
v-l+v 0.004 1200 [Vc._l

K'-l+v 0.06 1090 IVc.l
p-l+_ 0.004_00 IVo_l

dependenton the productioncrosssectionforD o and D +.charm mesons.The
measurement isfurtherdependenton the semileptonicbranchingratiosand the

fragmentationfunctionofeachcharm particle.
Table I listssome ofthe semileptonicdecay channelswhich have been de-

tected.The inclusiveD measurementsaxedeterminedby Mark III[9].The result

from E653[11]usesan inclusivebranchingfractionof D o ---*e+X "-7.74-1.1%
and a D o lifetimemeasurement of(4.284-0.11)x10-1Ssec.As can be seenthere

ismuch work tobe done.

In table2 we presentthe estimatednumber ofeventswe willaccumulatein

thisexperiment.

In figure 2 we present a signal for D O ---*K- b*v from a partial sample of E687
data. It is clear that a remarkably clean signal is observed. E687 measures the

ratio r(D ° -, K-e + v.)/r(D ° --' K-x+) and could use the Mark III branching
fraction[9] of B(D ° ---*K-x +) - (4.24-0.44-0.4)% to obtain their measurement
of the absolute branching fraction. In addition, the D O lifetime is used to deter-

mine the semileptonic partial rate r(D ° --- K-e+v.). Finally, the partial width
is related to the matrix element and form factor as follows: r(D ° ---*K-e+v,)

= lV,,121/+(0)121.s2xI0'%-x.where I/+(0)Jistheformfactorevaluatedat
thefour-momentum transfert equalto zero.

Thus we seethatinorderto measure matrixelementIV¢,Ito the2% level,

fourvaluesneed to be determinedto betterthan 2%. First,sufficientnumber

ofeventsmust be obtainedinthechannelD o --*K-e +vr.Thisfactorisaccom-
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plished with 10,000 events. Second, the D O lifetime needs to be determined to

to about the 1% level. This requirement also poses no difficulty as the lifetime
is presently measured to 2.5% and E687 will measure it better than 1% by the
time this experiment is run. Third, theory is imposed to calculate the form
factor. More data can be used to show that the form factor follows a single pole

description, but more input from theory is needed here. Fourth, the absolute
branching fraction has to be determined to better than 2%. Presently, it is only
measured to 10%. A better value is required. E687 will measure the absolute
branching fraction to better than 7%. This experiment will attempt to measure

the absolute branching fraction to 2%. (See section 1.2.1)
A measurement _hich is independent of a precise determination of absolute

branching fraction is the relative measurement of RAT, where RAT = F(D ° -.

wo

IVo,,/v,.I= RaTx (4)
The statisticaluncertaintyissuchthatthevalueofRAT willbe known toabout

4%. The major uncertaintywillbe how wellthe form factorscan be determined.

A significantsystematicuncertaintymay alsobe how wellthe D ° -- a'-e+v,

decaycan be identified.There isbackground from 19o -, K'-e+v, when the

K ° is missing and also from D O --, p-e+v, when the 7r° is missing from the p-
decay;howeverboth stateswillbe independentlymeasured sothatan accurate
subtractionismade.

1.1.3 fr)- the Pseudoscalar Decay Constant

The simple.stofallweak decaysarethepureleptonicdecaysofcharmed mesons.

The decay probabilityisin principlewelldescribedby the standardmodel of
weak interactionas

tcp+--. = ,,0 (I- Cs)

Ifthefullyleptonicdecayofthe D + iscalculated,thenthe IV¢,[issubstituted

forIV_aland the D + mass issubstitutedforthe D + mass. In the formula,GE

isthe wellknown fermicouplingconstant,mn isthe mass of eitherthe D +

or the D +, rn_isthe mass of the lepton,and [Vcd[& IVc,[axe CKM matrix

elements.The valuefr)describesthe effectof the stronginteractionon the
charm meson-W coupling.

The weak decayconstanthas beencalculatedby severaltheoristswithresults

thatfr)isabout 200 MeV and and/z), isslightlylargeraround 230 MeV. By

measuringthe leptonicbranchingfractionand by knowledge of the D meson

lifetimeand theCKM matrixelementsIV,,[ and [Vca[, theweak decayconstants

oftheD mesonscan be determinedexperimentally.At thistimeno experimental

measurement ofthe weak decay constantsexists;however,MARK IIIhas set

an upper limitfor.lDof290 MeV.



Table 3: Calculated Leptonic Branching Fractions

-Decay Rate (aec-I) BranchingRatio
D + -.-,r+U_ 8.5x 10s 8.8x I0-4

D + --,/_+v_,3.3x I0s 3.5 x i0-4
D + --.e+u, 7.6x 103 7.9 x 10-9

i D+ 8.6xlo 3.8xlO
D + ---,_+u_ 9.0x 109 4.0 x i0-3

D + -.e+uc 2.0× l0 s 9.0 x 10-s

The tablebelow displaysthecalculatedleptonicdecayrateand theexpected

branchingfractionsassuming /D --200 MeV and .lD,- 230 MeV, and with

IVce[= 0.22and IVc,l= 0.97.The April1990ParticleData Book lifetimevalues
forthe D + and D_ are usedto compute the branchingratiovaiues.

Due to the V-A structureoftheweak interaction,the electrondecay ofthe

D mesons isverysmall.The muon decay channelisalsohelicitysuppressed

relativeto the I"decay,but due to the limitedavailablephase spaceitisnot

suppressedby as much asone might have guessed,ltisalsoworth notingthat

theD + ---,ruz branchingratiois40 timeslargerthesame mode forthe D +, b_t

theD + _/m_ branchingratioisonly10 timeslargerthan thatdecay channel
ofthe D +. When the relativeproductionofthe D + to the D + isconsidered,

thenthe fullyleptonicdecay ratetomuons isfound to be roughlyequalinour

experimentforboth the D + and the D +. The fullyleptonicdecayto _"leptons
isstilldominated by the D + decays.

From theabovediscussionitisobviousthatinordertomeasurefullyleptonic

branchingfractions,one has tobe abletoseparateD + from D + decays.
Sincethebranchingfractionsareso small,the background channelshave to

be carefullyexamined. Clearly,the largestbackground contaminationto the

fullyleptonicdecayswillbe from semileptonicdecays.Infact,the semileptonic

branchingfractionsaremuch largerthan thefullyleptonicbranchingfractions.
With enough statisticsitshouldbe possibletoobtaina signalofD -. _ u_

inclusively.Thiswould be accomplishedby takingallmuons and electronswhich

missthe primary vertex.By subtractingthe "missed"electronyieldfrom the
"missed"muon yield,thereshouldleavean excessofdesiredmuons. However,

becausethesemileptonicdecayrateis20-200timeslargerthanthefullyleptonic

decayratethisisimpractical.A much bettertechniqueisrequired.

We have investigatedin Monte Carlo the use ofthe wellknown D +" - D +

mass difference.Specifically,we use D "+ --*z'°D+ and beginby reconstructing

the x° and by identifyinga muon which isdetachedfrom the primaryvertex.

By requiringa pizerofrom theD* -D decay,the D + decays are eliminated.

We are presentlystillstudyingthischannelin the E687 data. We have been

investigating5 variableswhich aidinisolatingD + _/_v_ decaychannel.These
variablesare the energyof the muon, the transversemomentum of the muon

10



Table 4: D'" Status
State Channel Mass Width Exp.

D _2420)o D'+_r- 24284-34-2 20 CLEO[18]
24144-24-5 23 ARGUS[19]
24284-84-5 13 E691[17]

DI(2440)+ D'%r + 24434-74-5 41 E691117]

D2(2460) o D'+Tr - 24614-34-I 20 CLEO[18]
24554-34-5 15 ARGUS[20]
24594-34-2 20 E691[17]

D_(2470)+ D%r+ 24694-44-6 23 ARGUS[21]

D._(2536)+ D-+K o 2536.64-0.74-0.4 <5.44 CLEO[18]
2435.94-0.94-5 < 4.6 ARG US[22]

withrespecttothebeam direction,thetransversemomentum ofthe muon with

respectto the x° direction,the impactparameterofthe muon at the primary

vertex,and finallythereconstructedenergyoftheD dividedby thepionenergy.
ltwould be prematuretomake a predictionofhow many eventswe might

observe,but itislikelythatwe willproduceon order10,000D + "*_v_ decays.

1.1.4 D*" Spectroscopy

Here the effortwould be tostudy and identifyallD'" (P wave )statesand to

categorizethe states.As thetotalspincan be 0 or i,thisleadsto the possible
statessp2,sP1,1P1,and sP0. The paritiesof thestatesare allpositiveoweing

tothe odd angularmomentum. The decaysone studiesare D*Irand D1r.

The D;" stateswillalsobe interestingand willbe investigated.At the

presenttimetheD*" spectroscopyneedsnew data.The World dataispresented
in Table 4.

The Particle Data Group(PDG) reports that the spin and parity of all these
states need confirmation. The states at a mass of 2440 McV/c 2 and 2470

MeV/c 2 have been omitted from the PDG summary table as too weak. Much
more work is needed in pinning down the L-1 charm states. With one order of

magnitude more data, this experiment should significant contributions.

1.1.5 Baryon Spectroscopy and Lifetimes

The observation of charmed baryons requires large statistics and good particle
identification. In addition the experiment must have excellent ability to recon-

struct hyperons. The proposed experiment will be unique in its abilites to study
charmed baryonspectroscopyand decay.

At present,E687 has reconstructedmany differentdecaychannelsoftheA +.
Some of thesechannelsare displayedin figures3-5. Charmed meson decays

11
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Table 5: Predicted yields of charmed baryons
State Decay Estimated Events

Ac(cud) I>-k-_" 10,000
Ee(cuu) add _'+ 150

Ec(cdd) add Tr- 300

Zc(csu) Z-Tr+Tr+ 1,000
Zc(csd) _.-_r+ 400

_¢(css) f_=Tr+ 200

appearto proceedmostlyviatwo-body decays.From the limitedinformation

on charm baryondecaysthisdoesnot appearto be the case.Scalingfrom last

run where we havereconstructedmore than I000pKTrA+ decays,itisexpected

thatI0,000Ac+ decayscan be obtainedfrom thisproposedrun and maybe a

few hundred l>-Ir- _"and _K-K events.The experimentshouldalsostartto

examine the semileptonicdecaysofthe A+.
Anotherissueistherelativelifetimesofcharmed baryons.The lifetimeofthe

Ac+ ismuch shorterthanthelifetimeofcharmed mesons.Thisispresum,_.ydue

tothe factthatthedecaysproceedprincipallyvia the W + exchangediagram,

sinceforbaryonsthisdiagram isneitherhelicitynor colorsuppressed.There

are two lifetimepredictions[23]thatdifferon whether the A_ lifetimeisless
than or greaterthan the -_eand the f/e.Reliableestimatesforthe number of

reconstructedeventswe would obtainforthesestatesare possiblebecausewe

axealreadyobservingthe statesin E687. Figure6 shows the _e° mass plotof

the invariantmass of _-_r+ whileFigure7 displays3 decay channelsof the

_-+ LastlyFigure8 presentsa mass plotofn-_r+ which isconsistentwiththem=_C •

expectedmass ofthen°.ltissurprisingthatE687 has observedthef/o,however

due to excellenthyperon reconstructionthe stateisseenwithoutrequiringa

separationfrom theprimaryvertex.

ltseemslikelythatthelifetimesformany ofthesestateswillbe shortenough

thatour resolutionwillnot be abletoaccurately(_ 10%) determinethestates

lifetime.An orderof magnitude more data willallowa much more accurate

measurement which willput importantconstraintson models.

In additiontojustmeasuringlifetimesand massesof thesecharm baryons

theexperimentwillsearchfor excitedbaryonswhichdecay hadronicallytothese

ground statebaryons.We expectto observeexcitedcharm baryonsas wellas

possibledecaysofdoublycharmed baryons.Intable5 we estimatethepredicted

_" yields of charm baryons to be observed in this experiment.
From the table it seems that the experiment will make a major contribution

- in addressing baryon lifetime questions and in determining the baryon mass
spectra.

15
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1.1.6 Charm Photoproduction Dynamics

Althoughthisexperimentemphasizesthestudyofcharm decayprocesses,there

isa greatdealofinterestingcharm photoproductionphysicswhich we can ad-

dresswithour anticipatedyieldof I millionfullyreconstructedcharm events.

We areparticularlyexcitedabout the possibilitiesofmaking detailedstudiesof

charm photoproductionusingeventswith2 fullyreconstructedcharm particles.
The physicsemphasisof suchstudieswould include:

• Testsofcharm particlespeciescorrelations.For example, how oftenare

baryon-antibaryonpairsproduced?Are D + mesons made withassociated

L_°mesons and kaonsor aretheyusuallymade as D, - /9,pairs?What
additionalparticlesarecreatedatthe charm primary vertex?

• TestsofCharm dressingand gluonradiationphenomena. Intheabsenceof

dressingand/orgluonradiationeffectsphotoproducedcharm mesons will

carryessentiallyallofthe photonlab energyand willbe fullyacoplanar

(back to back transversely)with the incidentphoton. Measurements of

thecharm-charm acoplanarityand fractionofthe incidentphoton energy

carriedby charm-_ pairservesas a directmeasurement of dressing

and gluonradiationeffectswhichcan be compared totheoryand standard

Monte CarlosimulationssuchasLUND. The theoreticalacoplanaritydis-

tributiondue tomultigluonradiationhas been computed[26]forthe case
ofcharm hadroproduction.

• Testsofthe validityofthephotongluonfusionmodel. A powerfultestof

thismodel involvesmeasurement ofthe angulardistributionbetween the

charm particleand the photon inthe charm-charm centerofmass. This

distributionisexpectedto become more forward-backwardpeaked with

increasingcharm-charm mass as tand u channelpolesofthe underlying

partonicmatrixelementapproachrealisation.

• Measurement of the gluon structurefunctionof the nucleon. In the

photon-gluonfusionmodel,the crosssectionforcharm photoproduction

isdirectlyproportionaltothe gluonstructurefunctiong(¢)ratherthan a
convolutionovertwo structurefunctionsasisthecaseinhadroproduction.

The gluonstructureofthenucleoncontrolsz distributionofcharm event

where z issquareofcharm-charm mass dividedby the overallcenter-of-

mass energy.We anticipatemaking directmeasurements ofg(z)overthe
range 0.03.< z < 0.25.

Using about i/2 of the E687 data set,we have recently[27]obtaineda very

cleansample of200 eventswithtwo fullyreconstructedD's decayingintothe
finalstatesD* _ K-Tr+ , K-_r+_r+_r- and D + --_ K-Tr+x + finalstates.

Thissample isabout an orderofmagnitude largerthan previouspublishedof

fullyreconstructed,photoproducedDD events[28]In the nc.xtexperimentwe
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anticipate a 5000 event sample. The DD signal and some of its properties which
bear on charm production dynamics are illustrated in Figure 9. This signal has

been augmented with a 2000 event sample obtained from 1/2 of the E687 data
set where a fully reconstructed D was found recoiling against a kinematically
isolated _r from the process D ° -, _rD. This sample allows one to perform many

of the same production dynamics studies as the fully reconstructed DD sample
since the kinematically isolated _r's momentum can be suitably scaled up to
provide an accurate estimate of its parent D "+ momenta.

1.2 High Impact Physics

1.2.1 Absolute Branching Ratios

We believe that it will be possible to obtain competitive measurements of abso-
lute charm branching ratios in this experiment using the decay D "t ---, _'_'D °
where presence of a photoproduced D ° can be inferred by kinematically tagging

the decay pion (which we will call the _'). The fraction of times that a _"tagged
D° is observed to decay into a given final state serves to measure its absolute
branchingratio.

The D "+ ---,lr+ D ° taggingtechniqueexploitsa Pt and charge-charmcor-

relationbetween the D "+ decay pionand the recoiling,anti-charmedparticle.

Becauseofthe low Q valueforthe processD "+ ---,7r+D°,the decay pion will

havea labmomentum nearlycollinearwith the parentD "+ but diminishedby

roughlytheratioofthepionmass overthe mass oftheD "+ ora factorofabout

1/13.8[24]. Because the Pt's of photoproduced charmed and anticharmed par-
ticles are expected and observed[25] to balance to within few GeV) one expects
thattrue_"sshouldclusterat smallvaluesof

relative to the /_(r) momentum carried by the observed, recoil anti-charmed
particle.

We have searched for the expected _" correlation in our 1990 data where we

have use a large, clean sample of reconstructed recoil charm candidates (.See Fig.
10) decaying via: D ° --. K-z "+ & K-_'+_r-z "+ and D + ---, K-z'+z "+. Because
of their ease of reconstruction, low background contamination, and relatively

large branching ratio's, we will call these 9olderL mode charm decays.
We look for _"events among those tracks which are in the primary vertex[29]

forthe eventswith a reconstructedcharm particle.The recoilcharm particle

must liewithin2a of itsnominal mass. Equal width (normaliv.ed)mass side-

bands are used to subtractrecoilcharm background. Figure10 isshows A=

distributionforthoseprimary vertextrack5subjectedto the cut Ay < 1 GeV.

The pointsjoinedby the upper solidcurve correspondto "rightsign"tracks
which have an electricalchargeequaland oppositeto the charm of the recoil

charm particle.The pointjoinedby the dashed curve correspondto "wrong
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sign"tracks.A clearexcessofrightsignoverwrong signtracksisobservedat
A=_0.

2 2

FigureIIcomparessubtracteddistributionsofthevariableA_ -'-Az +Ay for
tracksinthe primary vertexagainsta recoilcharm particle.The upper points

are rightsigntracks,the lowerpointsare wrong signtracks.The two curves

(rightsignsolid,wrong signdashed) are simulatedLUND - Pythia- Jetset

Monte Carlo[27]A_ distributionsnormalizedto the same number number of

inclusiveD's shown in Figure10. There isreasonableagreementbetween the

absolutelyvormalizedMonte Carloand data inboth the anticipatedleveland

shape of the wrong sign_"background. The /xc2 distributionforrightsign
_"tracksissomewhat broaderin datathan inMonte Carlo.This eITectisalso

observedinFigure12forthe l_6tldistributioninfullyreconstructedD- D events.

Presumablytherealworldhassomewhat more severedressingeffectsthanthose
simulatedinMonte Carlo.

_'hegeneralagreementbetweendataand Monte Carlohelpsbolsterthecase

thatthe @ eventsareindeedtagsforD *+ and can be used toprovideabsolute

neutr_ D branchingratios.

Sincethe _ sample isobservedto be 10 % ofthe inclusiveD sample,P831

shouldproducea huge (_ 50000 event)_"sample which can be used to study
t_e_gingsystematicsand backgrounds.The primary sourceoferroron absolute

i,;ranchingratiomeasurement usingthe softpion techniquewillbe statistical.

The softpiontechniquerequiresthatboth thecharm and anti-charmparticlein

a giveneventarefullyreconstructed.The reducedacceptancefrom requiring2

D'sand additionalbranchingratioswillresultina considerablysmallerexpected

D - D sample than thatforeitherthe _ or inclusivegoldenmode D sample.

Because,the relativebranchingratioofthe differentD ° goldenmodes willbe

'_:neasuredtohighstatisticalprecisionfromtheverycopiousinclusivesample,the

fractionalerrorcommon toeachabsolutebranchingratiowillbe thefractional

erroron the totalnumber of goldenmode D D eventsof eventsof the form:

DO "+ --,D(x+D°). We can estimatethisnumber usingour experiencewith
E687.

Inthe 1990 data ofE687, we observeda yieldof200 reconstructedD -

eventsintothe threegoldendecay modes K-_r+z"+ ,K-z "+ and K-x+_r+Tr-.

Scalingup by theanticipatedluminosityforP831 we expecta 5000eventsample

withboth a reconstructedgoldenmode D and L).About 62 % oftheseevents

willhave a cleangoldenmode D ° recoilingagainsta goldenmode D ° or D +.

About 20 % ofthe eventswith a goldenmode D ° willactuallyoriginatefrom

D "+ ---,_r+D°decay[30]withan accepted,reconstructible_r+. Hence about 620

eventsor 13 % ofthe 5000 eventtotalD -D goldenmode sampleisusablefor

purposesof measuringabsoluteneutralD branchingratioswhich impliesa 4

% fractionalerroron absoluteD branchingratioswhere onlythe threegolden
modes areconsidered.

The inclusionofadditionaldecay modes willof coursefurtherreducethe

fractionalerrorbelow theprojected4 % estimatefrom P831 usingjustthegolden
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modes. We estimatethatasmuch as a factoroftwo reductioninthisfractional

errorwillbe possiblethroughtheuseofadditionalcharm decay modes. Baryon

and D + decayscan be used alongwith goldenand non-goldenD decaysto

increasethe number of _"tags. The absolutebranchingforadditional,non-

goldenD °decayscan be includedina globalfit(usingwellmeasured branching
ratiosrelativeto the goldenmodes) to improve the absolutebranchingratio

measurementforallneutralD modes. Sincethe _"taggingmethod requiresthe

presenceofa D', a particularlyusefulcl_sofadditionalneutralD's aredecays

intofinalstateswithasinglemissingneutralparticlewhich can be reconstructed
exploitingthe favorablekinematicsof D ° ---,D°Tr+ decay. Examples include

D ° ---,K-Tr.a"°(withroughly3x theK-Tr+ branchingratio)and D ° --.K-l+v

(withabranchingroughlyequaltothatofK- x+ forboththe _+ and e+ decay).

Very cleanD* - D mass differencepeak signalscan be obtained[31]forthese

decaymodes by usingtheD flightdirection(measuredby the linebetween the

prinaryand secondaryvertex)and the D mass constraintto correctforthe
momentum ofthe missingneutral.

Usingthe1990datasampleofE6S7,we havedemonstratedthatitispossible

to tag neutralD's by taggingthe pionfrom D *+ ---*DOa.+ decays. We have

alsoobtaineda sample ofabout 200 fullyreconstructedD, D decaysintothe

threegoldenmode_: K- _r+ & K- x+_r-a"+&K- x+x +. Scalingup our previous

resultsby the anticipatedluminosityof P831, we shouldobtaina fractional

erroron absolutecharm branchingratiosof 4 %. We believethatitwillbe
possibleto improve thisfractionalerroras much a_ an additionalfactorof 2

by consideringadditionalcharm specie_and charm decaymodes. We expectto

producea new measurement with complementary systcmaticJwhich ishighly

competitivewiththeexistingmeasurementsofcharm absolutebranchingratios.
The presentnumbers aredominatedby recentmeasurements from ALEPH and
oldermeasurementsfrom MarkIIIwhicheachhavefractionalerrorson absolute

charm branchingratiosin therange 12-15%.

1.2.2 CP Violation

lthasbeen shown [33]thatCP violationsinthedecay ofcharm mesons may be

sign;.:icantlyenhanced overnaivee.xpectactions,withoutrequiringnew physics

inadditionto the standardmodel. The enhancement isdue to stronginterac-
tions.The signatureforCP violationwould be an asymmetry inthedecayrate

ofa Cabibbo suppressedmode and itsCP conjugate:

r(D-.,fca) --. cs) (6)
Cabibbo suppressedmodes arerequiredbecause,inordertoexhibita CP asym-

metry,theremust be two independentamplitudesthatcontributeto thesame

finalstate.In addition,finalstateinteractionsmust inducea strongphaseshift

between the two amplitudes[32]Charm decaysare thereforeideal,sincethey

exhibitsignificantfinalstateinteractions.CP violatingasymmetriesof a few
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percent are possible i. the standard model !33]. If new physics is introduced into

the standard model (extra Higgs multiplets, tor example), then asymmetries as
large as 10'7o are possible [32]. This experiment will be sensitive to asymmetries
of a few percent in at least two decay modes, and will be sensitive to a 10%

asymmetry in at least three modes. In this section, we will first discuss in detail
a search for such a decay rate asymmetry, then briefly mention two additional
CP violation search strategies.

We will use the following three "high statistics" Cabibbo suppressed decay

modes (and their charge conjugates) to search for a CP induced decay rate
asymmetry:

D . -. K+K-r . (i) (7)

D ". -. a'+D°; D o -. K+K - (ii)

D "+ --, _r+D°; D O ---.w+a "- (iii)

In reactions (ii) and (iii), the sign of the bachelor pion in the D" decay tags the

neutral D as either a D ° or a We will refer to these as "D'-tsggcd" D °
decays.

Consider for the moment reaction (i). If equal numbers of D + and D-
mesons are produced, then the CP decay rate asymmetry is:

r,O+--K +K-f*I-PlO---K*K-,,-,.4cp(KKn') = ]"(D+-..,K+K-_r+ +P D--..K+K-tr-_

- { (s)-- N(D¢--,If+K-t+)+N(D---.K+K-_r

where N(D + --. K+K-r +) is the number of reconstructed decays, measured by
fitting the mass plot of appropriately selected K + K-zr+ combinations. Similar

asymmetry parameters, Acp(KK) and Acp(a'a'), can be defined for reactions
(iii and (iii).

lt is not necessary to assume equal production, however. The relative
D*/D- and D'+/D "- production rates can be determined using the Cabibbo
favored decay modes:

n+ -. (iv) (9)
D '+ --. a'+D°; D O --. K-zr + (v)

D "+ -- =+DO; D o -. K- Tr+Tr- zr+ (vi)

and their charge conjugates. These decay modes will not exhibit a CP induced
rate asymmetry in the standard model. Since these decays are each roughly an

order of magnitude more plentiful than the Cabibbo suppressed modes above,
their contribution to the uncertainty irt Ace will be small Using reaction (iv)
to correct (i) for the measured D+/D - production rates, one obtains:

.¢cp(KKzr) = rr(D+ -" K+K-r+)- n(D- -' K+K"zr--') (10)
_(D+ --.K+K-Tr+) + q(D- -. K+K-zr-)
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Table6: ProjectedAsymmetry Measurement

i Decay Mode # Reconstructed cr(Acv) 90% CL Upper Limit [
KK_ 15000 1.7% 2.8%

KK 5000 2.9% 4.8%
_rf 1500 5.2% 8.6%

where
N(D + -.,K+K-_r +)

_(D + -_ K+K-_ +) = N(D + -. K-_+w+)

A similar changefor-theD'-taggedmodes is necessary,where

N(D ° .-,p+p-)

'/(DO-' P+P-) = N(D o ...,K-w+) + N(D ° -. K-_r+x-x +)

and P+P- = K+K-,Ir+_r -.

Auuming we achieveour goalof10sreconstructedcharm decays,we willob-

serveapproximately100,000D*-taggedD°/"D° _ K _r±, K _wew- w+ decays,

and 250,000 D ± --*Kq:Ir±Ir_ decays. Table6 shows the number of recon-
structedKKx and D'-taggedKK, Ir_reventswe would expect.The tablealso

shows the resultingerrorin the asymmetry measurement, and the 90% con-

fidencelevelupper limitwe would seton IAcp[ foreach mode ii"we saw no
effect.We have includedinour errorcalculationtheassumptionthatthe mass

plotstreedto fitforthe number ofeventsineachdecay havea signalto noise
of about 1:1.Our estimateseorthe number of eventswe willreconstructare

allscaledfrom signalsalreaclyobservedby E687, with theexceptionofthe _r_r

decaymode. Note thatthestrongphaseshiftdue tofinalstateinteractionswill

most likelybe differentforthe threemodes,sothateachmode isnot necessarily

expectedto exhibitthe same asymmetry.

The systematicerrorsin thiJmeasurement shouldbe negligible.For the

D*-tagged modes, system_ticawould have to be due to a chargedependent
efficiencyforfindingthe bachelorpion. A similarsystematicerrorwould also

be neceamaryforthe D + decay modes. Such a systematicerrorshouldbe very

small,and in any caseitwould have to be presentforthe Cabibbo suppressed

modes, but not forthe Cabibbo favoredmodes,which seems unlikely.

There aretwo additionalmethods [32]we willusetosearchforevidenceofCP

violationin charm decay.The firstistolookfora timedependentasymmetry

in decay modes (ii) and (iii), induced by DO -_-o mixing. X search for such
an asymmetry is very similar to a search for mixing. An observable asymmetry

requires the existence of both mixing and a CP violating difference in the decay
amplitudes. The second method involves looking for CP asymmetries in final
state correlations of the decays of charm mesons to two vector particles, such
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Table7:Limitson Rare D Decays

Decay Mode Type ofTest Limiton 90% CL [ Expcrimen_
D + --,7r+e*e- FC < 2.5x 10-.3 i Mark2

D + ..-.7r+_+_- FC < 2.9x 10-3 CLEO
D+ --.7r+e±e_: LF < 3.8x 10-3 CLEO

D+ _..K+e+e- < 4.8x 10-3 Mark2

D + .__K+_+_- < 9.2x 10-a Mark2
D + -.. _--e+e + L < 4.8x 10-s Mark2

D + --._r-_+_+ L < 6.8x 10-3 Mark2

D + --. 7r-e+_ + L < 3.7x 10 -3 Mark2
D + --. K-e+e _ L < 9.1 x 10-s Mark2

I_o --.e+e- FC < 1.3x 10-4 MKIII

D o --._,+_,- FC < I.I× 10-s E615

DO --. _±e_: LF < 4.1x 10 -s E691
Do--, K°e+e - FC < 1.7x I0 -a MKIII

DO -._+e- FC < 4.5x I0-4 CLEO

Do -.p_+_- FC < 8.1x 10-4 CLEO

as D + --, K'°K'+. For example, one could investigate the triple cgrrelation:

CP violationwould manifestitselfasa non-zerosum of6'+ and 6'_ (C_ isthe .. ,.

triplecorrelationfortheCP conjugatedecay).

1.2.3 Rare and Forbidden Leptonic:Decays

These decayshave sensitivitytonew kindsofphysics.While itisverydifficult

tocompete with the severeupper limitswhich have been setby Kaon decays,

therearesuperstring[34],lepto-quarks[35],and technicolor[36]models in which

largeflavor-changingneutralcurrenteffectswould be presentin charm decays,
but not in kaon decays.

The searchesinthisexperimentshouldsignificantlylowerthe limitsofcharm

decaysto leptonsintwo and threebody decays.
In table7 a listoflimitsare tabulated.A more complete listingof limits

and referencescan be be found the the latestPDG particlesummary book.

Followingthe PDG group we refertoflavorchangingneutralcurrentas (FC),

leptonnumber violationas (L),and leptonfamilynumber violatingas (LF).
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2 Options for Obtaining Higher Flux

We can increasethe number of recon:'tructedcharm eventsby improvingthe

efficiencyand acceptanceof the spectrometerand by speeding up the data

acquisitionsystem (todecreasedeadtime).However, the _pectrometeralready

has a ratherlargeacceptanceand good ei_ciency.One can imagineupgrades
thatwillyielda factoroftwo gain.At leasta factorof 5 gainmust,therefore,

come from increasedluminosity.There are severalapproachesto achieving

higherphoton intensity.After a briefsummary of the beam performanceto
date,we discusssome of theoptions.

2.1 Performance ofthe Wideband Beam

The Wideband beam underwent two upgradesforthe 1990-1991run.The first,

thereplacementofthe berylliumproductiontargetby a liquiddeuteriumtar-

get,resulted in an increase in flux by a factor of 1.5, close to the 1.65 that was
expected; the second, the use of the positron flux to create photons, resulted in
an increase in flux Of about 1.5. However, the positron beam had much more

"hadronicbackground"than we expectedand was neverfullyutilized.We in-

vestigatedthishadronicbackground from two directions.One effortinvolved

developinga triggerthatrejectedthehadronicbackground on thepositiveside.

By theend ofthe run,theefforthad o'mostproduced a successfultriggerand

oi_inework has now produced a triggerstrategythatwillwork. The second

efforttriedtoidentifyand eliminatethe hadronicbackground,ltisnow r._*_her

convincinglyestablishedthat the background isfrom A decaysbetween the

downstream end ofthe targetbox sweepingmagnets and the firstbend inthe

beam. In the 1991run roughlyone-halfofthe hadronicbackground was elim-

inatedby addinga dipolemagnet between the downstream end of the target

box and the firstquadrupole.We believethatwith our presentunderstanding

we esa treethe positronbeam forrealdat_-takingin the future.The yieldin

theelectronbeam at 350 GeV/c is4.8x 10-5 electronsper incident800 Gev/c
proton. Ifthe positronbeam isused thisbecomes 7.0 x 10-6 electronsper

incident800 GeV/c proton.

2.2 Options forIncreasingthe Flux

2.2.1 Change in Incident Beam Energy

If Fermilab is able to upgrade the proton beam energy, the electron beam flux
will increase accordingly. A primary proton energy increase from 800 to 900
GeV/c will result in an improvement of about 1.86 in the secondary electron

i_u.xat the nominal momentum setting of 350 GeV/c. The electron flux increase
will be a factor of 1.68 if the secondary momentum is set for a mean value of
250 GeV/c.
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2.2.2 Change in Secondary Beam Momentum

By emphasizing charm physics, it is possible to improve the charm yield by
dropping the secondary beam momentum. If the mean momentum is lowered
to 250 GeV/c from our standard setting of 350 GeV/c, then the flux should
increase by a factor of three (and the relative background in the positron beam
will drop quite a bit).

During the 1991 fixed target run a test was performed to measure the electron
and positron yield at the 250 GeV setting as well as the hadron contamination.
The results can be summarised as follows: In normal running at the 350 GeV

negative setting, the beam ha_ 8% pion contamination. If the beam is run with
a 350 positive settinR, then the positron yield is 50% of the electron yield, but
the pos;.tive hadron contamination is 60% of the beam. At the 250 GeV setting

the electron yield is measured to be 2.64 times larger than the 350 GeV setting.
The hadron contamination is now only 6%. At a positive 250 GeV setting the
hadron contamination is only 26% while the positron yield is again 50% of the
electron yield, but 2.60 times larger than the 350 GeV setting.

If the positive and negative beams are run at the same time, then the hadron

contamination is 147%and yield is 1.4 times larger. Hence the beam behaves as
expected. The hadron contamination is lower at the 250 GeV setting and the
electron and positron flux is 2.6 times higher than at the 350 GeV setting.

2.2.3 Fixing the Occlusion in the Positron Arm

The positron arm of the beam should have the same yield as the electron side
of the beam. Unfortunately there is an occlusion in the vacuum pipe caused by

an offset pipe. The positive arm yield could be doubled by fixing this occlusion.
If the a simple solution can be found, then we would like to have it repaired.
However, we are not dependent on this repair.

2.2.4 Change in Choice of Experiment Parameters

The experimental target can be increased to 15% (from our existing 10%) of
an interaction length. In doing this, we lose resolution and acceptance for the
interactions in the upstream segments of the target, as the interactions occur
further from the microstrip, but do gain in events. We may not gain the entire
5070, but we expect an increase of at least 30?%.

lt is also possible to increase the radiator. This will increase the number

of high energy photons but will also produce dramatically more low energy
photons. The ability to do this will'depend on how successfully we upgrade the
rate capability of the detectors and improve the trigger. It is hard to imagine

gaining more than 20-30% by doing this.
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Table 8: Summary of luminosity improvements for a charm experiment
350 GeV 250 GeV 400 GeV

Positrons 1.50 1.50 1.50

Helium in Target Box 1.1 1.1 1.1
Accelerator Upgrade to900 1.86 1.68 2.6

Change Energyfrom 350 1.0 2.6 0.7
More Intensity 1.5 1.5 1.5

TotalGains 4.6 10.8 4.5

2.2.5 Increase in the Number of"Incident Protons

We couldgo from 4× 1012to6 x I0x2protonson targetper pulse.This givesus
anotherfactorof1.5.The placeswhere we couldhave troubletransportingthis

much beam areinthe cryogenicbends and inthe LD2 target.The LD2 target

isratedat I013and shouldbe ok.The principalproblem isthecryobends.The

bends aresupposedto be ableto takethisrate.The bends have takenratesof

over5 x i012forshortperiodsoftimeso thereisno reasontobelievethatthis

willbe a problem. A major questioniswhether the laboratorywould be able

todeliverthismany protonstous forthedurationofthe experiment.

2.2.6 Changes in the Production Target

A minor improvement would be to put heliumintothe targetbox and extend

itup to the quadrupoles.Adding helium would decreasethe probabilityfor

photonstoconverttopairsinthetargetbox and afterthe converterreducethe

bremsstrahlungofelectronsand positrons.Thus increasesthefluxby 10%. The
additionofhelium alsoreducesthe hadroniccontamination.

2.2.7 Summary of _Beam Options

Table8 givesa summary ofwhat shouldbe viewedaa "conservative"approaches

to increasingthe luminosity.Note that in thistablewe have not included

changestothe experiment'soperatingconditions,such as more targetor more
radiator_which were alsodiscussedabove and can resultinadditionalincreases

intheluminosity.Note we have alsonot includedany changedue toa repaired

occlusioninthe positivearm.
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3 Modifications to the apparatus to handle high
rates

The main challengeforthe apparatusisto be able to handle the increased

rateat alllevels.Each element willhave to operateat at leastfivetimesthe

instantaneousand averageratewhich itnow sees.Because theintensityinthe

e+e- pairregionis500 times thatinthe restofthedetector,almostallofthe

di_cultiesare in the centerof the spectrometer.In thissection,we discuss
how eachdetectorand itsassociatedfront-endelectronicsneeds tobe modificd

tohandle the increasedrates.The requiredupgrade of the triggerand data

acquisitionsystemis-alsodiscussedinthissection.

3.1 Trigger Counters

To handlean instantaneousrateincreaseofa factorof5,our triggercounters

willneed tobe changed.We presentlytriggeron TRI.TR2.(HxV)2 body,where
TRI isa singlescintillationcountersituatedbetween the targetand thesilicon

microstrip,TR2 isa singlescintillationcounterlocatedimmediatelydownstream

ofthemicrostrip,and IIxV isan arrayofverticaland horizontalcountersplaced

downstream ofthelastproportionalwirechamber, P4. The symbol 2 bodyrefers

tothefactthatwe typicallyrequire2 hitsintheH xV array.CountersTR1 and

TR2 presentlyoperateat IMHz. At a rate5 timeshigherthey would barely
work.

We haveconsideredtwo optionsforreplacementsofTR1 and TR2. The first

optioninvolvesreplacingthesecounterswith severalsmallercountersthereby

distributingtherateoverseveralphototubes.Thischoicewould obviouslywork,

butsinceTRI setsthetimingfortheentireexperiment,thenspecialcarewould

haveto be takenwhen settingup thesecounters.

The secondoptionwould be toreplacethescintillatorswishCerenkov detec-

torswhich arenot sensitiveto 0 degreepairs.This could,in principle,reduce
thetriggerrateby a factorofover 100.

The IIx V counterswould be replacedby triggersfrom theHadron Calorime-

try.By changingthe IIadronCalorimeterfrom a gas detectorto a scintillator

readout(seehadron calorirnetersection)itwillbecome easyto generatea fast
energysum. Again thiswould drasticallyreducethe Master Gate rate.We

intendto partiallytestthisideain the 1991 run by moving partof the IIxV

arraybehindthe InnerElectromagneticCalorimeter.

3.2 Microstrip Detector

The microstripvertexdetectoristheE687 spectrometcr'smost importantdevice

fordisentanglingcharm eventsfrom the verylargebackgrounds,ltisinstalled

inthe regionbetween the targetand the firstanalysismagnet (MI) and con-
sistsof twelvemicrostripplanes,grouped in fourstationsof threedetectors
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each,measuringthreecoordinatesat 135,45 and 90 degreeswith respecttothe

horizontalaxisofthe spectrometer.

The innermostcentralregionofthesystem,coveringthe veryforwardpro-

ductioncone,hasa resolutiontwo timesbetterthan theouterregion.The first

station,whichisthe most crucialin determiningthe extrapolatederrorto the
productionpointin the target,has twicethe positionaccuracyof the other
stations.

Each stripisreadout by means ofa front-endpreamplifier,a remote-end

amplifierand a chargeintegratingFLASE ADC. The analogsignalat the am-

plifieroutputhas a semigaussianshape witha basewidthof 100-120ns. In the

1990run the integrationtime inthe ADC was fixedat 130 ns,givinga signal

tonoiseratioofabout 17fora singleminimum ionizingparticle.With a fluxof

about I07electrons/seeon a 20% Pb radiatorand a 10% Be target,about 8% of

theeventshad embedded e+e- tracks.These embedded pairswere due either

to more than one particlein the same RF bucketor particlesfrom adjacent

buckets.The vertexdetectorseesa pairmainly as a singletrackat 0 degrees

not associatedwiththeproductionvertexand havinga pulseheightconsistent

with2 minimum ionizingparticles.

The overalldetectionei_ciencyofeveryplaneis> 99%. The extrapolated

transverseerrorto the mean interactionpointinthe target(placed7 cm uI>-

streamof the firstmicrostripplane)isabout 9 microns.The el_ciencyof the

reconstructioncode is96%, on the average,forthe tracksofD/5 events,in-

cludingmultiplescatteringefl'ectsicontaminationof spurioustracksisabout
2.7%.

In order to face the increased photon flux we are considering two upgrades

for the Microstrip vertex detector. One upgrade involves speeding up the analog
electronics in preparation for higher incident photon flux and the second con-

cerns reducing by 1/3 the detector thickness to minimize the effects of multiple
Coulomb scattering.

3.2.1 Electronics upgrade

The present rate capability of the microvertex detector is limited by the duration
of the analog signal at the input of the ADC's, which is about 130 nsec. When

operating the Microvertex system at a e+e - rate higher than 5 MHz, as fore-
seen for the upgraded experiment, the probability for an out-of-time signal to

be partly intercepted by the ADC gate would be very high(80%). To avoid con-
tamination of out-of-time events the shaping time of the analog signal haz to be
reduced. This process could be accomplished by replacing the analog electronics
with a faster electronics, but, at the same time, it would require a complete sub-

stitution of the cables connecting the preamplifiers, in the experimental hall, to
the amplifiers, in the counting room. The new cables should propagate signals
with very short rise times, in the range of 20-25 nsec. As a consequence this
solution would be very expensive and time consuming and will be considered
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as a the last resort. We think that the best solution is to utilize the fact that.

while the instantaneous rate over the whole detector is very high, the rate on

an individual strip is low and does not cause any significant pile-up of signals
even with the present electronics. Thus we could simply reduce the time width
of the signals from the amplifiers without reducing the intrinsic filtering time
of the amplifiers. The analog information could be compressed into the charge
and the time position of a delta function. Another possibility would preserve ali

the present electronics and split the outputs of the amplifiers to the ADC's and
to a parallel array of constant fraction discriminators; their outputs would be
latched only by the right trigger and the out-of-time signals could be eliminated
by comparing the pattern of the ADC outputs with that of the constant-fraction
discriminators. These solutions are currently under investigation.

3.2.2 Thickness reduction

The thickness of the microstrip detectors could be reduced from the present
value of 300 microns to 200 microns with a corresponding reduction of tl'.e mul-

tiple Coulomb scattering error. (such thinner detectors are already commercially
available). This reduction in thickness would improve the track reconstruction,
reduce the vertex position uncertainty, and lower the e+e - pmr rate in the
spectrometer.

3.3 Enhanced Vertex tracking

Short-livedsecondarydecayscouldhe more easilyseparatedfrom the primary

interactionifadditionaltrackinginformationcloseto primary interactionwas
available.Two differentideashave been discussed.One ideaisto installa

pixeldeviceupstream ofthe microstripsystemand immediatelydownstream of

the Berylliumtarget.Such a devicewould helpintrackinga chargedcharmed

parentor would helpinidentifyingthe parentas neutral.An alternatescheme

would be toinstall10 micronpitchsilicondetectorsat theend ofthe target.

3.4 Proportional Wire System

The proportionalwiresystemhas threeplanesineachstationthatareperpen-

dicular(Y) or nearlyperpendicular(U,V) to the bend plane. Ifno changes
are made, the PWC's willhave to operateat 5 timesthe currentdraw they

ran at in E687. Experiencewith the chambers suggeststhatthiswould not

be possible.We willexploitthe factthatnearlyall(greaterthan 90%) of the

currentdraw occurswithina narrow regionaround the beam and isdue to

e+e- pairproductionin the targetand in the materialof the spectrometer.

The beam sizeisabout 4-2cm at the tails.The e+e- pairsare spreadout in

a verticalswath by theactionofthefirstanalysismagnet. The secondmagnet

recombinesthe pairsso that they form a fairlysmallspot at the lastPWC,
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P4. The recombination m not perfect becatme of brem_trahlung energy loss by
electrons and positrons in the material of the spectrometer. Pairs generated by

photona interacting after the beginning of M1 axe also not properly recombined
and populate a much laxger vertical swath at P4. The parts of the chambere
outside the pair region will be able to handle the Lncrea_md rate but we plan to
deaden thia central region. Figure 14 shows the d_tribution of l_ts from our

'pair' trigger at the chamber Pl. The rates after the second magnet are such
that deadening bl unnecemary for P3 and P4.

There axe several way1 to deaden the pair region in PO, Pl, and P2. The

one that seems most promising to us wM invented at Saclay and hM been
used extenJively by E771 at Fermilab. Extra thickne_ of copper or silver is
electroplated onto the senJe wires in the region that is to be deadened. The
extra thickness lowen the gain of the wire. This has been used on wires M thin

aa 0.6 ml. Our planes are 0.8 rail (PO) and 1.0 rail (Pl,P2). Deadened regions
can be produced with complicated shapes truing this technique.

If we were to simply de_den the middle 4 cm of the spectrometer in X over
the full height of the chamber, -4-115 cs, we would loose some charm events. By
simply taking a sample of reconatructed D ± me_ona and aaking how many had

tracks that croMed the pair (deadened) region in P0,P1, OR P2, we find that
we loR about 10% of our events. We therefore wish to recover the deadened

region by instrumenting it with systenm that can more eaaily wittmtand the high
rate of pain. In the horizontal coordinate thiJ ia simple. We plan to cover the
deadened region with a small array of straw tubes. There will be two layerl of
overlapped 4mm diameter tubes. The vertical coordinates in this region will be
meMured by two new views of straw tubes. They will be angled at +45*. Each

view will be a double layer of 4mm straws and will cover the deadened area. The
totalnumber of strawsisabout 4500. These tubes willbe instrumentedwith

preamps and good amplifier/d]zcriminatorlsotheywillbe abletowithJtandthe
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highrates.One advantageof thissystemisthatifa wirebreaksor a wi_isker

grows in a tube,the tube can be disconnectedeasilyfrom the system. The

strawtubesadd 1.4% multiplescatteringto thedetector.They willneed only
latchesforreadout.

In additionto coveringthe deadened region,theseplaneswillgiveus two

wholenew projectionsinthefrontofthesystemand willstrengthenallaspects

ofour tracking,includingthe regionoutsideofthe deadened zone. The steep

anglewithrespectto the otherplaneswillimprove the matching of allviews

significantly.
The alternativela smallsystemof 450 tubesto coverjustthe pairregion,

lookslessdesirable._Theelectronicsand cablerequirementsarc the same and

thesupportismore ofa problem.They provideno helpoutsidethepairregion.

We arestudyingthequestionofwhether 6rnm strawswould be adequate for

theplanesstationednearthechambers P1 and P2. Thiswould lowerthechannel

count by about 1000. ltmay alsomake senseto drop coverageofthe extreme

cornersoftheaperture.Thiswould alsolowerthechannelcountanotherI000.

Finally,we can improvetherateperformance,aswellastheoverallreliability

and performanceofthewholesystemby making certainimprovementsthatwill

lowerthe gainat which we must operatethe existingE687 chambers. These

improvementswere employed on the PWC P4 which waz rebuiltbetween the

1987/88 and 1990 run. These improvements used ali experience gained from
operating the system during the first run. They included:

• Employing 3.3 mm pitch for the anode wires instead of the original 3 mm
pitch for P1 and P2. The rebuilt P4 used 3.3 mm pitch. This permitted
us to lower the voltage by 200 volts for the same gas gain. The integrated
mass resolution of the system waz hardly affected by this change and

the chamber achieved higher efficiency than any other chamber in the

experiment.

• Modifying the gas box for P0, Pl, P2, and P3 so that signals are fed to
the outside through header pins sz they are in the modified P4. In the

original design, cables run through slits from the inside to the outside of
the gas box. The cables are sealed with RTV. The modified P4 had the
lowest gas leak rate of any of the chambers. The noise was also lowest for

this chamber although we cannot really claim that this waz related to the
modified gas box. Whatever the cause, P4 ran at the lowest threshold of
any plane which permits reduced gas gain.

• We would like to redo the sense and high voltage planes using the 'machine

planing' method that waz used to get a tolerance of +1.5 mils for P4's gap.
When the gap is uniform, all parts of the chamber plateau at the same
voltage and this obviously produces the best running condition.

• We would like to redo the artwork of the high voltage planes for at least

P1 and P2 using the 'longer' high voltage pads that were employed for
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P4. The major reliability problem we encountered with the PWC's was
thatoccasionallya spark,trip,or otherupsetwould causea high voltage

wireto come lose.Almost allsuch wireswere at the edge ofa cathode

pad (16 wiresran to eachpad). Itwas hard to getenough solderon the

edge wirestomake a securecontact.By making thepads much longerin

the directionofthe wire,thisproblem was completelyeliminatedin P4.

• We want toreplacethe'ancient'amplifierdiscriminatorson thechambers
P0 and P3 withthemore modern onesusedon theotherchambers.These

planessufferedfrom oscillationproblems.The method fordoingthiswas

usedin the 1987/88run and iswellunderstood.

These improvementsshouldallowus to lowerthethresholdand thevoltageand

helpsustainhigherfluxes,theyshouldalsoreducethe downtime from chamber

problemsin theexperimentwhich,whilesmall,was not negligible.
This isa somewhat 'belt-and-suspenders'approachto a problem which can

make or breakthe experiment.The chambers have towork. Ifwe can improve

them enoughsodeadeningisnotan issue,thatwould be excellentbut we haveno

way ofbeingcertainofthatso we wishtoembark on thestrawtubeconstruction
asweil.

Finally,we willexploretheuseofpreamps and the useofgasmixturesother

than 65-35argon-ethane.Rate capabilitywillbe a major concernhere.

3.5 Muon detectors

3.5.1 Inner Muon Detector

The inner muon system used in E687 consists of several coarser granularity scin-
tillator hodoscope and 4 arrays of 5 cm diameter proportional tubes. The muon

proportional tube system provided the high granularity position information re-
quired to match the muon hits to the proper track measured in the upstream

spectrometer.The scintillationcounterarraywas usedformuon triggeringand

confirmingthe muon identificationby providingadditionalcoincidences.We

intendto augment the existingE687 innermuon system witha relativelyfine

granularityx & y scintillatorhodoscopeplacedjustdownstream ofthehadrom-

eter.There are two motivationsforthisproposedupgrade.

• The use ofscintillatorallowsfora verytight(I RF bucket)latchwhich

shouldperform betterthan the muon proportionaltube system (which

requireda roughlyI /_sreadouttime)giventhe higherratesenvisioned
in P831. Becauseofthe superiortimeresolutionofscintillator,the pro-

posed new hodoscope shouldshouldsignificantlyreducepotentialmuon
backgroundsdue tohalomuons.

• The upstream placementofthishodoscopeshouldsignificantly(byfactors
of 5) improve our abilityto match hitsin the muon system to tracks
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measured in the upstream spectrometer by significantly reducing the lever
arm for multiple coulomb scattering by the hadrome_r.

Given our multiple scattering environment, calculations indicate that 4 cm
wide scintillation counters provide good position resolution over the muon mo-
mentum range(10 GeV < P_ < 50 GeV) relevant for semileptonic charm decay.
In order to achieve single RF bucket timing resolution, we are restricted to using
a maximum opticalpathoflessthan 3 meters.Sincewe must span a transverse

areaof 2 metersby 3 meters,the naturalsolutionisto use two spans (of1.5

metersor I meter)to coverthe fullhorizontaland verticalaperture.Hence a

totalof250 scintillationcounterswillbe requiredto constructthishodoscope.

The virtueofa finegranularitysystemislikelytobe a simplicityinthelight

collectionsystemsincethecountersareby necessityfairlynarrow.Forexample,

we haveconsideredreadingouteachofthe 250 hodoscopeelementsconsistingof

Icm thickscintillatorby an individual25 mm diameterphotomultipliertubes

opticallycoupleddirectlyto one end (withoutadiabaticlightguides).Under

theseconditions,a largeenough number of photoelectrons(severalhundred)

shouldbe collectedperminimum ionizingp_rticlethusallowingthe useofcom-

mercialfastdiscriminatorsand modest gain photomultipliertubes.

We axe presentlystudyingthe possibilityofbackingup the 4 cm wide ho-

doscopewith a much coarsergrain(16cm wide) hodoscopeplaceddownstream

ofthesecond slabofmuon steel.The betterfilteredcoarsearray,would serve

to both confirmthe identificationprovidedby the upstream array (witheven

more hadronicabsorption),and serveasa backup tomatch upstream tracksfor
thoseeventswhere the upstream arrayisconfusedby hadronicshowerleakage

or6- rays.

3.5.2 Outer Muon Detectors

The outermuon system islocateddirectlybehind the yokeofM2 and consists

oftwo scintillatorarraysand two proportionaltube arrays.The scintillators

are used fortriggeringwhilethe proportionaltubes are used to associatethe
muon "hit"with the wirechamber tracks.As in the innermuon system,the

outermuon proportionaltubeswillbe too slowto handlethe anticipatedrates

and must be replaced.We arepresentlyconsideringtwo optionsto replacethe

proportionaltubes.

The firstoptioninvolvesbuildingan outerscintillatorarraywith 5crewide

stripsthathas adequategranularityformatching the muon tracks.Thisdesign

would be similarto theproposedinnermuon array.The secondoptioninvolves

reconfiguringthe existingoutermuon scintillators.The reconfiguringwould

involveadditionallightguidesand phototubesto achievean acceptablemuon

hitefficiency.The advantageof the second optionisthatthe detectorwould

requirelessspace.Inboth designsan additional300 new photomultipliertubes

and baseswould be required.

40



3.6 Hadron Calorimeter

The hadron calorimeter for E831 has to perform the following functions, ordered
by priority:

1. Provide a fast trigger decision baaed on total hadronic energy. This trigger
decision must be available in time for the Level I trigger to avoid substan-
tial Level II deadtime. The trigger must be formed in about 100-150 ns.

2. Provide a possible second level trigger based on total //?p,,l," This kind
of trigger has been used by E691 and others to achieve a factor of 2-3
reduction in trigger rate while being about 80% ef_cient for charm. Our
own aimulatio_ demonstrates similar results.

3. Provide measurement of the position and energy of neutral showers.

The first item is crucial to the success of the experiment. The second item
would be a very useful option for reducing the total amount of data recorded.
The third item, neutral shower reconstruction, would be a nice addition to
the experiment and would allow access to some interesting states containing
neutrons, K°'s, and _'s, if it worked weil, but is not critical to achieving the
main gosh of the experiment.

The present gas/proportional tube hadrometer produces pulses that are 800
ns long. "This makes it unusable in the Level I trigger. (In the lower rates of
E687, it waz possible to use the hadrometer information in the second level
trigger so this waz not a problem).

A calorimeter baaed on scintillator meets these requirements. We have in-
vestigated two designs: scintillator strips and scintillating tiles. Figure 15 shows
a possible tile arrangement. The best arrangement will be determined from a
detailed simulation of the/Pp,,p trigger.

At present, we favor the tile design over the (long) strips for the following
reasons:

• The mounting scheme is much easier. In particular, the need for both X
and Y readout for the E_,r_, trigger will be difficult (although not impos-
sible) to do in a strip geometry.

• Light attenuation corrections are practically negligible for the tile geom-
etry as compared to the long strips. This is especially important for the
use of the device in the Level I trigger, where there is no time to correct
for attenuation. Even in the Level II trigger, it simplifies the electronics
if it is unnecessary to make large corrections.

• It is possible to achieve much better segmentation with the tiles, which
is useful for both the Level II trigger and for the reconstruction of neu=
tral showers. The of_ine shower reconstruction is much simpler with a
pad/tower geometry.

• .
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The biggest drawback to our use of the tile design is that we haven't built

anything like it before. We have discussed the tile calorimeter with many people
at Fermilab who are actively involved in developing this technology and are con-
vinced that enough is known so that we can be confident that we can construct
such a device and that it will meet ali our requirements.

The device that we have simulated uses the steel plates from the existin_
E687 hadron calorimeter, which has 28 1.75" thick plates. We would piace
planes of 2 cm thick scintillating tiles between these plates. The expected energy

Ts_, With the segmentation shown in the figureresolution for this system is "_7_'
each plane will have 88 tiles. The tiles would be ganged into 3 or 4 towers
longitudinally. In the scheme we have modelled, the signals from plates 1-5, 6-9.
10-14, and 15-28 were ganged together. Each longitudinal sample then haz about

the same energy deposition for the 125 GeV tracks striking the calorimeter. The
totalnumber ofreadoutchannels(PMTs goingto ADC's) is352.This isto be

compared with570 channelsinthe existingE687 calorimeter.

The lightfrom the tileswillbe collectedby fibersinsertedintomachined

groovesinthe tiles.The designiscopiedfrom the CDF/SDC tests.The main

differenceisthatwe areusingthickerscintillatorand largersizetilesthan that

group used. We willhave to perform a testto see how the signalsscalewith

tilethicknessand area.The resultmight influencethe number or arrangement
offiberswithinthe tiles.

The LevelI triggerisformed by adding the the pulsesin groups,whose

durationisabout 20 ns,integratingthem,digitizingthem, and convertingthem
to a level.The levelsfrom varioussectorsare then azidedand sentto a flash

adc. The digitaloutput iscompared to one (or more) thresholds.This can
easilybeen done in 100-150ns available.

Only preliminarystudiesoftheuseofthisdeviceintheLevelIItriggerhave

been carriedout.The finalpad geometry and and the longitudinalsegmenta-

tionare not yet worked out. The biggestproblem, as we see it,isto include

theinformationon the Epe,pfrom tbe nearly2000 channelsofelectromagnetic
calorimetryintothe summation.

We have alsodone a comparativecostanalysisof the tileand stripgeome-

tries.The costsformaterials,photomultipliers,electronics,cables,triggers,cfc

areabout the same. The laborcostsforthe tilesystem are harderforus Lo

estimateand we have drawn heavilyon experiencefrom CDF/SDC prototype

development.The costsofthe two systemsare not significantlydifferent.

3.7 Beam Instrumentation and Flux Monitors

Afterradiatingphotonsin the leadradiator(27% X= forE-687),the recoiling

electronsand positronsaredetectedina seriesof electromagneticshowerho-

doscope detectors.[39]See Figure 16. In order to account forthe coincident

multiplebremsstrahlungphotonsemittedby a singleelectron,a Beam Gamma

Monitor (BGM) electromagneticshowerdetectorisplacedin the zerodegree
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photon beam at the downstream end of the spectrometer. In order to get

theenergy of the photon initiatingthe hadronicevent,the additionalmuiti-

bremsstrahlungenergyin BGM was subtractedfrom the taggedelectron(or

positron)energylosson an eventbyeventbasis.BGM was alsousedto measure

theincidentphoton flux.The siliconmicrostrip-basedincidentbeam momen-

tum taggingsystem[40]measured the momentum ofeach incidentelectronor
positron.

Experienceduringthe previousF_,-687runshas indicatedthatcaremust be

takeninpreparingfortheincreasedbeam intensityand luminosityproposedfor

P-831.Inaddition,therearesome obviousupgrades thatwillalsoimprove the

performance,triggering,and data analysisforP-831.

The abilitytoaccuratelymeasureand to monitor theincidentphoton kine-

maticsbenefitsthestudyofmost ofthe physicstopicsofP-831.However.many

physicstopicssuch ascharm particlespectroscopy,relativebranchingfractions.

and Dalitsplotanalysiscan be accomplishedwithoutexplicitknowledgeofan

individualphoton energy.The measurement ofthe photon energyon an event

by eventbasis,the overallphoton energydistributions,and fluxnormalisation

arevitaltostudiesinvolvingcrosssectionsand productiondynamics.

3.7.1 Higher Luminosity Issues

During the 1990 and 1991 Fixed TargetPhysicsrunning periods,F_,-687ran

successfullyat sustainedaverageincidentratesof 107 electronsper second.

Dividingby the 53 MHs RF structureand multiplyingby a factorof3 toaccount

forboth the grossand finetime structuresin the beam, thiscorrespondedto

an averageelectronoccupancy of0.6 per RF bucket. Pile-upfrom random

coincidenceswas startingto become bothersome.For P-831,we proposeto run

at a factorof 5 higherinstantaneousrate,givingaverageelectronoccupancies

up to 3.0per RF bucket!

There are threedistinctclassesofpileup:(I)DC or slowlyvaryingbaseline

shiRsdue to theoverallrateorverylongtailsofdistributions,(2)adjacentRF

bucketinterferences,due to instrumentalresolvingtimesor signaltailsof the

scaleofa few RF bucketspacingsin time,and (3)multipleincidentelectrons
coincidentwithinthesame RF bucket,withinInsec ofeachother,ltisassumed

class(I)can be curedby justveryhardanalogwork and class(2)can be cured
by improvingthe signalcrispnessand timingcharacteristicsand reducingthe

coincidenceresolvingtimes.Pileupclass(3),however,representsan irreducible

challenge,requiringnew typesofhardwaresratherthansimplyspeedingup that
alreadyexistinginF_,-687.

We assume thatwe willbe abletoprocureADCs and CoincidenceRegisters

thatcan be made towork ef_cientlyat53 MHs singlebucketresolution(18nsec

gating)and adjacentbucketdoublepulserejectionfortheexistingBGM, RESH,

and POSH systems,as wellas forpossibleelectronand positrontrajectory

trackingsystems.
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Figure 16: Existing RadiAted Particle Spectrometer (including BGM). The po-

sitions of proposed additional tracking planes are indicated.
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BGM

The BGM counter was a conventional lead + polyvinyltoluene scintillator

(Pilot B) electromagnetic shower calorimeter. In effect, it was the photon beam
dump. In order to minimize radiation damage, lt was operated in a nitrogen
atmosphere. Over the course of the 1990 FT run, it did suffer 15% signal del_ra-

dation about the central beam position. Scaling by the increased luminosity
expected, or even by logarithm of luminosity, would indicate that we are headed
for trouble. The most troublesome aspect of the radiation damage proved not to
be the magnitude,but itsspatialdistribution.The radiationdamage followed

thespatialdistributionof thephotons.Without positionresolution,itwas im-

possibleto tellwh_e the showeroccurredand thereforeto correctlyestimate

the detectorgainresponse.This was the limitingfactorforthe photon energy
resolution.

Possiblesolutionsforinvestigationincludean easilyreplaceableliquidscin-

tillator(ifa sufficientlyfastone can be found),incorporatingthe BGM in a

pressurevesseltoallowclearingwithhighpressureO; (aslowprocess,at best),

more radiationresistantscintillators,possiblyscintillatingfibers,orshower po-

sitionreadoutto monitor the radiationdamage and correctfor the reduced

detectorresponseon an event-by-eventbash.

Pileupdue to occupanciesofnearby bucketscouldbe monitored and cor-

rectedwithBGM analogfaaoutcapabilityand dedicatingadditionalADC chan-

nelsto measure the energydepositionfornearbyRF buckets.The BGM gain

monitor(aQVT-based stand-alonedataacquisitionsystem)willbe triggeredby

an individualRESH logicbit(a)givingmonochromatic taggedenergyspectrum

line(s).This willbe much easierto monitorratherthan the photon continuum

end-pointenergy,especiallyin an environmentwith substantialpileupin the
same RF bucket.

The BGM alsoservedasan importantLuminosityMonitorfortheexperiment.j41]

Previously,thisapplicationwas based on simplycountingthenumber ofpho-

tonsabove some discriminatorthreshold,typicallyabove 100 GeV. This dig-

italcountingmethod breaksdown when the instantaneousintensitygetstoo

highor incidentelectronoccupanciesapproach I per RF bucket.Sincethisis

verydefinitelyexpectedtooccurforP-831,anotherapproachsuch as a Wilson

quantameter [42]could be employed. A simplehybridof interspersinga few

(thin)integratingionizationchambers,every3 Xo orso,withinthe scintillation

calorimeter seems promising.
RESH and POSH

The emsting recoilspectrometerfor the radiatedelectronsand positrons

(Figure16_ J basedon lead-luciteand lead-scintillatorEM shower calorimeter

detectorsusedtoidentifyelectronsand positronby correlatingdepositedenergy

with the momentum dispersionof the taggingdipoles.The positionat the

RESH and POSI_ arrayscan be quicklydecoded by discriminatorbitpatterns

and can be furtherrefinedby analyzingthe energysharingbetween adjacent

RESH or POSH counters.The on-lineLevelIIeventtriggerrequireda RESH
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or POSIt hit pattern consistant with only one electron or positron. Events with
extra discriminator hits were vetoed. However patterns consistant with TWO
electrons hitting the same RESH or POSE elements were accepted for later
rejection by pulse height analysis.

A serious question for the operation of REStt and POSH concerns how
greedy one wishes to be in striving to pick up LOWER energy tagged photons.

These areclosertothebeam givinghigherratesinthe innermostcounters,gain

changesdue to radiationdamage, and poorerphoton energyresolutiondue to
thereducedspatialdispersion.

These systems,both logicaland analog,need to work at the 53 MHz RF

rate.This willrequiresome work inimprovingthe optimizationofthe analog

signalsthroughphotomultiplierbases,amplifiers,cables,delays,noisesuppres-

sion,etc.Even thedigitalpulses,discriminatedlocallynearRESII and POSH,

sufferedfrom drivecapabilityand cabledispersionsto be a problem insetting

and maintainingthe efficiencyofthe logicand triggersystem. This could be

greatlyalleviatedby the introductionofhigherperformanceCAMAC coinci-

dence registerswhose timingperformancewilldepend mainly on the gating

signaland not stronglydepend on the characteristicsofthe signalshapesfor

eachindividualchannel.AdditionaldedicatedRESII-POSII triggerlogiccali-

bration(frequentautomated delaycurves)and monitoringfanoutaand scalers
would be appreciated.

The RESII and POSII triggersforF_,-687requiredsimplymore thanabout

20% ofthe nominalenergydepositionina givensinglecounter.This provided

adequatetriggerselectionsincethosecounterswith E/P - 20% were,infact,

almostalwaysadjacentto anothercounterwith E/P - 80%. Especiallywith

thenon-negligblehadronicbackgroundinthe positronbeam, we may desireto
tightenup the E/P triggerlogicrequirementsIboth on the low end to reject

hadronsand on the high end to rejecttwo electronsor positronshittingthe

same counter. Since the sizeof highestrateRESII and POSII detectorsis

approximately2/3 the transversesizeofthe EM shower,forminganalogsum

pairssuch as I-{-2,2+3, 3-{-4,...(i-l)+iwillinsuretotalenergycontainment
(E/P closeto i)fortriggeringwithtightthr_holds.

Although itwould be desirableto have functioningveto shower counters

withintheelectronand positrondumps, inF_,-687ithas provendifficultto keep

them from dying from radiationdamage withina few days.Such beam vetoes

would be especiallyhelpfulto rejecteventsin which an electronexperiencesa

smallenergylossin the radiator_not enough to be swept intoRESII, but the

photonconvertsin the radiatorand hitseitherRESII or POSII (cross-vetoes

willnot allowboth RESII and POSII hits)and givesa falsetag withminimal

energyhittingthe experimenttarget.
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3.7.2 Additional Features for Improved Performance

By improved performance,we mean not onlyimproved resolutionand physics

capability,but alsocaseof operation,monitoring,calibrating,and analysing.

Some oftheseproposedimprovements,such aseasiertimingcurves,gainmon-

itoring,vetoes,etc.,have alreadybeen mentioned in the LuminosityUpgrade

Section.The possibiltyofactuallytrackingtheradiatedelectronand positron

trajectorieswillnot onlyenhance photon energyresolutions,but alsoimprove

primaryvertexlocalizationanalysismethods, and helpfacilitatethe fulluseof

the siliconincidentbeam taggingspectrometerforeventswith more than one

incidentelectronor positronper RF bucket.

Recoil Electron and Positron Tracking

Currently,the horizontalelectron(and positron)trajectoriesare measured

about thelasthorizontalbend intheincidentelectronbeamlinc.[40]This gives

theincidentelectronmomentum beforeradiating.Inordertoget optimalreso-

lutionoftheradiatedelectronand positrontaggingspectrometer,itisdesirable

to know the trajectoryof the projectedelectronfrom the radiator,pastthe

RESH and POSH detectors,to the experimenttarget.The interactingpho-

tonpositionat thetarg_.tismeasured by spectrometervertexsiliconmicrostrip

detectorsystem,to an accuracyof a few microns in threedimensions.The
horizontalpositionof theelectronat theradiatorcouldbe projectedusingthe

beam tag tracktracedthough the laststagetripletfocussingquadrupolemag-

nets. Continuingto the targethas shown that a resolutionin matching the
projectedelectrontrajectoryto the reconstructedvertexpositionof crffi= 3

mm isattainable.Another horizontaltrackingplane at the radiatorcapable

ofwithstandinghighrates,would betterpin down the projectedelectron(and

photon)trajectoryeven better.Thiswould greatlyimprovetheresolutionofthe

radiatedelectronspectrometer.Inaddition,theprojectedhorizontaltrajectory

couldthen serveas a road forsearchingforprimary event verticies,much as

incidentbeam siliconhodoscopesforhadron experiments.

Ifwe alsoadd a verticalpositiondetectorat the radiator,we can then
correlatethe event vertexpositionwith the positionof the incidentelectron

at radiatorand get both horizontMand verticalphoton directionsand event

productionangles.This may be interestingforsome exclusivephysicssuch as

thestudy ofphotoproductionofvectormesons.
So far,we have onlydiscussedsingleelectronsor positronsper RF bucket.

The beam taggingsiliconspectrometeriscapableofreconstructingmore than

one trackper RF bucket(up tofive!).The problem isindeterminingwhich of
thesetracksactuallyradiatedthephotoninquestion.Sincewe areusinga thick

(27% Xo) radiator,the flipanswer isthatallof the electronsradiated!Ifwe
have,forexampletwo electronsreconstructedinthebeam and one intheRESII,

we would have to do some T'..'.ACKINGin the radiatedparticlespectrometer

to disentangle.Thiscouldbe eitherhorizontal(largeaperturerequiringmany

detectorelements)orvertical(smalleraperture,scaledtotheverticalbeam size,
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Table 9: Multiple Scattering in Radiator Projected to Target

kpho,o,, e' o'y
GeV GeV mm

100 1so o.67
150 100 0.92
200 50 1.75

ratherthan thehorizontallydispersedradiatedbeam size).So far,we haveonly

consideredthe verticaltrackingoption.

A simplecalculationhas shown that a usefulprojectedvertical(or hori-

zontal)trajectoryattainablefrom sucha radiatedparticlespectrometerwould

requirea resolutionwith o"v lessthan about I mm. This would allowdisen-
tanglingthepairconversionsinthetargetfrom photonsfrom multipleincident

electronswith a highdegreeofreliability.This would Mso form a usefulroad-

widthseedforprimaryvertexreconstructionalgorithms.Finally,thisresolution
isabout what isexpectedformultiplescatteringofthe incidentand radiated

electroninthethickradiator.Therefore,thereisno justificationforattempting
any finerresolution.

The multiplescatteringin the radiatorcan be simplymodelledby consid-

ering,on the average,two radiators,ea_:hof 1/2 thickncu. The incident250
GeV electronscattersinthefirst.The radiatedelectron,whose energydepends

on the photon radiated,scattersin the secondsection.This givesthe vertical

resolutionprojectedto thetargetdue to multiplescatteringintheradiatoras a

functionofthe photonenergy.Thissimplemodel willhave tobe furtherrefined

. before designs for this tracking system are finalized.

In order to obtain this spectrometer resolution of crv - 1 mm, we would
requireverticaldetectorelementsof 1.5mm siseat the radiator,at the exit

from the lasttaggingdipole,and at the RESH and POSH detectorplanes.

In addition,ifwe desiredto verticallytag forparticlesthat onlyhitRESH12

and POSH12, we would require0.75mm detectorelementsbetween thesecond

and thirdtaggingelementsand at the RESH12 and POSH12 detectorplanes.
In addition,the verticaldetectorelementsat the radiatorwould have to be
reducedto 0.75mm sisealso.This isdue to the reduced leverarm and the

more upstream positionofRESH12/POSH12 relativeto the main RESH and

POSH arrays.Adding the two additionalupstream stationsin the tracking

reconstructionalgorithmforparticlesthatreaz.hthe main RESH/POSH arrays
adds littlegaintothe overallresolution.

Finally,therewould be one or two slantedplanes(1.5mm elementsize)
at the radiator,couplingthe horizontaland verticalviews and allowingthe

correlationof the multiplehorizontallymomentum measured trackswith the

verticaltrajectoryoftheelectronorpositrongivingtheRESH or POSH trigger.
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This system would require the addition of the following stations, element
sizes, and channel counts:

Station-view Element.Size. i Number of Elements V x H Size i
Radiator-x 0.75 mm 64 5 cm x5 cm 1i

Radiator-y 0.75 mm 64 5 cmx 5 cm
Radiator-u 1.5 mm 64 5 cmx 5 cm
Radiator-v 1.5 mm 64 5 cmx 5 cm

M2-M3-y 0.75 mm 2x64 5 crux 12.5cm [
B.ESttl2-y 0.75 mm 2 x 64 5 cmx 37.5 cm
M4ds-y 1.5 mm 2x32 5 cmx25cm
RESII-y 1.5 mm 2 x 32 5 cmx 75 cm
Totals 0.75 mm 384
Totals 1.5 mm 186

Grand Total 576

These detectorscouldbe siliconmicroetripeat the radiator(butwatch the

azlditionaimultiplescattering),overlappinglayersofscintillatingfibers(canbe

fairlythickforadequatenumber ofphotoelectronz)withmulti-anodephotomul-

tiplierreadout,orany otherdetectorgivingadequateresolutionand singleRF

buckettimimg. The resolutionsand geometricareacoverageforthosedetectors
downstream of the radiatorlookabout idealforstraw tubes.However, taking

4 mm (minimum?) diameterstrawtubes,the maximum chs=gecollectiontime

would be on the orderof 70 nsec or 4 RF buckets(driftvelocityof about 3

cm/p_-secin Ar - C02). These strawswould cover onlythe apertureof the

RESII and POSII arrays,so would not have to respondtoeveryincidentbeam

particle.Multiplelayersofstrawtubesperstationand multi-hitTDCs appear

tobe ableto provideadequatetimeresolutionto performthe multi-RF bucket

patternrecognition.

Once we do havethetrajectoriestodeterminethe momentum ofeachofthe
two or more incidentelectronsand determinedwhich electronactuallystruck

the RESH, we know the energylou and photon spectrum forthatidentified

electron.However, therestillremainsthe additionalradiationfrom the other

electron(s)thatwillbe producingconfusiondue to additionalphotons striking

BGM but not correlatedwithour identifiedtaggedelectron.Infact,the average

electronorpositronincidentupon theradiatorwould depositapproximatelyI/4

ofitsenergy inBGM, yet stillnot be detectedin eitherRESII or POSH. We

stillmust understandhow todealwithsuch BGM pileup.

Finally, we may desire to have better position resolution in front of our large
momentum bite detectors such as RESHI, RESH2, POSHI, POSH2, RESH12,

and POSH12. Either finer granulariy shower counters or position hodoscopes
could be considered.
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3.7.3 Event Cleanliness

Additionalhardware willbe investigatedto improve eventtaggingcleanliness.

The analogsum E/P = I triggerdescribedabove willreducehadronicand
multipleradiatedelectronsor positronsper event.The beam dump counters

RESH0 and POSH0 tovetothefalsetag triga'rsdue tosecondorderprocesses

involvingminimally-radiatedelectronsorpositronswillbe difficulttokeepalive

at the proposed electronbeam intensities.Similarly,therehas been prelimi-

narystudiesperformedby F_,-774in thisbeamlineof electzonidentificationby

synchrotronradiationtagging.In principle,thiscould detectthe presenceof

protons,the main hadronicbackground in the positronbeam. However, the

phasespaceoftheelectronand positronbeams make problematicthe optimal
placementofsynchrotronradiationdetectorscloseenough to the beams, ltis

alsodifiicultto imaginehow a vetocan operateefficientlyon a "NO" or lack

ofsignalincoincidencewithone or two positive"YES" signalsinthesame RF

bucket.Stillmuch more thinking,research,and developmentare needed.

3.8 Triggering

The triggeringstrategywillhave to be changed inthisexperiment.Previously

ourgroup hasalwaystriedtowriteoutallhadroniceventson-lineand thensort

out thego_d eventsinsoftwarewhere more informationisavailable(suchas

thenumber ofchargedtracksinthesiliconmicrostrip).Rateswillnow be high

enough torequirethatfastdecisionsneed to be made duringdata-taking.

The e+e- pairrateisexpectedto be 5MHz with a hadronicrateof5kHz.

As explainedin the triggercounterssectionthe hadron calorimeterisbeing

incorporatedintothe LevelItrigger,ltisassumed thatessentiallyallpairsare

removed by theLevelItriggerand thatthesurvivingeventsaremore than80%
hadronic.However thehadronicrateissuchthatwe willneed to reduceitby a

factorof4 beforeeventscan be writtentotape.

We plantoimplementa combinationofphotonenergyand trackmultiplicity

togetridofeventsinitiatedby lowenergyphotons(whichhaveverylow charm

crosssection)or eventswhich come from primarilysoftscatteringprocesses.
Thiswillresultina reductionofatleasta factoroftwo.

A finalfactorofat least2 willbe achievedby usingan Ep,,.v triggerformed
ofinformationfrom the InnerElectromagneticCalorimeter,theOuter Electro-

magneticCalorimeterand the Hadron Calorimeter.This triggerisverysimilar

to the triggerused by E691. In thatexperimenta factorof 2.5waz gainedin

thecharm tohadron ratio.This Ev,rp triggerispresentlybeingstudied.Stud-
iceperformed at Breckenridgeand at Snowma_m indicatedthat much larger

improvementfactorscould,infact,be made.
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3.9 Data Acquisition

The problems of triggering and data-acquisition (DAQ) are closely related: the
better the trigger, the lower the requirements on the DAQ. We assume that the
combination of the first and second level triggers will produce a total of 25,000
events per spill which need to be read in. The average event size is 3 kilobytes
so the totalamount ofdata is75 megabytesper spill.

The followingisthe organisationofthe presentE687 DAQ:

• Frontend digitizingelectronics.This consistsof fivedata streams:Mi-

crostripdetectorADC's designedby Milan,Lecroy4290 TDC's withFer-
milab readouts,Smart Crate ControllerreadoutofFermilaband Lecroy

PCOS latches,and two FastbuscratesofLecroy 1885ADC's.

• Real-timedata buffering.The data streams are read intoseparate4

megabyte Lecroy1892 Fastbusmemories. The triggermust remain dis-

abled while thistransferoccurs,introducingdead time. The average
readouttime foreach stream issummarised in table10. Data ratere-

quirementsherearethestreamdatablocksizesdividedby theacceptable
readouttime.

• Spillbuffering.A GPM FastbusMasterprocessormergesthedatastreams
from the Fastbusmemories intoeventrecords.Blocksofeventrecordsare

transmittedby Branch Bus toa 60 megabyte spillmemory bufferlocated

inthe PANDA VME crate.Data raterequirementshere_e the average

totaldata perspilldividedby theactive20 secondspilltime.

• Data recording.The data isrecordedon up to fourExabyte 8200 atom

tape drives in parallel. Data rate requirements here are the average total
data per spill divided by full 60 second spill cycle.

Some changes to the existing Data Acquisition system are required to mce_
the required five fold increase in data rate.

With about I millisecondbetween events, an acceptable10% deadtime re-

quires100_sec realtime data buffering.Table 10 shows thatthe microstrip
streamand the SCC latchstream need no revision.The ADC and TDC sys-

tems must read thedataout athigherspeeds.

There are severaloptionsforspeedingup the TDC reaxlout.

• Presently,theTDC readouttime islimitedby the speed and number of

thereadoutcontrollers.Some speedup can be achievedby increasingthe

number of 'readout'controller:,l_owever,foreventswith a verylarge

number of hits(perhapsof electronicnoise/oscillations),thisdoes not

necessarilysolvethe problem. The next optionisto speed up the data

transportwithinindividualcrates.This optionisbeing investigated,lt

would requirethe designand constructionof about 30 modifiedcrate
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Table 10: Average readout times for E687 data streams
Data reaxtout time

Stream (/asec)
Microstrips 20
latches 50
TDC's 300-600

ADC (1) 1000

ADO,(2) 1000

controllersantipossiblysome modificationstotheTDC's themselves.We

would havetodo a systemstesttoconfirmthatthesysten',reallyachieved

the desiredspeed fairlysooninordertohaveconfidenceinthisapproach.

• The TDC system could be replacedby a new system such as the one

designedby the FermilabPhysicsDepartment.This systemisnow being

testedand seems toworkweil.The readoutspeedmeetsour r_qu_,re.-nents.

The costisabout $35/channeland we need 13,500channelsofT OC.

• The TDC systemcouldbe replacedby latches.For the most part,we do

not make much use ofthe timinginformationand the mass resolutionis

dominated in many casesby multiplescattering.The latcheswould be

about I/3 the priceoftheTDC's. Latch systemsoftheappropriatetype

might be availablefrom existingelectronicsinventory.

The problemofspeedingup theTDC readoutislargelyone ofcostoptimisation.
Severaltechnicalsolutionsareavailable.

P831 willhave about 2800channelsofpulseheightinformation,slightlyless
than E687. E687 used LeCroy 1885 FastbusADC's. The 1885 FastbusADC

digitisationtimealoneisnearlyhalfa millisecond,ltwillthereforebe necessary

to use a differentADC system. There axecommercial optionsavailable,such

as the Lecroy FERA system,which would achievethe requiredspeed. This

systemisquiteexpensive.There isa designfora FastbusADC by the Fermilab

Physicsdepartmentwhichhas veryfastreadoutspeedand issuitableinallother

ways forthe experimentand which isestimatedtocostlessthan $75/channel.

LeCroy isplanninga new ADC, the 188X, which has much shorterdigitisation

timeand on-boardpedestalsuppression.Ithas suitablesensitivityand range

forour needs.The costper channelinprojectedat $60-70/channel.Readout

willtakebetween 50 and 100/a_ec.The deviceisnow inthe prototypestage

and willbe testedshortlyat Fermilab.Assuming itlivesup toitsspecifications,

thiswould probablybe the bestchoice.

The old E687 data bufferingand loggingsystem would be pushed to or

beyond itslimitsin loggingthe nominal I Megabyte per secondofdata. The

maximum eventrateeverachievedintheeventbuildingstagewas about 20,000

smalleventsper spill,witha verylargedead time.
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We plan to simplify the system, using existing, proven modules in supported
configurations. Front ends should be read out through standard RS-485 data

cables. We would like to use a supported generic commercial workstation to
perform event buildings filtering s data Iogging_ monitoring and run control. Re-
altime programs and special device drivers should not be required. We will
continue the very successful practice of depending on Fermilab Computing Di-
vision software support for major elements of this system.

We will use VDAS memory buffers, originally developed by Fermilab for
E687, to provide both real time and spill buffering. EBI modules provide a
simple, inexpensive, and fast connection from VDAS to the VME bus of the
data logging workstation. This technology also gives us the option of using the

primary data paths for interapill calibrations. A memory module planned as
part of the DART system will combine the VDAS and EBI functionality on a
single VME card, and when available could replace the VDAS/EBI combination.

Data will be logged on 8mm tape using Exabyte 8500 double density tape
drives. At half a megabyte per second per drive, we will log to two drives in
parallel. Data logging rate_ can be increased by adding more drives to the
output SCSI bus, or adding additional SCSI adaptors to the workstation. For

short calibration runs, higher rate data logging to disk will be possible.
In conclusion, the DAQ can be upgraded with existing technology to operate

at the required rate. If the trigger rate exceeds the target of 25,000/spill by a
factor of two, the "downstream" portion of the system can handle the situation
with no trouble. The "front-end" will produce a factor of two more deadtime.
which will result in an increase from 10% to 20%_ an acceptable situation.

4 Upgrades to Spectrometer to Improve Effi-
ciency

Some part of the improvement in the charm and beauty yield are obtained by
improving the efficiency of the spectrometer for reconstructing these events.
These improvements are described in this section.

4.1 Cerenkov Counters

This section reviews the layout and performance of the present E687 Cerenkov
s: _em, and discusses a possible improvement for a new run. Our basic conclu-
sion is that the existing system performs well for the charm physics of a new

photoproduction run but we are studying a modification which might extend the
capabilities of the experiment. The present E687 Cerenkov system consists of
three multicell Cerenkov counters with different Cerenkov thresholds. Table 11

summarizes the cell count and thresholds for the existing Cerenkov system.
Low momentum (or wide angle) tracks which fail to traverse the M2 aperture

are analysed by both C1 and C2; tracks which traverse the M2 aperture are
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Table 11: Characteristics of the (_erenkov Counters

I1 I,. 1 I)Threshold(GeV/c) No. ofCells

Pion [ Kaon IProton
C1 'HEN2 8.4 29'6 .... 56".4 90

(_2 N_O 4.5 1'6'2 30.9 lfO
C3 He 17.0 61.0 116.2 100 "

............. •

analyzedby allthreecounters.The existingCerenkov systemallowsprotons

and kaons to be separatedfrom pionsover a momentum range of 4.5 GeV

to to 61 GeV and providesunambiguous electronidentificationformomenta

up to 17 GeV for trackstraversingthe M2 aperture. We used pure helium

in C3 in order to achievethe highestpossibleCerenkov thresholdavailable

usingan atmosphericpressurecounter.The Cerenkov thresholdsofC1 and C2

were matched to the C3 thresholdto providea continuousmomentum range

forparticleidentification(e.g.the kaon thresholdof CI matches the proton
thresholdofC2 and the protonthresholdof CI matches the kaon thresholdof

c3).
The presentE687 Cerenkovcountersystemperformedwellinboth the1988

and 1990run period.Figure17showsan inclusive,combined D _ Kz',K2z',and

K3z"signalobtainedinour 1988run withand withoutCerenkovidentification

requirementson the kaon. About 60% of the totalcharm signalsurvivesthe

Cerenkov cut. Ifone considerscaseswhere the kaon traversesthe M2 aper-

tureand thus has a chance ofbeing identifiedby C3, the kz_onisCerenkov

identifiedas definitekaon or kaon/protonambiguous about 70 % ofthe time.
These identificationfractionsincludethe effectsof Cerenkov confusiondue to

overlappingtracksaswellastheeffectsofthe finiteCerenkov identificationmo-

mentum range.The good performanceofthepresentCerenkov systemcan also

be confirmedthrough the decays_ _ K+K -, K, _ _+_r- and A _ Pz'-.

Roughly 80% ofprotonsfrom A decaysareidentifiedasprotonor kaon/proton
ambiguous inour 1988data.

The kaonidentificationrangeoftheCerenkov systemperformswellformost

ofthecharm physicsgoalsof E687. At present,both C2 and C3 havecloseto

optimalperformancewithasymptoticphotoelectronyieldsinexcessof 8 pho-

toelectrons.The photoelectronyieldofCI isabout 3 photoelectronsprimarily

owing to itssmallphysicallength(onlyabout 1.4meters)and relativelyhigh
pionthreshold(8.4GEV). ltmightbe possibletoextendtheCI radiatorlength.

A 2 footextensionwould raisethe photoelectronyieldtoabout 4.3photoelec-

trons.Extra photoelectronswould significantlysolidifyparticleidentification

forthe caseof wellisolatedtracks.The penaltyof a 2 footextensionwould

be a 40 % increase in the radius of Cerenkov light for each track which would
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Figure 17: Performance of Cerenkov counters



tendto increaseconfusionintightlyclusteredevents.In addition,addingmore

radiatorwillincreasethe P0 _ P2 leverarm by 12 % which willcausea small
decreazeinour totalacceptance.

4.2 Electromagnetic calorimeters

4.2.1 Inner electromagnetic calorimeter

The Inner ElectromagneticCalorimeteror IE :,sa 25 radiationlengthlead-

scintillatorsandwichcalorimeterwhichisusedtoidentifyelectronsand photons.

The deviceisdividedinto3 longitudinalmodules and isreadoutby X and Y

strips.In orderto-match X and Y fiberstripsthatare "hit",thereare two

additional45 degreescintillatorarrayscalledtiebreakera.

Thus farwe haveusedthedeviceto reconstructsemileptonicdecaystoelec-

tronsand have identifiedmany charm channelscontaininga'°'s.The efficiency

foridentifyingelectronshittingtheinnerelectromagneticcalorimeterisapprox-

imately90% witha e/w rejectionratioof 1/50.Thisefficiencycan be improved,

but then we have more pion contamination.IIowever,the e_ciency isquite

acceptable.Our photon reconstructione_ciency forphotons strikingthe IE

calorimeterisbetween50% and 60%. This low e_ciencyispartlydue hadronic

shower,overlappingphotonicshower,and partlydue to thetiebreakermatch-

ing.We arepresentlyinvestigatingreplacingthetiebreaker*with a singlelayer

oftiles7.5cm x 7.5cm x 2crethick.A totalof480 tileswould be required.By

removingthe tiebreaker,we would save 156 channelssuch thatan additional

324 new channelswould need to be obtained.While thisdesignneeds to be

furtherstudiedinMonte Carlo,itappearsthatwe may be ableto double the
number ofw°'sreconstructedintheIE withsuch an addition.

Finally,we need to createan//Tpt,ptriggerfrom energywhich isdeposited
intheIE.We presentlyplantoimplementsuch a triggerby weightingthe pulse

heightsfrom the X and Y stripsinthemiddlelongitudinallysegmentedmodule

by the distancethestripsareaway from the beam direction.The phototubes

havedynode outputswhich weredesignedforsucha plan.

4.2.2 Outer electromagnetic calorimeter

The E687 OE isa lead-scintillatorsandwichcalorimeter,withactivemedia read-

out done withfine-grained(3.3cre)strips,coveringthewide-angleregion(from

-..40mead up to._120mrad). The two halvesofthedetectorareseparatedby

an adjustablegap withrespecttothe magnet bend plane(inE687 setto9 cm)_
thereforethepile-updue topairswillbe easilykeptunder control.

Two upgradesareconsideredforthisdetector.The innerpartofthedetector

willbe modifiedinordertoimprovetheshower reconstructionefliciencyin the

highestoccupancyregion,i.e.inthe regioncloseto the holewhere X-Y strips

matching ismost problematic.The secondupgrade willconsistininsertingthe

OE informationinthe secondleveltriggeringlogic.
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The innerregionwillbe replacedby a monolithicdetectormade ofplastic

scintillatingfibersembedded ina leadmatrixwith a 50:3Sscintillator-to-lead

volurnicratio,fibersparallelto the beam axisand tower-likereadout. This

/_ead-ontechniquehaz been used inthe (20MeV - 5GEV') energyrange at-

taining6%/x/E[GeV] energyresolution{37,38}.Prototypingand testinghave
beenperformedin Frascati.The upgraded regionwillconsistoftwo monolithic

Pb-scintillatingfibersstructures,each one symmetric to the magnet bending

plane,runningalong theverticalgap and thecentralholewitha 25 cm widthin

the(X,¥) planeand 32cm (20X'o)thickness.Each structureismade ofgrooved
leadfoils(1.3mm thickness)and from-diameterscintillatingfibers.Duringthe

assembly,fibersarc.pre-cutto measure and positionedin a transportframe

which allowsto stackand glueleadfoilstogether.Once assembled,fibersare

uniformlypositionedthroughouttheleadvolume forminga periodicalhexago-

nallattice.The interaxJaldistancefrom eachfiberto itsclosestneighboursis

1.35mm. Such an innerregioninadditionwillimproveboth energyand spatial

resolutionforphotons. More than 90% of the photon pairsfrom 7r° in charm

decaysinthe OE angularz:ceptanceare widerthan 10cre.The presentdesign

seesa (5x 5)crn2 readoutgranularityleadingto 240 countersintotal.

The strip-likestructureofthe readoutelementspermitsto designan Eperp

fasttriggerbased on thresholdsvaryingwith the distancefrom the beam a_is.
Beforebeing converted,a smallfractionof the counters'signalispicked-up
and senttoa low-thresholddiscriminator.Such front-endelectronicshas been

prototypedand tested,about 500 channelsareavailal:le.
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5 Computing Requirements

The eventreconstructionofthedataforthepresentrun ofE687 isnow complete.

ltrequiredabout 600 VAX/780-years.Thiswas accomplishedini0 months us-

ingUNIX farms.Sincethedata-setanticipatedforthe 1993-1994run is5 times

larger,itisreasonableto estimatea requirementof 4500 VAX/780-years. We
usea factorof7.5ratherthan 5 becausethetriggerwillpreferentiallyeliminate

the lowestmultiplicity,simplestevents.This amount ofcomputing shouldbe

readilyavailableataffordablepricesby 1994/5,when itwould be needed.How-

ever,we anticipatereducingcomputer useby approximatelya factoroftwo by

not performingthe wholeanalysison everyevent.One possiblestrategywould

be to performalltl_etrackreconstructionand fastparticleidentificationalgo-

rithms(< 40% ofthepresentoffiineanalysispackage)and onlyfurtheranalyze
thoseeventswithevidenceforasecondaryvertex,orunusualfinalstateparticles

(e.g.multiplekaonsand protonsand/orleptons).From our present analysis,
we estimatethatlessthan 20% of theeventswillsurvivetheseselectio_crite-

ria.(We have previouslyskimmed withan algorithmthatselectedI0% ofthe

eventswhilestillbeing80% efficientforreconstructablecharm decays.)Exten-

sivehadron and electromagneticcalorimetryanalysiswould only be performed

fortheskimmed events.This shouldresultin a requirementoflessthan 1500

Vax years.Ifone takesthepointofviewthat900 addi,*.ionalVAX/780-yearswill

need to be acquiredforthisexperiment,then,assuming $50/VUP by 1994/5

(ascompazed to $118/VUP in FNAL's lastacquisition),the incrementalcost
ofthe computing is$45,000.ltshouldbe noted thatthe proposed gainscome

from doinglessanalysison eventswhich are alreadybelievedto be uninterest-

ing,not by doinga less-than-completemicrostriporspectrometertracking.We

will,ofcourse,investigatewhetherpartialtrackingcan furtherreducetheCPU

requirement.

DuringE687,itwas possibletoanalyzeabout 25% oftheeventsduringdata

taking.We hope to have the analysisreadyat the startof E831 so we would

liketohave thefullreconstructioncapacityavailablefrom the beginningofthe

run tokeep up withdata-taking.
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6 Beam I{.equest and Running Conditions

6.1 Beam Request

We can most realistically formulate our beam request by scaling from the
1990/92 runs. This will fold in the effects of real-life problems that occur during
data-taking.

In 1990/91, we accumulated about 15 million events per week and got an

effective 35 weeks of data. If we had sustained the optimum running conditions
for the experiment, we would have accumulated about 28 milliion events/week.

There was very little down time from malfunctioning of experimental equipment.
The difference between the optimum and the reality was due to accelerator

and beam downtime, 'edge effects' such as tuning and beam instabilities, low
machine intensity, and, to some extent, time needed for calibration. In the 1991

run,calibrationtime was especiallylongbecauseofthepresenceofE683 which

needed separatebeam calibrationtime. In addition,in 1991,E683'srunning

conditionlimitedthebeam intensityto3E12 when E687 couldeasilyhave taken

4 or 5E12. In thetwo runs,we werechargedforabout 5000 beam hours.

We thereforerequesta runningperiodof 1000 beam hours forsetup and

4000 beam hours fordata-taking.The 1000 hours representsmore than was

requiredforeitherthe 1990or 1991startup.However, we willhave many new
components that willhave to be calibratedand we willhave to learntheir

idiosyncracies.We willalsohavetolearnhow torun at thehigherrates.When
we brought the experimentup forthe firsttime,in 1987/88,ittook us about

1000hours toget everythingworkingand the triggerunderstood.

Our desiredrunningconditionsare 900 GeV/c protonbeam with5E12 pro-

tonson target.The rep rateshouldbe about 1 spill/minute.The flattop

shouldbe at least20 seconds.Intensitiesduringtuneup can be lower,begin-

ningat 2E12.
We expect to operate the secondary beam in double band mode. We need

to use the liquid deuterium production target to achieve the required photon
yield. Other modifications to the beam have been described above.

We strongly prefer a s_ngle Fixed Target running period to complete the
above goals.

6.2 SpecialConsiderations

Thisexperimentwillbe much more sensitivetospillstructurethan our previous

efforts.We would stronglyurge thelab to foldstandardspillqualitymonitor-

ing,feedback, and spill improvement into its plans for the upcoming fixed target
run. We believe the average 'coarse spill duty factor' of around 40-50% should
be improved to at least 80%, a number that has been achieved under some cir-
cumstances. We believe that additional attention should bc devoted to studying
and improving the spill 'micro-structure _- bucket to bucket correlations,etc.
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ABSTRACT

We compare the ratio of the strong coupling a, measured in Z° --+bb events to that

measured in _Z° --_ q'_ (q=u,d,8,c) in the SLD experiment at SLAC. Z ° ---*bb events
are identified with the aid of a precision silicon vertex detector by requiring that
at least three charged tracks pass more than 3.00" from the Z ° decay vertex. This
method has an estimated efficiency of 54% with a purity of 71%. :Jets are identified

and counted by clustering charged tracks according to the JADE algorithm. By

comparing the 3-jet fraction in tagged events to that in all hadronic events, we
extract a preliminary result of a,(b)/a,(ud,c) - 1.18 :k 0.11(s_a_) _ 0.05(,y,).

1. Detector and Data Sample

The SLAC Large Detector 1 (SLD) analyzes the decays of z ° bosons produced in e+e-
collisions at the SLC. The analysis presented here takes advantage of two tracking
components, the Central Drift Chamber (CDC) and the Silicon Vertex Detector
(VXD)2. The CDC consists of 80 layers of sense wires,.48 of which are stereo layers,
in an axial magnetic field of 0.6 T. Tracks with polar angle Ico_(8)[< 0.71 traverse all
80 layers, with good reconstruction extending to [cos(S)[< 0.80. The VXD consists of
480 silicon CCD chips with a total of 120 million 22x22 ;Lm pixels. Charge division
between neighboring pixels affords an intrinsic position resolution of 6 ;Lm. The
CCD cMps are arranged in four layers, ranging from 29.5 mm to 41.5 mm in radius.
Track acceptance for the VXD extends to Icos(8)[ < 0.TS. The VXD is described in
more detail in these proceedings.3, 4

Well-measured tracks are required to pass within a cylinder of radius 5 cm
and half-length 10 cm along the beam axis, centered on the interaction point. In ad-
dition, they must be contained within [cos(8)l< 0.8 and have a momentum transverse
to the beam a.,ds of at least 150 MeV/c.

For a z ° decay to be selected for use in tl_s analysis, it must have at least
5 well-measured tracks, at least 20_ of the total center-of-mass energy must be
visible in well-measured tracks, and Icos(8,h_,,t)[ < 0.71. These requirements ensure
good containment in the barrel of the detector. Of 11659 g ° candidates, 5602 satisfy
these criteria and are used in this analysis.



•2. Tagging Z°--,66Events

EventswithB hadron decaysarefaggedusingthex-ydistanceofclosestapproach

(DOCA) ofchargedtrackstotheinteractionpoint(IP).In additiontothenormal
trackselectioncuts,furtherrestrictionson trackscontributingto the tag areim-
posed tc, ensure good measurements of their DOCAs. Tracks must have at least 2
clustersofh_tsin differentCCDs oftheVXD, theymust have atleast40 out of

a possible80 liltsinthe CDC, and theymust have x2/DOF < 5.0ina trackfitto
the CDC hits. They must not par with other charged tracks to form K °, A°, or
photon conversion: candidates. The error on the DOCA measurement arises from
the intrinsic resolution of the VXD and multiple scattering terms which become
dominant at low momentum. The average error on the DOCA of a track is given
by < O'DOCA>= 13;_me 70_m/(P_/si_3(8)), where P is the track momentum in GeV.
Tracks with o'oocA > 2S0_m are not used in the tag.

The _n_,_.raction point (IP) is found by combining tracks from several events
and fitting G_ra common origin. The SLC IP measures 2 _m [n x and y, and 650 _m
in z. The location of the IP is stable within 20 _m over periods of more than 200
hours. As orAy the x-y position of the IP is necessary for tiffs analysis, the errors

in its measured location may be neglected.
For each event, tracks passing the above selection criteria are extrapolated

past the IP and their DOCA to the IP is measured. A sign is applied to the
DOCA by comparing the track to the nearest jet a:ds. Jets used for the purpose of
sign.ing the DOCA are found using the JADE algorithm 5 with _/=.t= 0.02. If the x-y
projection of a track intersects the projection of the jet ads on the opposite side of
the lP in which the track travels, the DOCA is negative.

The norma/ized DOCA is formed by dividing the DOCA by its measurement

error. To identify an event as a Z° _ b_ event, at le..ast N_ charged tracks must
have normalized DOCAs exceeding N, ig. Fig. 1 illustrates the estimated efficiency
and purity of the b tag for various values of Ntr/=and N, ig, ushlg JETSET 6.3 with
the SLD heavy quark decay package, 7 along with full GEANT detector simulation
and SLD event reconstruction. The values of NL_ = 3 and N,ig = 3.0 are used in this
analysis. Using this identification procedure, we estimate am efficiency of 54.0%+1.6%
with a purity of 71.0%+2.S%. a Of the 5602 hadronic events used in this analysis, 919
are tagged as z ° --. b_ decays.

3. Measuring q,(b)/c_,(,_sc)

A jet rates ana/ysis s was performed on the 5 tagged sample and on the hadronic
dataset using the JADE algorithm. The ratio of the 3-jet rates in these samples,
P_==, = Y3(b-mg)/f3(_r), is shown as a function of _/=,,in fig. 2. Because each event
in the sample contributes to each poLut, the values of R_=oo at different _, are

correlated. To quote a result with proper errors, one point on fig. 2 is selected. We
adopt the convention' of the L3 collaboration and quote our results at y=,, = 0.0s,
at which the measured ratio is R_,, = 1.11 4-0.07(naz).



If the purity of the z ° -, bb tag is _ and the bb fraction of the hadronic sam-

ple is Rb, then the ratio of the three-jet rate of b decays to that in udsc decays,
f3(b)/f3(ud3c) = (Rra,a,(1-- Rb)+_" -- 1)/(_'-- RbRm,_,). The weak decay of the B hadrons
produces many tracks wi_h large pt and increases the expected 3-jet rate. A correc-
tion to the observed 3-jet rate ratio is estimated from Monte Carlo to be 0.99± 0.02.

The correction to the 3-jet rates owing to detector acceptance cancels in the ratio
_m_o,. Another correction arises from the nonu_formity of the tag efficiency as a
function of vcut and amounts to 0.99 + 0.04 at wut = 0.05. Bhabha and tau contami-

nation contribute < 1% to the systematic error. The corrected 3-jet ratio, using the
Standard Model value of Rb = 22.1%, is f_(b)//a(u&c) = 1.16i 0.11(s*a0" .05(sW0.

The QCD prediction for/a(!/_,t) has been calculated 9 up to second order in
perturbation theory. For w,t = 0.05the second order co,'rections amount to 0.5% and

are neglected here. With this approximation we write :_,(b)/ez.(ud_c)=/a(b)/fa(_dac).
The high mass of the b quark reduces the available phase space for high momentum
gluon emission, which amounts to a 2% decrease 1°,xl in the expected 3-jet rate.

After all correctiofis, the SLD preliminary measurement :[or the ratio of the strong
couplings is
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ABSTRACT

We present jet rates in hadronic decays of Z ° bosons measured by the SLD experiment
at SLAC. The data are analyzed in terms of the JADE and recently proposed Durham

algorithms, and are found to be in agreement with the predictions of perturbative

QCD plus fragr_entation Monte Carlo models of hadron production. Corrected 2, 3
and 4--jet rates are well describrd by O(a]) perturbative QCD calculations. From fits

to the differential 2-jet dis_.._:'._tion the strong coupling a,(Mz) is measured to be

a,(Mz) = 0.119 + 0.002(star.):_ (, 003(exp.syst.) " 0.014(theory) (preliminary). The
largest contribution to the error arises from the theoretical uncertainty in choosing the
QCD _enormal.isation scale.

Event Selection and Measurement

The SLAC Linear Collider (SLC) produces electron-positron annihilation
events at the z ° resonance which are recorded by the SLC Large Detector (SLD).
In the first physics run from February to September 1992, a sample of about 12000
z ° decays had been accumulated by the SLD.

The analysis presented here used charged tracks measured in the central
drift chamber (CDC). A set of cuts was applied to select well-measured tracks
and events well-contained within the detector acceptance. 1 5500 events survived
these cuts. The total background was estimated to be at the level of 0.3%. We
reconstructed jets using the Durham (D) 2 jet-finding algorithm as well as with the
E, E0 and p schemes which are variations of the JADE algorithm. 3 The =-jet rates
R,(uc, t) reconstructed from the SLD data with the D algorithm are shown in Fig. 1
for the cases = = 2,3,4,>_5. The data were corrected by standard procedures 1 for
the effects of initial state radiation, detector acceptance and resolution, analysis
cuts, unmeasured neutral particles, decays of unstable particles and hadronization.
Also shown in Fig. 1 are the predictions of the 3ETSET 6.3 and HERWIG 5.3
perturbative QCD plus fragmentation Monte Carlo programs, which are seen to be
in agreement with the data.

R3(yc=,) and/_(yc=t) have been calendared to next-to-leading and leading or-
der, respectively, in QCD perturbation theory. 4,s R2(yc.,) is derived by applying the
unitarity constraint R2 = 1 - R3 - /h. The free parameters in the calculations are
the QCD interaction scale A_--_and the renormaliza_ioiL scale factor f = _2/E_.

To avoid the correlations between adjacent points in Fig. 1 it is custom-
ary to fit the QCD calculations to the differential 2-jet rate D__(y=._)defined as:
D=(y=u,) -- [R2(y=u,)- R2(yc,, - ay=,,)]/Ay=.,,shown in Fig. 2,where each event enters
the plot only once. Also shown are two fits of the o(a, 2) calculation by Kunszt
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with the Durham algorithm and QCD fits to the data

and Nason. 5 In the first fit (dashed line) the renormalization scale factor f was fixed
to unity and the single parameter h_-7_was fitted. In the second case (solid line) a
two-parameter fit to AZT-_ and f was performed. To o(a2,) t?.4is only calculated to
leading order and R5 does not contribute at all. The fits were therefore restricted to
regions of yc, t where/_ < 1%for f = 1 and R5 < 1%for free y. The resulting values for
h_-?_can be translated into a,(Mz) measurements using the renormalization group
equation, giving a,(Mz) "" 0.1254-0.002and 0.120_0.002 respectively. A similar analysis
was performed for the E0, IS and p schemes. The results are shown in Table 1.

(f = 1) (f fitted)
2

scheme A._-T:e_(MEV) x2/d.o.f h_-q-e(MEV) .¢= _'/Ec,, _.2/d.o.f

E0 258 _ 35 14/8 109 4- 12 0.0045 4- 0.0005 15/10

E 528 4- 50 9/4 89 _ 8 0.00014- 0.0001 7/6

P 326._ 48 5/8 209 4- 13 , 0.023 4- 0.0012. 8,/10

Table 1 Results of fitting O(a_) QCD calculations to SLD data, for fixed and variable renormal-

isation scales. The errors are statistical only.

For each jet-finding scheme the results from the two fits were averaged and
listed in Table 2. Also listed in Table 2 are the errors contributing to this measure-
ment: the statistical error <_2% and the experimental systematic en:or < 3%for ai1
algorithms; Aa,(had.) is the error introduced by the modelling of the hadronization
process, estimated by comparing results from two different fragmentation models
in JETSET 6.3 and HERWIG 5.3; Aa,(q0) is the uncertaintiy introduced by the
choice of the lower cutoff for parton branching Q0. Q0 was varied between 0.5 and 5
GeV and the largest difference in the final result is quoted in the error. The largest
error is introduced by the scale uncertainty, Aa,(scale), estimated from the difference
between the measured values of hT with / = 1 and with ,¢as a free parameter. In
Fig. 3 the behavior of a, as a function of the renormalization scale f is shown. The
fitted values of .f lie very close to the minimum for each jet-finding algorithm. The
scale uncertainty is taken to be the difference between the minimura of each curve



and the value at I = 1. Uncertainties introduced by varying the fit range of yc,_
were found to be negfigible. These results agree within experimental errors with
previous measurements from SLC _,nd LEP Gas wall as with our own measurement
of a, from energy-energy correlations, n

Scheme a.(Mz.) Act,(stat.) Aa,(ezp.) Aa,(had.) Aa,(Qo) Ac_,(scale)
D 0.125 4-0.002 ±0.003 4-0.003 4-0.004 ±0.007
EO 0.112 4-0.002 4-0.003 4-0.003 4-0.002 -I-0.007

E 0.119 4-0.002 4-0.003 4-0.003±0.005 +0.013
P 0.120 +0.002 ±0.003 4-0.003 4-0.005 :_c _9

Table 2 Summary ofresultsforas and theerrorscontributingtothemeasurementuncertainty.

The valuesfor tr.are theaverageofthe resultsfromthe two fits.

,-| ..... i . - - -i - " ,

Summary and Discussion SLD c--_,)

We have presentedan analysisof jet o.L,
ratesfrom a datasample ofabout 12000
hadronic_s recordedby the SLD. We
have determinedthe valueofthe strong ° o.,,
coupling,a,(_zo),usingfourdifferentjet
findingalgorithms(E0,p,Eand D).These
measurements were compared with ana- o D,_,=,"
lyric calculations in complete second order *"* . z .eh.=.x p scheme

perturbative QCD. The QCD parameter ....

A_-)-g, and thus a,(Mz,), was then deter- ,mt " ,_**,' ,_L o.L.... t.,
zmnea infits ofthe QCD calculationsto ,=_,'/e.

the corrected data distributions. Fig.a as as a function of the scale /

The average of the four results is

a,(Mz) -- 0.119 4- 0.002 (stat.) 4- 0.003 (exp.syst.) .+.6.014 (theory).

Experimental uncertainties are at the level of < 4%(stat.+syst.). The the-
oretical e=or quoted above is the sum of Aa,(had.), Aa°(Q0) and Aa°(sca/e) added
in quadrature, for the E scheme, which yields the largest uncertainties. We find
that the largest error in this measurement is the theoretical error from varying the
renormalh_t_on scale/. Our result is in good agreement with results from the LEP
expefimcn_
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ABSTRACT

8rs nta =rioofr(z0--.bg) to
F(Z _I-Iadrons) using the silicon CCZ)..pixelvertex detector of the SLD at
SLAC Linear CoUidcr (SLC). An impact parameter method and a displaced
vertex method are applied to ali c.harged tracks, to efficiently tag Z0_bt_ events.
From the impact (displaced vertex) approach we f'md Rb--_.218:!:0.013+0.07£
(Rb=0.199z0.012__.034), consistent with the standard model value.

', 1. Introduction

The branching fraction ratio Rb measures the sum of the squares of the vector and
axial vector couplings of the b-quark to the ZO. As the CIOvf parameter Vtb=l one
anticipates large vertex and external radiative corrections (AVoc(Ivit/MZ)x) for _ ,Mz.
Rb isolates the vertex corrections, as oblique corrections largely cancel in the ratio, being
common to all fermions.1 This is reflected in the weak dependence of Rb on sin2Ow, and
on QCD corrections: These insensitivity's to conventional rad. corrections make Rb an

excellent variable in the search for New Physics once Mt is known, and 5R b ~1% is
obtained. We present herein preliminary results on the measurement of R b from a sample
of 11.6K polarized Z0 events collected ath/'s----91.55GeV in the SLD detector at the SLC,

using a CCD vertex detector. Z0 events containing b-decays are tagged by two
techniques; one similar to M.AR.I,[II,2 namely the counting of all tracks with large impact
parameters (b) to the interaction point (IP), and one that counts displaced vertices from, b
and c-quark decays directly. High efficiencies and purities are achieved as both hadrons
and leptons are included in the tagging procedures.

2. Detector Description and Tracking Performance
For this analysis, only a subset of the elements of SLD are utilized; the drift

chamber (CDC) 3 covering 85% 4_ sr, the CCD vertex detector (VXD) 4 coveting 75%
4_xsr, and the liquid argon calorimeter (I.AC), coveting 95% '4:_sr.5 The LAC is used in
the SLD trigger. Charged tracks are reconstructed in the CDC and linked with pixel-

Worksupportedin partby the U.S.Departmentof EnergyUnderContractDE-AC03-76SF00515
iC._fiquecc_-ectiomsrenormalizethevalueofxi.rr2Ow(asch_t"acxer'izedby AO).ThefractionalchangeinRbisless
than5%ofanyfractionalchangeinducedinsin20W.Similarly,a10%changeinasresultsina0.05%changeinRb.



clusters in the VXD. A combined fit using the Billior method6 is performed, to properly
account for multiple scattering as the track is extrapolated through the VY,_Dmaterial and
the 25mm radius Be-beam pipe, into the IP. The angular errors of the CDC combined
with local < 5d_>and ,aSz>of VXD clusters of 5Ftm and 8Ftm,.respectively, lead to XY
(.1.to the e+e- beams) and Rz (the plane containing the beam _is) impact resolutions of
(a,l_)_ = (13Ftm,70Ftm)and (a,13)Rz= (52Ftm,701.tta),respectively,ii

3. Beam Position

The beams of the SLC have RMS prof'tles averaged over our sample of 2 ® 2
Ftm2 in X and Y; while the luminous region in Z is - 650p.m.Frequent beam-beam scans
coupled with a feedback utilizing the pulse to pulse beamstmhlung monitor information is
used to maintain the beams in collision and stabilize the lP position. The IP is tracked in
SLD utilizing Z0 events. A fit is performed for the X,Y IP position and error (Ox,Oy)
using- 50 time ordered tracks of small b, from ~10 Z0. Each sample spans ,-0.5 hr but
hrs. of operation, for stability. The 447 measurements for the 1992 data run have Ox, Cry
=--10-159..m. The impact parameter of Ft+Ft- & e+e" to the IP (Fig. 1) gives <Crlp>=1.14zm.

4. Detector and Event Selection

The SLD trigger is based on loose calorimetric criteria to eliminate primaD' beam
related backgrounds; conventional e+and ./ scattered from the beam pipe and masks, and
upstream electroproduced muons, unique to SLC. The former are reduced by total energy
and asymmetry cuts, while the latter utilizes the fine grained tower structure of LAC and
the pattern of energy deposition of the muons.

Hadronic Z0 events are selected off-line for analysis from the sample of triggers.
We require visible energy in tracks Ev>18 GeV and that the thrust axis lie within
Icos(0T)l<0.71where tracking is optimal. We require the number of charged tracks Nchrg
> 7, eliminating 2,/and x-pair events. Bad nmning periods and events with number of
CDC/VXD linked tracks<3 are rejected. We t3,pically retain 4684Z0 events with an
estimated background contamination of <1%. The flavor dependence of the selection for
b-quarks relative to ali hadronic Z0 events is estimated to be 1.000:_0.007.

5. The Determination Of Rb

5.1 The Impact Technique
._ter event selection the set of CDC tracks having a VXD fit is further refined.

We require CDC tracks start at a radius r<0.4m, to have Nhit >40 and to have good fit
quality (X:Zldf<5). Tracks originating from identified long lived vees and ,/-conversions
are eliminated. Tracks are extrapolated to the XY point of closest approach to the IP, and
the 2-D impact parameter(b) and error (ob) are calculated. We require ibl<0.3cm and ob
< 250 am corresponding to a momentum cut p _ 0.5 GeV/c. Ali tracks are required to
extrapolate to within lcre of the average beam position in Z.

ii Here me pe.rametrizethe impact resolution function as' a :_ I_/_where the sum is taken in quadrature.

/
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The JADE algorithmiil. using charged tracks isolates jets. Each track is assigned
to the spatially nearest jet and a sign is attached to lbl.The +(-) convention is chosen for
tracks crossing the jet axis in front (in back) of the I2. A non-zero lifetime preferentially
populates +lbl, while -lbl tracks reflects uncertainty in the jet direction and the tracking
resolution. The normalized impact parameter (bnorm.)is formed from the signed b divided
by ob in quadrature with qp along the _ direction.

The Monte Carlo (MC) simulation contains knowledge of resolution, geometry,
efficiency and backgrounds, but unmodeled effects remain. These are associated with
detailed CDC waveforms, models of drift velocity variation and residual misalignments
and distortions. The MC is adjusted (as a function of p) to match tracking efficiency and
resolution by removing 6% of the tracks and increasing o b to put bnorm in the data and
the MC into agreement for bnorm'_0.Since -lbl tracks reflect resolution effects and not the
lifetime effects of b and c-quarks, this is an unbiased procedure for correcting the
simulation of bnorm_"6tracks.

N

The first _=_._oolno_,technique for bb events utilizes the property that b-quarks have a
large decay Ien_h (,-O.2cm)resulting in many large Pt tracks having large +lbl. We cut on
the number of tracks (aNsign.) in an event having bnorm> 3. Fig. 2 shows bnormfor uds,
c and b decays from MC and data, while Fig. 3 shows the tagging efficiency (eh) and
purity (lib) vs. Nsign..The standard model cross-sections for ZO--,.qqare used to estimate
the Hb. Choosing Nsi_ =3, we tag 786 of 4684 events (Fig.5), resulting in eb = 0.54, %
- 0.14, Cuds-- 0.04 and Fib=0.71.We obtain Rb= 0.218_--*-0.013(statistical error only).

5.2 1 The Displaced Vertex Technic_e
The second technique is based on the observation that b-quark hadronization

results in more 2-prong vertices displaced from the EP, than uds or e decays. Pairs of
tracks, each with p>0.3 GeV, lbl< 0.3eta, and IZ01<lcre are combined to find candidate
2-prong vertices. The cut on lbl akeady is effective in vee and ,t--*e+e" rejection. To
reduce combinatofics of tracks from opposing jets, the opening angle of a pair must be
less than 900 in the lab. A 3-D fit on each vertex must satisfy _2 <5. The decay length L
(=1 - Pv / IPvl) from the IP to the fitted vertex must be >4ctL(oL=oV • Oil:,,where ov is
the flight distance fit error). The tag requires a minimum of vertices NVto satisfy this cut.
Fig. 4 shows _, Fib and eudscvs. NV. For NV_>6,(Fig. 6) we retain 756 of 4824 events
with _b " 0.56, Fib-0.73, ec=0.12, and vaxts=0.04.An overlap with the impact technique
of 427 events is observed. The vertex analysis yields Rb = 0.199i-0.012 (stat. en'or only).

6. Systematic Errors
Our preliminary estimates of systematic errors for the impact parameter and

vertex techniques are shown in Table I. Detector errors are conservative estimates. The
b-lifetime is varied from 1.2-1.5ps. The fragmentation has been studied with LUND,
using Pederson functions with (<xe>,e)=(0.494_-*-0.025,0.06)and (0.700_:0.020,0.006)for
c and b-quarks respectively. Exclusive models of the decays of b and c hadrons have been
adjusted to reflect present knowledge of their decays, iv.The F(B_D°)/F(B--*D +) ratio

iii. TheparameterYCtff--O.02isusedforthejetdiscrimination.
iv.ModelshavebeenadjustedtoreflectrecentdatapresentedfromLEP,onfragmentation.CLEO.Argus
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error was found to have a negligible effect. The valueTof F(Z°_cc)/F(Z 0--* hadrons)=
0.17_-"3.03 is varied about its error. The charged track multiplicity of b decays =
5.35+0._ _, was varied about its error. The measured values for Rb without radiative

con'ections are Rb = 0.218_.013:i:0.026 (Impact Method) and Rb = 0.199:L-0.012i0.034
(Vertex Method), where the first error is statistical and the second systematic. These
results are consistent with the prediction of Rb =0.22 in the standard model. 8

Table I. Systematic Errors (%)

SOURCE Ill,ACT VERTEX
i __ i , , __, i _. I'= -- -:'_

Tracking R_solution 0.07 0.10
Tracking Efficiency 0.09 0.11
Beam Position _ 0.01

Subtotal 0.11 0.15

b-Lifetime 0.02 0.02

b-Fragmentation 0.02 0.02
b-Decay Properties 0.02 0.07
c-Fragmentation 0A/2, 9.,0Z

Subtotal 0.04 0.08

TOTAL 0.12 0.17

7. Conclusions

Tagging methods that exploit the small and stable SLC IP and the 3D information
of the CCD-pixel vertex detector are found to be highly efficient for b-decays and to

provide excellent background rejection against lighter quarks. These approaches
systematically differ from conventional lepton tagging both in physics bias and the level
required for detector modelling. The large systematic errors at present reflect our
preliminary detector simulation and do not represent fundamental limits to the methods.
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9. Figure Captions

1. The XY impact parameter to the IT' for tracks from muon-pair and W.AJ3events.
2. The signed and normalized impact parameter bnorm for ali Z0 candidate events.

3. The impact tagging efficiency (a) and purity (b) as a function of Nsigrtfmm MC.
4. The vertex tagging efficiency (a) and purity (b) vs. NV for L/crt._.

5. The distribution of Nsign. over the Z0 sample for bnorm>3. The MC is superimposed.

6. The distribution of N Vfor L/oL>4 over the Zo sample.
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MEASUREMENTS OF GLUON SPIN-SENSITIVE

QUANTITIES AT THE Z° RESONANCE

The SLD Collaboration

Presented by Cheng-Gang Fan

.Abstract

We present preliminary measurements of scaled jet energies and the Ellis-Karliner
angle in 3-jet hadronic events from the Z ° decay. Good agreement is found between
the data and the QCD prediction. A scalar gluon model is clearly excluded.

1. Introduction

Distributions of the scaled jet energies and the Ellis-Karliner angle 1, OEK , in Z° ---.
qgg events are sensitive to the spin of the gluon. Several groups 2,a have used these
distributions to determine the gluon spin and to test a scalar gluon model at en-
ergies around 30 GeV. We present these distributions at the Z° resonance, where
the differences between the vector gluon (QCD) predictions and the scalar gluon
predictions are larger. Similar analyses were done at OPAL 4 and L3 s.

e +

Normal _/

_" (_) Cb)

Fig 1. the 3-jet event plane (a), and the Ellis-Karliner Angle (b).

The O(_) cross-section for q(lgevents in e+e- annihilation at the Z° resonance
can be written, assuming massless partons, as6,_:

d_ v(_1,_) _ + _ + (2- _1- _)_
dzldz2 "" (1 - xi)(1 - z2)(zl + z2 -- 1) (1)

d_S(_,_,_) _(I-_)+_(I-_)+ (2-_,-_)_(_i+ _ -i) I0C_Or ,_

d_d=:__ (I-_)(i-_)(_+_.- 1) - C_+C_ (2)

where ai = 2Ei/Ecm, al > a2 > xa, are the scaled parton energies (Fig. la), and C, and

C_ are the vector and axial-vector coupling constants. Eq. (1) is from the vector

gluon (the standard QCD) theory, and Eq. (2) is from a scalar gluon model. For
massless partons, one has:

sinSi

xi = sin01 + sin02 + sinOa (i = 1,2, 3) (3)

_osOEK- (_2- z3)
z, (4)



where the 0i are the angles between the two jets opposite to jet i; and OEK, the

Ellis-Karliner angle, is the angle between jets 1 and 2 in the rest frame of jets 2

and 3 (see Fig. lb). The cross-section can also be written in terms of any single

ai and cosSEg. Distributions of each individual variable, obtained by integration of

the above cross-sections, are clearly different for the two gluon spins.

2. Data Selection

A total of 9,000 hadronic Z°s measured by the SLD s experiment are used in this

analysis• We use only the charged tracks measured in the central drift chamberS•

Details of the track and event selection cuts are described elsewhere 9. 3-jet events

are selected at rc,, = 0.02 using the JADE jet-finding algorithm 1°. We require ]cos01 >
0.70,1 where # is the angle between the electron beam direction and the normal to

the event plane (Fig. la). 1418 events survived these cuts. The background in the
three-jet sample from non-hadronic Z° decays is negligible.
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Fig. 2 comparison of the measured distributions with

vector(QCD) and scalar gluon predictions at the parton level.



3. Results and Conclusion

The variables z, and cosOEKare calculated using Eqs. (3) and (4) and the jet axes
from the JADE jet-finding algorithm. Using only the angles reduces the effects of
not detecting all the energy in each jet. Monte Carlo events are generated using the
JETSET 6.311 and HERWIG 5.312 programs and passed through a detailed SLD
detector simulation and the same selection criterion as applied to the real data.
The Monte Carlo results and the data agree well within statistical errors. A bin-
by-bin correction is applied using the JETSET 6.3 simulation to correct the data to
the parton level. Fig. 2 shows the corrected distributions of xi, x2, xa and cosOEK,
compared with leading order scalar and vector (QCD) gluon calculations. Both
equations 1 and 2 are implemented in JETSET 7.311 program, by which ali the
theoretical distributions are generated. The vector gluon calculation agrees with
the data. The scalar gluon model does not agree with the data. The following table
shows the z 2 per degree of freedom between the data and calculations.

x2/df between data and vector/scalar gluon predictions.

X I r 2 Z3 C080EK

Vector Gluon 0.69 1.17 1.01 0.99
Scalar Gluon 7.33 17.1 16.5 22.9

In conclusion, a scalar gluon model is convincingly excluded by the data,
which is in good agreement with the predictions of QCD. Similar results were ob-
tained at OPAL 4 and L35.
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FIRST MEASUREMENT OF THE LEFT-RIGHT CROSS SECTION

ASYMMETRY IN Z BOSON PRODUCTION AT ECM "- 91.55 GEV

THE SLD COLLABORATION

represented by
BRUCE A. SCHUMM

Physics Division

Lawrence Berkeley Laboratory, Berkeley, California 94720

' ABSTRACT

The left-right cross section asyrnmetry for Z ° boson production in e+ e- annihilation

(ALn) has been measured at Ecru = 91.55 GeV with the SLD detector at the SLAC
Linear Collider (SLC) using a longitudinally polarized electron beam. The electron

polarization was continuously monitored with a Compton scattering polarimeter,
and was typically 22%. We have accumulated a sample of _ 10,000 Z ° events. We
find that ALn -- 0.100 :t=0.044 i 0.003 where the first error is statistical and the

second is systematic. From this measurement, we determine the weak mixing angle
defined at the Z ° boson pole to be sin 2gllept"w - 0.2378 m 0.0056.

The left-right asymmetry is defined as

_(e+eZ--"Z°) - _(e+e_ --.Z°) (1)
ALR= _(e+eT,---Zo)+ _(e+e_--.Z0)'

where a(e+eT_---.Z°) and g(e+e_ --. Z°) are the production cross sections for z ° bosons
with left-handed and right-handed electrons, respectively. Within the context of
the Standard Model, this quantity is a sensitive function of the electroweak mixing
parameter sin 2 Alept"W :

[ fIlept 1

2vcae 2 [1 - 4 sin 2 "w j
- 2, (2)

wherev_and a_arethevectorand axialvectorcouplingconstantsofthez° boson

totheelectroncurrent.The left-rightasymmetry has thefollowingproperties"itis

sensitivetotheinitialstatecouplingsand isinsensitivetothefinalstatecouplings;
itjssensitiveto virtualelectroweakcorrections;itisinsensitiveto realradiative

corrections; it is a weak function of center-of-mass energy, E_.,,,,near the Z° pole;
and it is expected to be relatively large, in the range 0.10-0.15.

The SLC was designed to allow the production, acceleration, and collision
ofa spin-polarized electronbeam with an unpolarizedpositron beam. Polarized e-
beams are produced by injecting the LINAC with electrons of ~ 28% polarization,
produced by the illumination of a GaAs photocathode with circularly polarized
laser light. 1 The electron helicity is randomized by changing the laser helicity on a
cycle-by-cycle (120 Hz) basis. During the process of acceleration and transport, the



beam suffers partial depolarization in the damping rings and arcs, arriving at the lP
with a polarization of ~ 22%. The electron and positron beams are then transported
to beam dumps, where the beam energies are continuously monitored by a pair
of precision energy spectrometers. 2 The mean electron and positron energies were
measured to be 45.71 GeV and 45.84 GeV, respectively, yielding a mean cms energy
of (E_) = 91.55+ 0.04 GeV.

Polarimetry is accomplished by passing the electron beam through a circu-
larly polarized (P = 93 +2%) Nd:YAG laser beam of wavelength l = 532 nra. In order
to avoid systematic effects, the sign of the circular polarization is changed ran-
domly on sequential laser pulses. Compton scattered electrons are then dispersed
horizontally by a beam.line dipole magnet (pi kick = 828 MeV) and exit the vac-

!

uum system through a thin window. Electrons in the energy interval 15-30 GeV are
detected and momentum analyzed by a pair of redundant multichannel detectors (a
Cherenkov detettor and a proportional tube detector), which measure the asymme-
try in the Compton scattering process for anti-parallel and parallel photon/electron
beam helicities, as a function of transverse distance from the unscattered beam.
The electron beam polarization is extracted from the overall normalization of the
measured asymmetry function, which is given by the product of the laser and elec-
tron beam polarizations. Polarimeter data are logged continuously for intervals of
20,000 SLC cycles (---3 ro_in) and written in summary form onto SLD data tapes.

To check for depolarization due to spin precession during the trapsport of
the beam between the SLD and Compton IP's, we have run beams through the IP
region with the SLD solenoid and intervening quadrupoles turned off. The stability
of the beam trajectory under this change Emits the change in polarization between
the two IP's to be less than 0.1%.

Figure 1 shows the measurement of the asymmetry function in the Cherenkov
detector, averaged over polarimeter data from the entire 1992 run. Also shown is
the theoretical asymmetry curve; agreement between the measured and theoretical
asymmetry function is quite good. We estimate the relative systematic error on the
Compton Polarimeter measurement to be '-3%, dominated by the _2% uncertainty
in thc laser circular polarization.

The absolute sign of the electron beam helicity is inferred from the sign of
the Compton asymmetry, which is larger for parallel than anti-parallel spins. The
absolute helicity of the laser polarization was determined with a quarter-wave plate
for which the fast axis had been identified by several independent optical techniques.

The polarized e+e- collisions are measured by the SLD detector. 3 The Z"
decay selection criteria used were based primarily on information from the projec-

tively segmented Liquid Argon Calorimeter (LAC). 4 z ° candidates were required to
have at least 20 GeV of visible energy deposited in the LAC, in each hemisphere a
LAC tower (i.e., single electronics channel) of at least 500 MeV, and a normalized
energy imbalance of less than 0.8. Wide-angle Bhabha's, which exhibit a different

• left-right asymmetry than other final states due to interference with the purely QED
t-channel process, are removed by requiring that the sum of the two largest LAC
towers in each hemisphere (4 towers total) contain less than 30 GeV (12 GeV) of



deposited energy for 0 greater than (less than) 15°. We estimate that the resulting
sample contains ~ 0.5% wide-angle Bhabha's, and less than 1%single-beam and two-
photon backgrounds. Neither of these contaminations has an appreciable effect on
our determination of AL/_. After an additional requirement that there be a measure-
ment of the beam polarization within 1 hour of each z ° event, the resulting sample
contains 10224 g° candidates, consisting of 5226 events produced with left-handed
beam, and 4998 events produced with right-handed beam.

We have performed several checks to ensure that the beam conditions are
left-right symmetric. We have binned beamstrahlung and beam deflection data
according to left- and right-iaanded electron beam, and determined that the left-
right luminosity asymmetry is less than 10-2. A more direct, but statistically weaker,

!

measurement of the luminosity asymmetry is given by the left-right asymmetry of
25615 small-angle Bhabha's identified by the silicon-tungsten luminosity monitoring
system: _ ADh'b''-- .002± .006. The left-right polarization asymmetry, measured withLR

the entire sample of Polarimeter data, is < 5.10 -_. We have also checked that the
numbers of left-handed and fight-handed pulses logged by the SLD data acquisition
system are equal to within statistical errors.

With the luminosity and electron polarization left-right symmetric, and neg-
hgible event backgrounds, we calculate At.n via the following simple expression:

A,,_c,,, 1 ( NL - Na )ALa = _ = _" _ _NL+ Na '
(z)

where _ is the luminosity-weighted average polarization, and NL and Na are the
total event counts produced by left.- and fight-handed electron beam, respectively.
The luminosity weighted average polarization is given by

Nz

7,  --71 = 22.4 0.7 , (4)

where gz is the total number of z ° events, and p, is the polarization that was
measured when the ith event was logged. The uncertainty is dominated by the 3%
relative systematic uncertainty on the polarimeter measurements. Combining this
with the left- and risht-handed event samples quoted above_ we find that

ALrr = 0.100 4- 0.044(stat.) 4- 0.003(syst.). (5)

The small systematic error is dominated by the systematic error on the mean po-
larization. Based on formula (2), this yields a value of the electroweak mixing
parameter

$in2_}lcpt"w - 0.2378 4- 0.0056(stat. + sys.). (6)

This value includes a small (+.0003) correction to account for the effects of initial
state radiation, and for the fact that the mean ems energy (E_,,,) = 91.55 GeV was
slightly above the g ° peak Both the value of ALR and sins Al_'t quoted here are• vW

consistent with recent results from LEP experiments.



In the upcoming 1993 run, we anticipate an accumulated data sample of at
least 50,000 events, with a mean electron polarization of 40%. With such a sample, we
would measure Akr to =t=.011, and sin 2Ab'ptrW to +.0014. In addition, it may be possible
to make use of the recent development of strained lattice cathodes to achieve source
polarizations in excess of 80%,6 further increasing the statistical power of the ALn
measurement.

, Compton Asymmetry in Cherenkov Detector

- Cherenkov channe|

. .f.1_ 0.15 - measurement

__cu P7 = 93g _//
[_ 0.10 - = • •

tD

0.05

.__
-a 0.00

o
-0.05

I0 12 14 16

cm from undeflected beamline

Figure 1: Comparisonbetween theoretical asymmetry function and individual Cerenkov channel
measurements(dots), averaged over the entire Polarimeterdata set.
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• Overview and Construction

• Backgrounds and Reliability
• Tracking
° Impact Parameter Resolution





• SLC is an excellent environment to study short lived heavy
quark decays

® Small beam size

• 2 x 2 I.tmin the transverse direction

• = 650 gm along beam pipe

• 25 mm radius behm pipe

To fully exploit this, we have installed a CCD pixel vertex detector
which is ideally suited to the SLC operating.at 120 Hz.



VXD Overview
i i

• 480 CCDs (--.8xl.2 cm)

• 250K pixels/CCD (22x22 l.tm)

• Data suppressed by 0.01%

• Operated at-80 ° C

• 12W power dissipated

®160 ms readout time (19 beam crossings)

• Average amount of material is L/LR = 4%

• Material in front of VXD is L/LR = 0.4%

• Covers 75% of 4rc
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VXD Milestones

o 1986: R&D Begun

• Feb 1990: First Ladder Produced

• Dec 1990:VXD1 3 ladder prototype installed in SLD

• Jul 1991: Ladder production complete

• 12 Oct 1991: Optical survey complete

• 21 Oct 1991: Testing at RAL complete

• 24 Oct 1991: Detector moved to SLAC and installed on SLC beam
pipe (R20 module).

• 12 Dec 1991: Installation of R20 into SLD

• Mar 1992: Run began

• 17 Mar 1992:18 Ladder wedge operational in SLD data aquistition.
First tracks linked three days later.

• 4 Apr 1992: Full detector in data aquisition
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VXD ELECTRONICS
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Monitoring VXD position relative to CDC

CDC

Precision
Reference Wire Capacitive Probes Potentiometers

I 1

VXD
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SLD Beam Stability Analysis

• Establish Course Periods of Beam Stability

• Map out detector access, cooling, and solenoid changes

• There were = 4 major epochs during the 1992 run

,, Group Data in Short Period_ (50 Track or < 3 Hours) & Fit for X,Y
Beam Posaition Using Tracks with b_p< 250 l.tm

• Fit errors per grouping are = 15 microns

• Stability over short identifiable periods is typically

ax,r, - 18+2pm
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Cluster Finding Efficiency
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Linking CDC Tracks to VXD Hits

_< CDC Track Extrapolation
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Alignment and Spatial Resolution

• Original alignment done optically before installation

• Precision of 5 lzrnfor CCDs on individual ladder

• Precision of 10 tzmfrom ladder to ladder

• Alignment with tracks was done using tracks with 3 VXD hits

1. Two hits on a single ladder (third hit on diffet:ent ladder)

/
1 t/"

2. Three hits on different ladders
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Multiple Ladder Triplet Residuals
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Muon Missed Distance

14 ' I ' ' I '

12

5
4

g 2

0 , ! I 1 , .....
- 200 - t.O0 0 1O0 200

X-Y Missed Distance (l_m)

1'_II' ' 'i_2- ' ' ' J
o 10 -
c_

0
--_- ml -- lm mlc.n

w

_ 4 -

Z
Ld 2 - -

0 • ' , 1 . . .
-400 -200 0 200 400

R-Z Missed Distance (l_m)





e-

-o-Bi

VXD 2 PRDNG X-Y MI5S DIST
aCALLS- O 201 0 lUND HIST OVR!

50

4O

o. _y Iz)• 26_,,,,

rr'

J
z 10 -
ILl

O h , 14-, 1 •,_ I.--F. .

- 200 - t OO 0 I O0 200
XYM ]SS

lD- 62

VXD 2 PRONGR-Z MISS D]ST
=CALLS= I 200 0 (UN3 HIS'[ 0VR)

40 "' I " ' '" ...... '
,_X>=1"125 "" 75)E'1 - -

20- c
tJ'l
I.LI

r,-10 -l--
I
Lfl

0 r'h
-400 -200 0 200 400

RZMI55

L



10= 103
VXD TRK-]P X-Y HISS DIS'[ .'

wCALLS= 4 393 '_ (UND H]ST OVR)

100 <X>-{-t7 "" 12)E'1 SD- 355-" B4]E._

O tOO 200
- 2OO - t DO O

XYIPM]S{I]

f







Z:
qP 0

Oq'

O_C_
_mcr_

I_ o
z u

,-.q I .. I_ I.,

_l 0 I_ _



°'

'lR

-+

..

• "" O

!
+.

+

®

o

o
U

"0





/ •

"[ \\ / ,,,
llllgg EVlENT IB8g % / /:l-MAY-II _ 01:50 % \ /

\ \\ / / ,
/ / /

\ X\ / / ,-
\ \\ / / ,./

\ k\ / / /

\ X\ / / .,.
\ X\ / / ,, "\

' \ X\ / / ,-
/ X / / ,, ... "\ / / _....-. -- /,.,,_ .. --
I t A / J_ -,.

I I /. ,.- .. - % , ,,.

I i %
I I X _ .,.o

I I_ _l _- --

" / I %/ I / l
I " I/ l l _"

I " /'_ ;// ii l" / I // _/ l _"I / / ,,

I ," " I //I/

I / Jr " III1_ li Ii I

"1 ' '/:;" '/ .... I I I I 2
/ % //I //i l % l I

" _ II I III I ,,._r_ uc







IIIgg, (V£NT 1g09

UN OAIA IDOL: 0

X-'Y v IEv_/

" CC)c,-t-vxo

R.-E VtE w
• PR,_,_R,y



















CONCLUSIONS

• SLD Vertex Detector is operating well in the SLC environment

• >94% of VXD is fully operational and reliable

• Track linking efficiency is = 96% in good regions of the VXD

®Spatial resolution is 10 I.tmin XY, 8 l.tmin RZ

• ab(Xy)= 132+ .._ , crb(RZ) = 522 + ._-

with _ in I.tmand p in GeV/c

• Physics is being done with the VXD. Talks at this conference given
by D. Su and T. Junk.
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Monte Carlo simulation study for GEM colaboration

calorimeter system.

by A.Savin

During the 1992 following MC studies have been performed for GEM calorimeter :

l.Higgs mass reconstruction from gamma+gamma for different options.

2.Influence of craks/dead matherial in different EM calorimeter options.
3.Effect of dead material before and after EM calorimeter for

electrons and gammas.
4.Calibration of BaF2 EM calorimeter by non-interacted hadrons

and RFQ system.

5.Simulation of ScintCal Beam test prototype.
6.Simulation of jets in Hybrid Option.

7.Simulation of Hadron calorimeter Massless Gap for response correction
in Hybrid option.

8.Simulation of Cherenkov 0uartz fibers calorimeter - Electrons,Pions,
Jets and Muons.

Simulations were mainly performed at PDSF SSCLab.

These results were presented at the meetings of GEM collaboration
and printed in GEM technical notes GEM TN-92-143 and TN-92-213.



l.Higgs mass reconstruction from gamma+gamma for different options

Events Higgs -> gamma+gamma were generated by PYTHIA5.6 .
No pile-up, isolation cuts were applied - clean EM calorimeter effects were

studied. In case of interaction with tracker matherial (energy deposit
in tracker > IMeV) photons assumed to be lost. Dead zones in calorimeter

and energy resolution were taken fron Baseline. Next options were studied ;
I. BaF2 (Barell + EndCAp) (Pig I.i, 1.2, 1.3)

2. LAr (Barell + EndCAp) accordeon (Fig. I.i, 1.2, 1.3)
3. LKr (Barell + EndCAp) accordeon (Fig. 1.2, 1.3, 1.4)

4. LAr accordeon in Endcap, LKr accordeon in Barell (Fig. 1.2)
5. Parallel Plate LKr (Barell + EndCAp) (Fig. i.i)

Conclusion : From these studies BaF2 should have better resolution for H0

reconstruction in the mass range 80 - 150 GeV (Fig. I.I, 1.2, 1.3,
1.5). Stochactic resolution in End Caps is less critical for HO

mass reconsrtuction since the energy of gammas are larger at
larger pseudorapidity.
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HIGGS MASS RECONSTRUCTION
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2.1nfluence of craks/dead matherial in different EM calorimeter options.

Higgs -> gamma+gamma process was generated by PYTHIA5.6. Efficiensy of two gammas
registration was studied for all proposed options of GEM EM calorimeter:

I. LKr accordeon (Fig.2.1, 2.4)

2. Two Cap accordeon design (Fig.2.2, 2.5)
3. LKr parellel plates (Fig.2.3, 2.6)

Interaction of photons in tracker assumed to 'kill' photon by misidentification.

All options have Etha-limit = 3.

Conclusion : Ali options have similar efficiencies for Higgs --> gamma+gamma.
about 65% without losses in tracker and 50% with losses in tracker.
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3.Effect of dead material before and after EM calorimeter for electrons and gammas

GEANT3.15 was applied to study dead material effects for electrons and photons in LKr

calorimeter. Calorimeter was simulated as a bulk of Pb/LKr mixture with longitudinal
segmentation. Different anount of dead material was added before EM calorimeter

(Fig.3.9 - 3.12) or between EM calorimeter and Hadrom calorimeter (Fig.3.2 - 3.8).

Loses in front walls (IXO-4X0) were studied for electrons and photons in energy range
IOGeV - ITeV , and leakages to HC (Fig.3.1) were studied for ITeV electrons and photons al

nd dead material

1.7XO and 2.8X0. Different ways of leakage correction were tested -

I. Correction for HC response. (40%-80%)/sqrt(E) resolution was studied
2. Correction for last IXO section of EM calorimeter response
3. Correction for Baseline segmentation of EM = 8XO+I7XO

4. Correction by massless gap before HC

Main conclusions : I. Leakage from EM to HC may be effectively corrected by

methods I. and 2. (Fig.3.2, 3.3, 3.4, 3.6, 3.7);
Method 3. doesn't provide essential correlations (Fig.3.5, 3.8);

Method 4. is good, but for massless gap with thickness 0.3X0

II. Energy losses in dead matPerial are different for photons
and electrons and are energy dependent (Fig.3.9 - 3.12).

III. Losses in dead matherial before EM seriously damage performance
of EM calorimeter in case of Noble Liquid option, and active

massless gap or preshower is required to preserve situation.
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Dead material in front of EM calorimeter
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Dead material in front of EM calorimeter
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Dead material, in front of EM calorimeter
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Dead material in front of EM calorimeter

1000 Ge_/sPohOtons1O0 - ,o 70, _ ,o 70:
- Entries 740 _ Entries 74(

- 0.999, 160 - M_n o.9,_7
- 0.1605E-03 -_. RMS 0.1069r-

80 - 140

i
, 120

60 _- 100
i

40 L 80
6O

20 40

20

0 0
0.998 0.999 1 1.001 0.98 0.99

Measured fraction of energy Measured fraction of e_ergy

25X0 - l XO FRONT 25X0 - 2XO FRONT

- lD 703 lO 704

" Entries 740 50 _ Entries 740

60 "_" U_ln 0.g94_ Mean 0.9831_ R_,s o.,14_E-ol

50 _- 40 -
i
l

40 -- .30 -
m

30 " Z
2.0 -

20 - l

10 -
10 - l

i

0 -1 :,, I, :,, l_._]u, -, I , , , , 0 -,,,, I,,, ,V'"

0.96 0.97 0.98 0.99 0.9 0.925 0.95 _." 5

Measured fraction of energy Measured fraction of energy

25X0 - 3XO FRONT 25X0 - ¢XO FRcr4T



4.BaF2 MIP and RFQ calibration

PYTHIA5.6 was used to generate MiniBias events with requared 1.6

interaction/crossing mean rate. Generated particles were transported by

GEANT3.15 in detailed geometry of BaF2 calorimeter with magnetic filed.
By simple isolation criteria non-interacting hadrons were selected (Fig.4.1),

and clear 'MIP'-looking peak was observed (Fig.4.2, 4.3). Good photons
suppression may be achieved by requarement of energy deposit in HC behind selected

crystal.'MIP' rate appear to be about l'MIP'/crossing , high enough to
calibrate each crystal of BaF2 calorimeter in few hours with precision 0.3%.

Luminosity dependance was studied for range 10"'33 - 10"'34 (Fig.4.4, 4.5).

6 MeV photons from RFQ source were transported through RFQ elements, tracker and

detailed BaF2 crystals geometry to study energy deposit distribution, time
requarements and machanical stability of RF0 source.

Main conclusion : MiniBias events are good source for BaF2 'MIP' calibration for SSC

- luminocity from 10"'33 to 10"'34, providing precision relative
calibration with 0.3% precision during acceptable time interval

(less than 1.5 sec in case of 100% trigger efficiensy) as well as
RFQ calibration system.
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Punch Through Calibration
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5. Simulation of ScintCal Beam test prototype.

Cu/ScintFibers geomatry was simulated by GEANT3.15 (GHEISHA). Low energy cuts

lOOkeV were used to provide detailed responce analysis. Pions with energy 5,10,15,
20GEV were used to fit experimental data (BNL92 test, Fig.5.1). Incident angle was

1.5 degrees like in beam test. Fibers 1.3mm diameter assumed to have Birks
coeficient 0.015cm/MeV. Different attenuation lenghts were studied to check

influence of attenuation to response spectrum shape. Simulated spectra appear to

be very close to experimental. Differense in Gaussian Fit Sigma is less than 6%,
and in RMS less than 10% (Fig.5.6, 5.7). It looks like lower RMS for simulated data
comes from lack of statistics in tail of spectrum, so data are generated for higher
statistics.

To check 'channeling' effect coming from particles running along fiber

two 'testing' geometries were simulated :transwersal fibers with the same

parameters and Imm plastic tiles were simulated with the same sampling fraction.
Results are under study, but preliminary conclusion is that for ener&q_es
20 GeV and below attenuation in fibers doesn't play role in spactrum tail

production (Fig.5.2 - 5.5).

Possible interpretations are :
I. 'Parallel channeling', producing tails in

ordinary scintillating fibers because of 'forward' angle

distribution of particles in shower_
2. 'Transwersal channeling', produsing tails in tiles

and not produsing in transversal fibers because

of small solidangle for such effect;
3. Recoil protons produsing rare but large signal in

plastic - this mechanism works for all geometryes

but only for lowest enerEyes.
4. Influence of attenuation in fibers is negligible

for resolution in energy range 5-20 GeV.

Maln conclusion : Used program produce quite adequate simulation of
Cu/ScintFibers system and may be used for Jet
simulation for GEM calorimeter.



E • / i r-', / r--_kl/r'_ 92/10/25 20.07

xperlmelqT_Ol uoco l_IXIL_Z
5 GeV pions . 10 GeV pions ,__m____-

_ I:o.. _ I_ _-- -:_ . -]
I l_.n|flll "> I..o. ,.,_ I • F H_ I_.oo o.,- !F

- 2/ H/ ¼\ I r r _ Ico..,.., ,,,.,, ,,._,
1U i=- V L__ I 2 / M k. Iu.,,. 8,702_ o._49gE-oII

0 4 8 12 " 0 10

15 GeV pions Gev 20 GeV pions .. Gev
-: : 1 - lE':. ,;ii I
_, : ,":,i° '._;_ !<_ : _,,,, ,._,,

2 J ik I,?.:'.'°"` ;._'_:o.,,o._:o,I ., / I _, I,.o. ,,.,,, o.,,oo<-o,/

,o F /_ _ 1,,,.,o ,.,,o,o.,,.,,-,>,/ _o'- r _ _1 L,,,.,° '""'°""°'-°'/
i /I kT RMS=34.5% / _ li \\ /
[ _ \ h I L /1 \ [, RMS = 29.4% /

I I i I I I i I i

0 20 40 0 20 0
GeV GeV

_;_l.s._:.



,6'

.- = .) -r"

. 92/10/18 18.4-4

5 GeV p ons
GEANTS.15, X=400cm OEANT315, X=OO

/ E,,t,.;,,, 199g _ / _:,.,t,.;,, Iggg
_- Mean 335.1

I" .,_. 23g.1 _ I- ,--, _.s 16,.7
',>' 1- ,..,._ i ovrLw 3.000 _ I r'_ avow z.oooF/ _X _ """

l .J/ L_\ I X' 9.971 L r-J/ _ Constant IBO.2 4- 6.364

| I/ --_\ Ico_.,o., ,,,.7, { 102E I/ % ..o,, 3,3.7, 4.34_10 2 [:,._ r-I/ _ [ MEG,', z21.5

i / /['_ 10 RMS=49"1%

1 0 RMS = 49.6% U

1 [, t i I I i i I , I , _, I I , ,li
0 200 400 600 800 0 400 800 1200

Photoelectrons Photoelectrons

GEANTS.1 5, TrGnsversGI beam GEANTS. 15, 1mm plctes
L c,.,t,;., lg_7 _ I- I E,,t,._., 1997L I "'°" 341.4.
F k4eon 345.6 _ F [ RMS 177.1r RMS 128.1

> o l ,ooo
1 0 2 ,,-4" _ I co,.,,t°,',t 27.4.,.- 8.go:_ 0 2 co,.,,t°,,_ ,6_.a, _,.e:ss-- I/ I_ I """ 3,,7._, 2.9_o 1 ..o. _,_s• 3,_

. . 2.24.2 $;qmo 140.4:1: 3.541_

10 10

0 400 800 1200 0 400 800 1200
Photoelectrons Photoelectrons

/A.Savin/

_:i_.5.2.







• 92/10/18 18.4.8

20 0eV p ons
OEANTS.15, X=¢00cm OEANTS.15, X= Oa

!" I (ntriel 3_47 ._ - | (ntriel 3547
_'_ lid.on 1357.

I.- r_ % I .us _,6e.4
8.918

/ J -1 I x" '_o.5i T _ / co,._o,t 811.7• 13.7_F I/ '_ / co,,.to.t 59z.3.,- l_.,e
/ V 't / ,_, 973.=, 4.7?9 r 1_/ "t°" 132,., 5.,64

10 2 9mo =18.g• 3.os5 10 2 289.5 * 4.043

_" ] / _ RMS = 26.8= RMS = 26.0%

lo L=- / l _=_.3= lo X__==_._=[1

1 1
I ,. I I , , , , I I ! L t , I I , '

0 1000 2000 5000 0 2000 4000
Photoelectrons Photoelectrons

OF_ANT515 " rGnsversol begin GEANTS.15, 1mm plates
• _ u) 1997- _ [atriel

._ - (ntrlel 1838 _ [ Mean 155_).
_) Mean 1406. C- RMS 263.5 _ | RIdS 362.3

-x" 4._2 2.2_

10 2 co_,,o,t ,oa.9* _2.,, 10 2 / co,,,_o,,t _,9.o* lo.19| Mean 154_..4. 7.686-- l_mn 1396. 4- 6.187
: i $1gmo 244.0 :!= 4._g4 | 5";qmo 337.4. "4" 5.701

RMS = 23.3_

/[_ RMS = 18.7% 10

10 - ¢ = 21.8%

I

'"' o'oo''
0 2000 4000 0 2000 O0

Photoelectrons Photoelectrons

/A.Savin/

f:_ .s-._



92/10/20 14.05

Spaghetti Beom Test Resolution

_, 60 _

L

U.T_..55 -
(.-
o

4,--

cn 50 -
U3 -

_ 45

g _o RMS- (10.5± 1.)_+SS_/sq
U_

35 .
rr" _- _ . 5Ge'

ss ,,_

30 Z- [] ._."
s

J
-- s

25 - .-"

- .- lO(geV

20 -
15GEV

20GEV
15 -

10 -

5 z SigmG -(3.5-t-.9)%+80%/sqrt(E)

0 0.1 0.2 0.3 0.4

/A.Eovin/

F;g. _.c_.



92/10/20 14.06

Spaghetf.i MC Resolution
(CEANTS. lS)

60 _
.-4--a

55 - Gate = 100 ns,>,= 4m
c-"
0

B 50 - Sampling = 2.25% volume, Pitch = 1.5degree ¢
09 "

_ 45 -

_ 40 -

cn -_ - . . %/sqrt(E)55 RMS (4 8±1 )%+97

EE _ _ .-"'"" 5Ge

./30 -

_ s4,

25 - .-"

_- z_.-'''4' lOGeV

20 -
15GEV

20GEV
15 -

10 -- Sigma - (7.2 4- 1.)%-u65%/sqrt(E)

5 -

0 _ , _ , I _ l z i I J i , 1 I i l i , I , ,
0 0.1 0.2 0.3 0.4

1./sqrt(E) (GEV)
/A.Savin/



6.Simulation of juts in Hybrid Option.

Electromagnetic LKr/Pb calorimeter wit realystic gaps and dead material was
added to HC from previous section. Jets were generated by JETSET for energyes

10,20,100,200 GeV and ITeV. Magnetic fielt 0.8 Tesla is applied. EM and HC

responses were weighted (Fig.6.2, 6.3) to provide optimal energy resolution
(Fig.6.1) £or each energy. EM and HC weights appear to be energy dependent.

Energy resolution is well described by 4.3(+/-0.3)%+64(+/-l.5)%/sqrt(E) (Fig.6.4).

Main conclusion: Correct matching of BM and HC give energy resolution
4.3%+64%/sqrt(E) for Jets. Jet energy resolution is

better than single hadron resolution.

More analysis will be made for optimisation of matching

procedure. Massless gap before HC will be tested as
additional longitudinal segment to improve resolution.
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Jet response (weighted FM + HC )
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Weight of FM for Jets optimis@tion
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Weight of HC for det:s optimisation
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Hybrid option Jet resolution
(JETSET7.5 . GEANTS. 15)
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7.Massless Gap for response correction in Hybrid option

Massless gap (Icm scintillator) was added before HC to correct losses in

dead material and longitudinal nonuniformity of hadronic calorimeter. Single
pions with energyes 5,10,20,100,200 GeV, i, 2 TeV are generated and transported

by GEANT3.15 in 0.8 Tesla magnetic field. Three weght coeficients are to be
ajusted to optimize energy resolution of system (Fig.7.1 - 7.3).

Preliminary results : Massless gap gives improvement of constant term
in resolution for individual hadrons in Hybrid HC option

(Fig.7.4 - 7.9). Shape of spectra became 'more Gaussian' -
differense between RMS and Sigma became smaller. Non-linear

procedure for massless gap to be studied (may improve the
resolution farther Fig.7.8,7.9).
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Massless OGp for HC , 10 GeV plans

We,i_rqhtedsum EM + HCm lD _>

"_ _ Entries 3677 _

(1) Mean 9.998 (_
> - RMS 2,900
"' - ";' _.'" =_20 ""

Constant 313.1 4. 6,783 C:; " " "0
200 -- Meon g.978 4. 0.5536£-01 (:I. "

_ _o 2.653 4. 0.3468E-01 _ _ . o .

_" __,: • . •

[1 i i i i 11 i U.
I., ", ;1 I', , , I-.._,, I, I i , I ,

0 0 10 20 30 0 0 0.05 0.1 0.15 0.2
Response (GEV) Amplitude hl Gap (,Ge"/) i

We qhted sum EM + ML-GAP + t-lC
r'] Entries 3677

_j/_-% M,o, I 0.0! _ "> 2.802

. ,,r0 20250 co.to., 3,9.,, 7.5,, g " .....0.4835[-01 J _" r"l • I_ =, ........... . "

0 0 10 20 30 O 0.05 0.1 0.15 0.2
Response (GEV) Amplitude in Gap (GEV)

W3ighted sum EM + Func(ML-OAP) + HC
_J I lD 13S _ -"_ - . _ (ntr;es 3577 t,_
= ] i_ I Mean g.9gg>

2.o_o _ 2
- rf u_ / con,to,t ,_97 ± 9.o4e co • " ' " " " " .

250 - I i, / ,,on g.gO,• 0.3,=6E-olo.. =rS_%=r_: . :, . ,:, . . .I I I 1 l 1 l ll_oo °

¢u 1 I _ I I li ] l-'J-=
- (_ i i i I I I I Joo • •
_ .l.l l" O •

"u

0 0 10 20 20 O 0.05 O. 1 0.1 5 0.2
Response ((}eV) Amplitude in Gap (GEV)

,v



92 1 20.35

Massless Oap for HC , 100 OeV
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Massless Gap for HC , 1 TeV pions
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Weighed HC + EM
Weight for EM calorimeter
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Resolution for Two Weights Procedure
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Weighed HC + ML-CAP + EM
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Resolution for Three Weights Procedure
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Resolution for Nonlinear Procedure
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8.Cherenkov Quartz fibers calorimeter - Electrons,Pions,Jets and Muons.

Response of Cherenkov fibers as function of particle speed, inrinsic angle and

impact parameter was calculated by E.Tarkovsky.

Electrons, Pions, Muons and Jets I0 and I00 GeV are under generation for
Cu/Quartz Fibers calorimeter. Diameter imm was choosen for fibers. Concentration of

fibers was 20%, 10% and 3% of volume . For 20Z and 3Z fibers were parallel to
incident particle, for 10% fibers were pitched to 1 degree.

Preliminary results :

Responce for electrons (Fig.8.1) about 2.*R(%)p.e/GeV,
where R - volume _ of fibers in calorimeter

Resolution for electrons varies from 2.4%+56%/sqrt(E) for 3% volume fibers

to 0.8%+18%/sqrt(E) for 20% volume fibers.

Responce for pions (Fig.8.2) about 1.2*R(%)p.e/GeV,
Resolution for pions is weekly dependent on finer density and

is about 18%+(34-37)%/sqrt(E)

Responce for jets (Fig.8.3) about 1.4*R(%)p.e/GeV,

Resolution for jets is weekly dependent on finer density and
is about 18%+(34-37)%/sqrt(E)

Some non-linearity is seen between i0 and i00 GeV .

To be studied : More energy points to be generated to understand
non-linearity and energy resolution dependance vs energy.

Angle variations and other absorbers are to be tested.
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Plans for further simulations .

l.Fine tuning of GEANT3.15 for simulation of hadronic cascades in GEM
calorimeter.

2.Study of electro,_agnetic leakages and losses in dead material for various

geometries of calorimeter.

3.Application of massless gap detector (between EM and hadronic section) for

jet energy correction.

4.Optimization of weighting procedure for EM calorimeter, massless gap and
Hadron Calorimeter for individual hadrons, jets and electromagnetic
leakages.

5.Simulation of theta-angular dependance of response in hadron calorimeter.

Resolution and weighting procedure vs theta.

6.Continue study of Cherenkov quartz fibers calorimeter - study fiber
angular dependances, optimisation of absorber and fibers structure

(core/cladding refractive indexes, diameter).

7.Parametrization of jets/hadrons response and resolution in GEM

calorimetry system. Parametrization of theta-dependance of
calorimeter response and realistic simulation of cracks and

dead regions.

8.Application of this parametrizati0n to fast simulation .
Study of calorimeter potential for various physical processes:

decays with WW pairs, Z' and heavy HO.
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Fast Neutron-Induced Changes in Net Impurity
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Abstract where W is the depletion depth in I_m, U the reverse bias ..
in volts, N the net impurity concentration in cm"3,Nd the

Resistivity changes produced by 1 Mev neutron irradia- donor concentration, and N, the acceptor concentration.
rien at room temperature have been measured in float-zone To achieve optimum characteristics, detectors are usually
grown n and p-type silicon with initial resistivities ranging operated in a totally depleted mode. According to Eq.(1),
from 1.8 to 100 ktlcm. Observed changes are discussed in the voltage required for total depletion depends on the
terms of net electrically active impurity concentration. A detector's thickness and the net impurity concentration.
model is presented which postulates escape of Si self- For the example of a 400 i.tm thick totally depleted detec-
interstitials and vacancies from damage clusters and their tor, N should not exceed 10Ucm"3if the bias voltage is to
subsequent interaction with impurities and other pre- remain under 200 volts. Also, major spatial variations in N
existing defects in the lattice. These interactions lead to can cause a non-uniform distribution of field strength in
transfer of B and P from electrically active substitutional the depletion region of a radiation detector. Consequently,
configurations into electrically inactive positions (Bi, Pi, radiation damage induced changes in N can constitute a
and E-center), resulting in changes of net electrically active major problem for radiation detectors.
impurity concentration. The changes in spatial distribution High resistivity float-zone (FZ) Si used for radiation
of resistivity are discussed, and the experimental data are fit detector production is usually highly compensated, i.e. it
by theoretical curves. Differences in the behavior of n-type contains both shallow donors (P) and accepters (B) in
and p-type material are explained on the basis of a faster quantities much larger than the net impurity concentration.
removal of substitutional P and a more nonuniform spatial lt also contains oxygen and other background defects which
distribution of the original P concentration, are electrically inactive in non-irradiated crystals. Fast

neutron radiation damage of Si at room temperature leads

I. Introduction to: i) a decrease in the net impurity concentration [2, 3, 4],
ii) changes in the spatial distribution of resistivity [5], iii)

Fast neutron damage in silicon radiation detectors lowering of carrier mobility [3, 6], iv) formation of oxygen-
shows up as compensation level changes, increases in vacancy complexes [7, 8, 9], and v) introduction of deep
leakage current and its associated noise, and decreases in levels, such as divacancies and E-centers [3, 9, 10], which
charge collection efficiency. Recent studies demonstrate show up as generation-recombination centers [11]. In the
that it. spite of a progressive increase in leakage current general case, experimentally observed changes in the
and deterioration of charge collection efficiency with electrical properties of Si may represent the result of
radiation dose, silicon detectors can survive in some superposition of ali of these processes.

applications at fast neutron fluences up to 1015cre" [1] as Radiation damage in high purity Si occurs when
long as they retain their ability to be totally depleted, scattering interactions result in the displacement of Si
The depletion depth in a Si diode detector is given by: atoms from their normal sites in the lattice, resulting in thecreation of Frenkel pairs. In the case of high energy

1 neutrons, the energy transfer can be large enough to resultU -

W=3.6 3 -107 [ _ ] a ( 1 ) in a cascade of displacements which form a primary damage
cluster [12, 13]. If the average energy of incident neutrons
is about 1 MeV, the average energy transmitted to a Si
atom per neutron collision is about 50 to 70 keV [14,

N=Na-N a (2) p.337]. This energetic Si atom is able to produce about
1000 displacements [12] in a region with a size of about



1000 A° [14,.p.382 I. The primary displaccnlcnt defccts in Dccp levels introduced into thc silic¢,n band-gap by fast •
thc damagc cluster arc Si sclf-intcrstitials (Si,) and vacan- ncutrons have been the subjcct of much attcntion [9, 12,
cies (V), produccd originally in cqual numbers. These 20, 21, 22]. Thc existence of dccp levels has bccn used for
primary defects :ire essentially unstable and quickly dis_tp- a qualitative [9, 201 and quantitative [22] cxphmation of
pcarvia scct)ndary,intcractions; mainly bysclf-annihilation, observed "carrier removal". According to the modcl, the

but in some cases by interactions with other defects, deep levels crcatcd by fast ncutron irr:tdiation serve as traps
Finally, aftcr a short period of thcrmal stabilization, the for majority c_trricrs, driving the Fermi level closer to the
damage cluster represents a disordered crystalline region middle of the band-gap. Trapped carriers convert the
with a high concentration of lattice defects, trapping centers into fixed charge scattering centers which

Several models have been previously proposed to rcduce the mobility of the remaining carriers. For n-type
explain radiation damage induced changes in the resistivity silicon, these effects are described by the formula [22]:
of Si. These models are discussed below, and in Section II
we posit a simpler quantitative model based on direct 2Kdv_o--ao ) (5)
interactions between the primary damage induced defects _.+Kav(_
and the doping impurities in the Si.

A. Tire Model of Terminal Clusters where a is conductivity, Kr and K_,.are introduction rates
- of divacancy and "donor-vacancy" trapping centers.

This model [15, 16] was created to explain "carrier Deep levels behaveas generation-recombination centers
removal" and mobility drop in neutron damaged low and represent the major source of G-R noise and leakage
resistivity Ge and Si. The model postulates that a typical current in Si diode detectors. As to the net impurity
concentration of lattice defects within the disordered region concentration, the deep levels may not represent the major
is about 5.10TMcm"3,with their energy levels close to the reason for its. change. Carrier trapping should depend
middle of the band-gap. The difference in the position of strongly on the mutual positioning of the Fermi level and
the Fermi level inside and outside the cluster produces a the trap level. In high-resistivity Si the Fermi level before
spherical space charge region which insulates the disor- irradiation is already positioned close to the level of
dered region from the matrix. The presence of insulated introduced traps, and N may not be affected by them. On
regions will decrease the measured values of the conductivi- the other hand, formation the deep level E-center (P,-V
ty (,:r) and mobility (la). The effect of "insulating voids" complex) always requires removal of one shallow donor.
leads to the following expressions for conductivity and Based on this we come to the conclusion that interactions
mobility from Ref.[17]: between defects and impurities rather than trapping may be

involved in changes in the compensation level.
3.- "f" The model of "carrier removal" due to the introduction

i.tM=Ft 4 ( 3 ) of deep levels is based on assumptions which are confirmed
3.+ .E neither by a rigorous calculation of the Fermi level position

4 nor by investigation of the electron structure of the pro-
posed defects. This model is especially misleading in the
case of high-resistivity silicon, where the Fermi level is

o_=o 2.-_ already located close to the middle of the band-gap.
3-+ _ (4) Both of the preceding models also fail to explain a

2 spatially non-uniform distribution of resistivity changes in
damaged Si.

where aMand la"_are measured values, and _is the fraction
of the total volume occupied by "voids".

Lately this model became a subject of criticism [22]. II. Model of Compensation Level Changes: Direct
Considering the subcluster pattern of the damaged region Interaction of Radiation Induced Lattice Defects

and size of the subclusters, the ability of this region to trap with Impuritiesfree carriers seems significantly overestimated. In fact, a
simple calculation shows that each subcluster is able to

Although both of the preceding models may havecapture only I or 2 carriers at most [22]. Therefore one can
significance for low-resistivity Si at high damage levels, theyreasonably conclude that at the relatively small fast neutron

fluences in these experiments, formation of the damage do not fit the data for high-resistivity Si at low damage
clusters would not affect carrier concentration [2,3, 18, 19]. levels. In addition, they are unnecessarily ,.'ague and

complex. We propose an alternative model based on the
well established facts that the primary displacement defects

B. Ttre Model of Deep Level Introduction (Si, and V) are mobile at room temperature and some of
them (referred to herein as "free") are able to migrate out



of damage clusters and participate in direct reactions with produced during irradiation, and crystal defects (both .
impurities and other defects already present in the lattice impurities and other lattice defects) compete to capture
[5, 23]. them.

The main simplifying assumption for the case of high-
A. Free Si Self-b_terstitials resistivity Si is that the concentrations of B, P, and O are

low, and therefore the probability of free Si_or vacancies
The enthalpy of formation of a Si_ is about 4-4.5 eV interacting with B, P, and O is much less than the probabil-

[24], and it is essentially non-equilibrium and reactive. Si;s ity of their vanishing into the other sinks. Thus, the
are highly mobile at room temperature and are able to equations (8) and (9) can be simplified to:
eject both B and P from substitutional into interstitial

positions [23, 25, 26, 27] according to following reactions: dNB= NBOBYi d_) (10)

Sii+Bs"Sis+B i (6 ) Ai

Sii+Ps-'Sis+P i (7) dNp= NpcpYi d_ (ii)
Ai

In fact, Sij migrates athermally and is so-unstable that it has
never been detected, even at liquid He temperatures [23,
24]. Our model postulates that both B and P ejected into
the interstitial position are electrically inactive. Conse- B. Free Vacancies
quently, the reactions (6) and (7) change the net impurity
concentration. The model also postulates that there are The enthalpy of formation of V is about 2.5 to 3 eV
other sinks for Si_ and V. These sinks may be other [24]. V is mobile at room temperature and able to interact
substitutional impurities, free vacancies, radiation damage with impurities, form divacancies and vacancy clusters by
clusters, pre-existing defect clusters, dislocations, and interaction with other vacancies, annihilate with Si_,and
crystal surface_ We assume that reactions between free disappear on the crystal surface. An interaction between a
self-interstitials and these other sinks have no direct effect V and a B_leads to the formation of an unstable complex
on the net impurity concentration. Thus, after escaping which self anneals below room temperature [23] by the
from the primary damage cluster, a Sii has a two-fold reaction:
choice: to affect the net impurity concentration by interac-
tion with B, and P,, or to vanish into the other sinks Bi+V-. fBi-V]--B s (12)
without changing the net impurity concentration. The
equations which express the rate of conversion of B, and P, This reaction restores B, and therefore affects the net
to electrically inactive B_and P_are: impurity concentration. Interaction between a V and a P,

leads to the formation of an E-center, which is stable at

dNB= NBo8 slid_ ( 8 ) room temperature:
NaoB+NpCp+A i

Ps+V-'[Ps-VI (13)

This reaction removes one shallow donol: from the Si

dnp= - NpOp Y id_ ( 9 ) forbidden gap and therefore affects N. In high-resistivity Si,
Nsoe.Nvov+A i the Fermi level is positioned close to the level of the E-

center. Therefore, we shall ignore the effect of the E-
center on the Fermi level.

where NBand Np [cm"3]are the concentrations of B and P Interactions between interstitial oxygen and free
in substitutional positions (electrically active B and P), oa vacancies may comprise reactions of first, second, and third
and oi, [cm-'] the cross-sections for Si_to be captured by B, order:
and P,, %'i[cm'_] the yield of free Si, (number of free self-
interstitials produced per one incident neutron), _ [cm"al Oi+V-'O s (14)
the neutron fluence and _ [cm"*]the probability (in events
per cre) for a free Si_to be captured by other sinks. _ may
vary with the neutron dose and depend on pre-existing Os.V-. [Os*V- ] (15)
defects in the Si crystal. However, we will restrict our
present analysis with assumption that _ is a constant.

The multi-term denominators in equations (8) and (9) [ Os" V-] + V-" [ Os9-. V" ] + V- ( 1 6 )
reflect the fact that only a limited number of free Si, are

_



Reaction.(14) describes formation of an A-center. In
o pTi 0_pyv

the forbidden gap of high-resistivity Si the electron trap 13_- +_ (22)
level of the A-center is above the Fermi level, therefore, we A i A v
postulate that its formation can not directly affect N. The
second order reaction (15) and the third order reaction
(16) describe formation of oxygen-related shallow donors. For boron:
For the sake of simplicity, we treat formation of oxygen-

vacancy complex donors as a reaction of the second order. ( 2 3 )
Thus, a free vacancy has a two-fold choice: to affect the net NB=N_ _ _' v+_ 8, i e-_®13,,
impurity concentration by reactions with P,, Bi , and Oi ,
or to disappear by reactions with other species without
changing N. The equation describing formation of E-center

_sYv °eYi ; (24)
is: _B,v- Av ; _n,i =- Ai

dNp= NP_PYvdo (17)
Av

- 13B:I3B,v+13B,i (25)
The equationdescribingrccoveryofB,is:

where o a [cm:'] represent the cross-section for Si_to be cap-

dNB= (N_-NB) _aYv d_ ( 18 ) tured by B, and a:Bis the free vacancy capture cross-section
Av by B_. For oxygen-related donors:

The equations for oxygen-related donor formation are: No, =N_o( 1 _ °_e -Po,¢__ o, e -_°i_ ) ( 2 6 )
13o -13o,

dNol=-,N°_a°_Yvd_ (19 )A

v _oiYv _o,Yv (27)
_o_- Av ;_o,- Av

Ci_o:- N°'_°'Yvd_-dNo, (20 )
A v where ,,'s represent cross-sections for a free vacancy to be

captured by interstitial and substitutional oxygen.
Equations (21) and (23) predict an exponential decrease

where No_and No, are the concentrations of O in intersti- in concentrations of electrically active substitutional P and
tial and substitutional positions, _'s are the free vacancy B removed during reactions of the first order.
capture cross-sections, 7,, the yield of free vacancies, and A,, Creation of oxygen-related donors is a second order
the probability (in events per cm) for a free vacancy to be reaction which requires accumulation of substitutional
captured by other species without changing the net impuri- oxygen. Equation (26) predicts slow introduction ofoxygen-
ty concentration. Similarly to A_, we shall treat A,, as a related donors at low neutron fluences and acceleration of
constant, this process at the higher fluences. The conductivity of the

Equations (10), (11), and (17) - (20) form- a closed silicon with higher oxygen content may eventually be driven
system which describes the change of net electrically active to n-type by oxygen related donor formation, lt is believed
impurity concentration during irradiation as a result of the that the ox3,gencontent in FZ Si is relatively low. Howev-
direct interaction between impuritiesand free displacement er, detectors which are oxide passivated may have high
defects. Solving of these equations yields the following concentrations of oxygen diffused to significant distances
functions for P,, B,, and oxygen-related donors, from the surface during the oxidation step. We have

previously suggested that oxygen donors generated in these
For phosphorus: regions by radiation damage may be responsible for the n-

type layers observed in neutron damaged Si detectors [5,
32].

Np=N_O-_e ¢ (21) Information about the concentration and behavior of
oxygen in FZ silicon crystals is insufficient to forecast its
effect on carrier concentration. Therefore, we will limit our
consideration to phosphorus and boron.



The dramatic effect of initial compensation level on the were irradiated at the same time to produce identical doses. .
behavior of Si during irradiation is shown in Fig. 3 and A 2 cm thick lead shield was placed in front of the holder
4. The heavier the compensation, the more pronounced is to maximize the neutron to y ratio. The resulting n/y
the initial net impurity concentration increase due to the ratio was not measured, but is believed to be high enough
fact that P, is lost more rapidly than B,. Curves 2 and 3 in to justify neglecting the y-related effects. Ali of the
Fig. 3 and curves 3 and 4 in Fig. 4 demonstrate that resistivity measurements were carried out within 3 to 48
improperly chosen compensation level may cause the hours after irradiation.
carrier concentration to exceed useful limits. The result The total fluence (¢)) received by the wafers was
will be under-depletion and operational failure of the calculated on the basis of the monitored heat power (Q)
detector, dissipated in the target during the irradiation. The fluence

was calculated by the formula:

III. Experimental Methods
4_- _EQ e-ap_,,b: ( 2 8 )

The materials investigated in this study were high- 4r_r2
resistivity silicon wafers, both n- and p-type, cut from float-
zone (F'Z) commercially grown crystals supplied by Topsil
(n-type)and WackerSiltronic (p.typeand n-type). We also where _F is the flux to heat ratio (1.0.10tZns'a.kWhr q,
studiedextra-high purity p-typecrystalsgr6wn bymulti-pass calculated by ORELA computer simulation), r is the
FZ refining (mpFZ) at the Westinghouse R&D center. The distance between target and sample (4 m), o_,t,is the 1 Mev
mpFZ crystals were expected to be higher purity, particu- neutron scattering cross section of lead (6 b), Npr, is the
larly in P content, and less compensated. The wafers were atomic density of lead and t the thickness of lead shield (2
50 to 76 mm in diameter, and 2 to 4 mm thick with both cm). We used a silicon diode detector as a cross check on

surfaces lapped. The resistivity of the samples prior to the neutron source calibration. The diode was irradiated
irradiation covered the range from 1.8 to 100 kflcm. The together with the samples and its leakage current was
properties of the starting crystals are listed in Table 1. measured and compared to the results from the luminosity

calculations. The 300 i.tm thick, 5 x 5 mm detector was
Table I supplied by Brookhaven National Laboratory. The leakage

current was measured at 20°C at a reverse bias of 100 V.

Crystal Oro',vth Vendor Type, Dop. 0(Kl2cm) Diam. The neutron fluence was calculated by the formula:
code method 300 K mm

2_o2 rz VOPSm _,r s.s- 3.3 51 _- Zt, (29)
34383.1048 FZ WACKER n, P 5 - 10 77 IX

34383-1090 FZ WACKER p, B 3.8- 4.5 51

FZT..4A.3 FZ WEST. p 20- 100 76 where [L[Amp/cm3] is the leakage current per unit of active
FZH-QI-3 FZ WEST. p 12-43 71 (depleted) volume of detector, and (x is the damage

coefficient (8.10_7A/cm for 1 Mev neutrons [28, 29]). The
value of _ calculated on the basis of the detector's leakage

Net impurity concentration changes produced by current was 1.1.10_Zn.sq-kWhr'k This latter value, which
neutron irradiation were studied usingd.c, four-point probe agreed with the luminosity calculation within 10%, was
resistivity measurements at room temperature. Acryogenic used in the fluence calculations.
thermoelectric probe was used to determine the conductivi-
ty type and distinguish between localized regions of high IV. Results of Neutron Irradiation Experiments
resistivity n- and p-type material. This probe uses a cold
tip (200K) applied to room temperature Si sample in a dry A. p-Type Silicon
atmosphere. The polarity of the voltage deflection in a
high impedance electrometer is used to determine the The fast neutron damage induced changes in the
conductivity type. Hall effect measurements with a magnet- resistivity of a p-type crystal grown by Westinghouse are
ic-flux density of 2 kG were performed on some wafers at shown in Fig. 5. For this crystal (with initial resistivity of
room temperature to verify the resistivity measurements. 10 to 20 kt"2cm) the resistivity increased to about 200

The ORNL pulsed electron accelerator (ORELA) with kl2crn after a fluence of 1.4.10_3n/cm'-. For Wacker p-type
a tantalum target was used as a fast neutron source with an crystals with an initial resistivity of 3 to 5 kt'2cm, irradiation
average neutron energy close to 1 MeV. The source to with a fluence of 1.4.10:3n/cre'- produced an increase in
sample distance was about 4 m, providing uniform illumina- resistivity to about 30 kQcm. Hall effect measurements
tion across the entire sample. The neutron fluence varied carried out on p-type Si crystals indicated only a slight drop
from 2q0 _" to 1.4.10Un/cm" and the total time of radia- in the hole mob?lity, so most of the increases in resistivity
tion exposure varied from 48 to 72 hours. Up to 9 samples



of damagcclustcrsand participate indirect rcactionswith produced during irradiation, and tryst:ii defects (both
impurities and other defects already present in lhc lattice impurities and other lattice defect.,,) compete to capture
[5, 23]. them.

The main simplifying assumption for the case of high-
A. Free Si Self-hm'rstitials resistivity Si is that the conccntrati,_ns of B, P, and O are

low, and therefore the prob:,bility of free Si_ or vacancies
The enthalpy of formation of a Si_ is about 4-4.5 eV interacting with B, P, and O is much less than the probabil-

[24], and it is essentially non-equilibrium and reactive. Si,'s ity of their vanishing into the other sinks. Thus, the
are highly mobile at room temperature and are able to equations (8) and (9) can be simplified to:
eject both B and P from substitutional into interstitial

positions [23, 25, 26, 27] according to following reactions: d-ArB=- N_°eYi d_ ( 10 )

Si i+Bs-Si s+Bi (6 ) Ai

Si i+Ps-Si s+P i (7) dNv=- NvC pYi.d_ (Ii)
A i

In fact, Sii migrates athermally and is so unstable thai it has

never been detected, even at liquid He temperatures [23,
24]. Our model postulates that both B and P ejected into
the interstitial position are electrically inactive. Conse- B. Free Vacancies
quently, the reactions (6) and (7) change the net impurity

concentration. The model also postulates that there are The enthalpy of formation of V is about 2.5 to 3 eV
other sinks for Si_ and V. These sinks may be other [24]. V is mobile at room temperature and able to interact
substitutional impurities, free vacancies, radiation damage with impurities, form divacancies and vacancy clusters by

clusters, pre-existing defect clusters, dislocations, and interaction with other vacancies, annihilate with Si_, and
crystal surfaces. We assume that reactions between free disappear on the crystal surface. An interaction between a

self-interstitials and these other sinks have no direct effect V and a B_ leads to the formation of an unstable complex
on the net impurity concentration. Thus, after escaping which self anneals below room temperature [23] by the
from the primary damage cluster, a Sij has a two-fold reaction:
choice: to affect the net impurity concentration by interac-
tion with B, and P,, or to vanish into the other sinks Bi+V-[Bi-_ -"B s (12)

without changing the net impurity concentration. The
e,tuations which express the rate of conversion of B, and P, This reaction restores B, and therefore affects the net

to electrically inactive B_ and P_ are: impurity concentration. Interaction between a V and a P,
leads to the formation of an E-center, which is stable at

dNB N_°B=- y id_ ( 8 ) room temperature:
NBas+Nvav+A i.

Ps+V-'[Ps-VI (13)

This reaction removes one shallow donor from the Si

dNe= N_ov- y.i.d_ ( 9 ) forbidden gap and therefore affects N. In high-resistivity Si,
NeOs+Npov+A i the Fermi level is positioned close to the level of the E-

center. Therefore, we shall ignore the effect of the E-
center on the Fermi level.

where N_ and Np tem "_]are the concentrations of B and P Interactions between interstitial oxygen and free
in substitutional positions (electricall); active B and P), aB vacancies may comprise reactions of first, second, and third
and oy tem-'] the cross-sections for Si_ to be captured by B, order:
and P,, Yi [cm'_] the yield of free Si_ (number of free self-

interstitials produced per one incident neutron), ¢ tem'"] Oi+V"O $ (14)
the neutron fluence and & tem "_]the probability (in events
per cm) for a free Si_ to be captured by other sinks. & may
vary with the neutron dose and depend on pre-existing Os+V-tOa'V-] (15)
defects in the Si crystal. However, we will restrict our

present analysis with assumption that & is a constant.

The multi-term denominators in equations (8) and (9) [ Os'V-] + V-. [ Os2"V -] + V- (16)
reflect the fact that only a limited number of free Si_are



Calculations on the basis of equations (21) and (23) The model predicts that the difference in Si, and V

require the use of number of unknown parameters: y,, y,,, capture cross-sections for B, and P, may dominate changes
o's, 0_'s, Ai, and A,... lt is impossible to estimate them in resistivity at low fluenccs. For p-type silicon at low

experimentally on the basis of radiation induced changes in doses, the net electrically active impurity concentration
N, because they never appcar separately in the cquations, decreases slowly (or may even increase as shown in Fig. 1)
but always as a ratios. The yields y+, y, and cross-sections due to faster P, removal. For n-type Si (Fig. 2), the model

o's and c_'s are fundamental parameters which should be predicts type conversion at lluences of 1 to 3.10_"n/cm 2.
fixed for all calculations. The other parameters including Ai For crystals free of oxygen the mo(Icl predicts that, indc-
and A,. may vary from crystal to crystal. Therefore, 13's pendent of starting conductivity type, increasing neutron
which combine y'S, ce's, o's and A's can be treated as damage ultimately yields very high-resistivity p-type Si

adjustment parameters of the model as well as initial because of the annealing of B, into B, by reaction with V's.
impurity concentrations NB° and Np°.

The ratio 13p/13uestimated from our experimental data

on high-resistivity silicon is in the range of 2 to 3. This 2.o /...----2."/-_"_"_means that P is removed from its substitutional position '_E
faster than B. The results of calculations based on equa- _' ;.o ""°' "'_"

tions (21), (23)with _,,/13B=2, 13B.i=a.4.10r_cm', and _ _'_"--. __
13D.,=l.7.104_cm " are presented in Figs._l and 2. _. __ _..-
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are associated with the decreases in the net impurity The thcorclical curves fit the experinaental points best .
concentration, for the ratio 13t,/flB equal to 2. Extrapolation of the fitted

curves to the point of zero fluence gives the initial concen-
trations of B and P.
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Fig.5 Resistivity of Westinghouse p-type multi-pass FZ

0urified wafer FZH-Q1-3: Fig.7 P-type wafer FZT-4A-3: electrically active impurity
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3 - 4.1.101Zn/cm 2, 4 - 6.10_'-n/cm -', lines represent theoretical curves
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The net impu[, d concentrations vs neutron fluence for

two p-type samples grown by Westinghouse and one p-type _0
sample grown by Wacker are presented in Fig. 6, 7, 8. The

""" tr'. °'_ I_0,, P-type
open circles are experimental data points and the curves _E -----ZZ:c-.i:"_',o,,are the results of fitting by our model. When plotted in _..°
semilogarithmic coordinates, ali of the p-type samples _ _"

show either a small net impurity concentration decrease, or e
even a slight increase (see Fig. 7), at fluences below ._ ' .,_%
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B. n-Type Silicon
Fig.6 P-type wafer FZH-Q 1-3: electrically active impurity

concentration vs neutron fluence; dashed and solid The resistivity change in an n-type wafer grown by Wac-
lines represent theoretical curves ker is shown in Fig. 9. After a fluence of 1.4.10 u n/cm-'

the resistivity increased from 8 kl3cm to about 500 kl3cm.



Partial conversion of the conductivity type from n to p was fore, P has a tendency to be more non-uniformly distributed .
observed after a dose of 4.10_-'n/cm-'. The presence of in a growing crystal. Fast neutron damage at fluences of 2
regions of n and p-type conductivity in this sample was to 6.10tZn/cmz enhances the non-uniform spatial resistivity
identified with the cryogenic probe, distribution in n-type crystals (see Fig. 10). On the contrary,

the irradiation of p-type crystals with the same fluence may
not result in an increased non-uniformity in the spatial

,ooo_ resistivity distribulion (see Fig. 11).I
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Fig.9 Resistivity of Wacker n-type wafer 34383-1048: Distance across cliameter,mm
1 - prior to irradiation (n-type), 2 - 2.10_:n/cmz
(n-type), 3 - 4.1.10*'-n/cre: (mixed type), 4 -
6.10*-Zn/cm:(mixedtype), 5- 1.4.10Un/cm2(p-type) Fig.10 Spatial resistivity distribution in n-type Topsil

wafer 24802: 1 - prior to irradiation,
Hall effect measurements performed on this sample 2- 3.10*:rdcmz, 3- theoretical curve

revealed that after a fluence of 1.4.10Un/cm: the low field _
Hall mobility for holes was reduced to about 50% of its The observed difference is consistent with the predic-
initial value. In the past, this sort of mobility drop was tions of our model. Let us assume that the original B
explained i,_terms of carrier scattering by damage clusters distribution across the n-type wafer is uniform, and ali the
[3], or in terms of scattering on charged deep traps [22]. non-uniformity in the resistivity distribution is due to P.
We believe, however, that a fluence of 1.4.10Un/cre: is toa Faster P, removal decreases the net impurity concentration
small to produce damage clusters or deep levels in concen- while the resistivity is still dominated by P. This leads to
trations sufficient to cause this effect. A simple explana- "magnification" of the original non-uniformities since net
tion of this phenomena may be found in the r,atural non. active impurity concentration is the difference between the
uniformity of the distribution of electrically active impuri- concentrations of B, and P,. The theoretical result shown as
ties. When the conductivity of silicon is close to intrinsic, curve 3 in Fig. 10, calculated with 1_p/138=2,is a reasonable
a spatially nonuniform distribution of donors and acceptors fit to the experimental data shown as curve 2.
may cause formation of built-in electric fields and local p-n The resistivity profiles obtained on a high-purity p-type
junctions which act as scattering borders that reduce the wafer FZT-4A-3 grown by Westinghouse serves as a good
mobility at low field strengths [30]. This type of low Hall illustration of this point. This crystal showed significant
mobility at low fields (on the order of a few volts/cre) has Fig.II Spatial resistivity distribution in p-type Wacker
been observed in very high purity Ge which has not been wafer 34383-1090: 1 - prior to irradiation,
radiation damaged [31]. These low field mobility problems 2 - 4.1.10*Zn/cmz
have no obvious relevance to the high field mobiUties that non-uniformity in spatial resistivity distribution prior to
are important for good charge collection in radiation irradiation (Fig. 12). We believe that the high resistivity
detectors, region close to the outside surface of the crystal is a result

of P accumulation in an annular region during multi-pass
C. Spatial Distribution of Resistivity FZ crystal growth (see curve 1 in Fig. 12). Neutron

irradiation leads to a faster removal of P, than B,. As a
In our experience, non-irradiated n-type Si crystals have result, in curve 2 the net impurity concentration decreases

much more non-uniform spatial resistivity distribution than and the resistivity increases in the core region where the
p-type crystals. The explanation of this phenomena lies in crystal is less compensated; while the net impurity concen-
the behavior of B and P during crystal growth. The segrega- tration increases and the resistivity decreases in the annular
tion coefficient of P is considerably less than unity, while region close to the rim where the crystal is more heavily
the segregation coefficient of B is close to unity. There- compensated. After most of the P, is removed (curve 3),



to p-type from n-type by radiation damage. A comparable
change in hole mobility was not observed for samples which

-_ were originally p-type and received the same neutron dose.
This supports the perception that the drop in low field

:0 mobility was caused by nonuniform distribution of donors
P-ty_e and acceptors. Fast neutron irradiation significantly

E-,5 amplifies non-uniformities in the spatial distribution of the
! resistivity of n-type Si.
i 3. The observed changes in silicon resistivity are

'._ 10 J

._ : discussed from the point of view of changes in the net

...._...-...._-_-----.----_..--._..._.__ electrically active impurity concentration. A model is
5i ......... proposed which postulates escape of Si self-interstitials and

' vacazlcies from damage clusters and their subsequent
o ......... , ....... ............................... interaction with impurities and other pre-existing defects in0 10 20 30 4_ 50

Distanceacross diameter,mm tile Si lattice. These interactions lead to transfer of B and
P from substitutional sites where they are electrically active
into interstitial sites where they are electrically inactive,

the resistivity uniformly increases with neutron fluence, resulting in changes in the net uncompensated impurity
reflecting removal of residual B,. density. Observed changes in resistivity, including its

spatial distribution are explained in terms of faster phos-
phorus removal.
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The research in Task B during 1991-1992 focussed on the further development

and application of our new YFS (Yennie-Frautschi-Suura) Monte Carlo approach[II

to SU2 x U_ radiative corrections in the Z° physics scenarios at the SLC and LEP. In

addition, progress was made on the application of perturbative QCD methods to

heavy quark decay physics in the context of B-Factory high energy e+e- collider

physics and on manifestly gauge invariant covariant (closed) string field theory.

Specifically, during 1990-1991, we completed the implementation of our YFS[1]

Monte Carlo procedure to the processes e+e- --,f f + ny, f = kt, r, neutrino, quark,

to the level of .1% accuracy. Thus, the LEP and SLC collaborations all have

implemented the respective YFS2 Fortran program which allows them to simulate ,in

the presence of detector cuts, the effects of multiple photon radiation on an

event-by-event basis; the respective multiple photon 4-vectors are included in the list

of final particle 4-vectors with no restriction on their number for the first time ever in

SU2 x U_ radiative correction simulations. Additionally, we succeeded in integrating

this YFS2 calculation into the pure electroweak corrections program KORALZ in

1



version KORALZ3 [2], so that for the first time one may study the interplay of pure

electroweak effects on the one hand with multiple photon effects on the other

hand,on an event-by-event basis. This program KORALZ3 is now in use by ali LEP

and SLC collaborations (for SLC, this is the SLD Collaboration) and has been useful
m

in the respective f f + n (7) final states physics analyses, f, e. It has been

demonstrated that the various pure weak libraries in KORALZ3 (one by W. Hollik,

one by D. Bardine et al. and one unsupported library by R. Stuart) agree within .3%

on the absolute normaliz/ttion of the cross section near the Z° resonance in e+e-

annihilation so that, for the present at SLC and LEP, we have an adequate

knt,wledge of the respective pure weak effects. We must improve on this agreement

in the not-too-distant future, in view of the current Z° production rate at LEP and

the expected long term rate at the SLC.

Indeed, we are in the process of making an independent check of the pure weak

libraries by Hollik, Stuart and Bardine et al. as they are implemented in KORALZ3.

This we are doing in collaboration with Prof. Jadach in Krakow, Poland, with possible

further collaboration from Prof. Zralek in Silesia, Poland. We have made substantial

progress in our check and we hope to report more on this progress soon. Here, we

may note that recently, using our results on the interplay of pure weak corrections

and QED, we resolved the issue operationally of the gauge invariance of the

renormalized Z° rest mass [3]. This shows that the mass measured at LEP/SLC for

the Z ° is in fact gauge invar'ant.



In addition, we have made progress in resolving the question left by the LEP100

Line Shape Group in CERN-89-08, Vol. 1' "What is the best way of exponentiating

QED corrections?." For, in their final report, the authors of the Line Shape section

of the LEP100 Workshop Report were only able to show that five different methods

agreed to .2-.3%. In Ref. 4, we show that the YFS-based method is the best one by

looking into an exact model calculation and comparing the various ansatz's in the

Line Shape Report with the exact result. Thus, our work substantiates the preference

of the method based on Our YFS procedure over the other naive exponentiation

procedures considered in that report. Our work has been recently corroborated by F.

Chen et al. (Beijing preprint, 1991).

In view of the need to study in detail the cross section asymmetries in

e+e- -* f f + n(y) in order to complete the high precision Z ° physics programs at the

SLC and LEP, using YFS2 [1], we have analyzed [5], in the presence of detector cuts,

the multiple photon effects in asymmetries for the cases f = p, b. We find that the

multiple photon effects are significant and that At:s (b) at LEP is competitive with

AtR at SLC for its assessibility in the presence of multiple photon radiation and its

sensitivity to silo w when the high luminosity at LEP is taken into account. Thus, it

affords another path to sin'-ow in the high precision Z ° physics tests of the Standard

Model.

We have recently[6] used our KORALZ3 Monte Carlo to look into the pure

weak effects in our AFa _) analysis. We find that the pure weak corrections do not

alter the general conclusions in Ref. 5 but that their dependence on mt and mH will



mean that, using KORALZ3, the allowed parameter space for mt and mH can be

extracted from the LEP data with ali multiphoton-detector cut effects properly taken

into account.

Indeed, we have recently introduced [7] the new YFS Monte Carlo event

generator YFS3, which treats for the first time n(y) final state multiphoton radiation

in e+e" --,f-f + n(y), with f ,.._.__ge.We are currently implementing it into the SLC/LEP

experimental activities and refining its precision tag as dictated by the LEP(/SLC)

data. Such final state radiation data afford new roads for Standard Model tests.

Concerning the basic luminosity process e+e- -> e+e- + ny at low angles, we

recall that we had implemented, during 1989-1990, our BHLUMI Monte Carlo YFS

program[8] at SLC and at LEP, so that indeed the higher order corrections to the

luminosity were known to 1%. This result already played a significant roi,_.in

controlling the systematic error on the measurement of the luminosity at SLC and

LEP and, hence, it made a significant contribution to the 1989 MklI discovery that

the number of massless neutrino generations is 3 (this MklI finding was imme, liately

corroborated by ALEPH on using our BHLUMI program to calculate the higher

order corrections to their luminosity). Thus, we feel that our YFS methods were

brought to the level of implementation which was sufficient for the 1989-zarly 1990

scenario in bhabha scattering at low angles. However, for the current and long term

SLC-LEP objectives, we needed to carry this level of accuracy on the bhabha

luminosity process to the .2% and below .1% regimes, respectively.

Accordingly, Prof. Jadach and the PI, working with Drs. Z. and E. Was, have



established [9] an 0(_) baseline description of the luminosity cross section so that it is

understood in absolute normalization from both an analytic and Monte Carlo

standpoint at the .1% level. This, we expected, w(;'ald then allow us to check our

Monte Carlo methods for BHLUMI for their absolute normalization to the .2% level

by 11/1/90 and to below .1% ultimately with the corresponding improvement in the

baseline description to the below .1% regime; we explained this in detail in our

1991-1992 renewal proposal.

And, indeed, during 1990-1991, we developed[10] two independent 0(_) LL YFS

exponentiated Monte Carlo's for the higher order corrections to the SLC/LEP

luminosity so that, in a CERN Theory Division Seminar by Jadach in 12/90, we

already presented a procedure[10] for correcting O(a) Monte Carlo luminosity

simulations for higher order effects which was accurate to .2% on the pure

bremmstrahlung and to .3% for the total luminosity. In addition, we developed, for

the first time, analytic improved naive exponentiated formulae[10] for the luminosity

process accurate to a technical precision of .02% so that we could check the

normalization of BHLUMI 1.13 to .15%. Finally, to obviate the need of using two

different MC simulations in the complicated software management environment of a

LEP/SLC collaboration, we developed[10] BHLUMI 2.00 as a single, YFS MC

solution to the luminosity problem at SLC/LEP with a total precision of .25%,

including an allowance for pairs, vacuum polarization uncertainty, etc. For reference,

the current best experimental error from LEP on the luminosity measurement is

ALEPH's .5%. Thus, we are currently providing a sufficiently accurate simulation;



we must improve this in the near future, when ALEPH installs its new luminosity

monitor.

In fact, BHLUMI 2.01, recently published in Ref. 11, is now in use at LEP [12]

for the analyses of the 1991 LEP data (BHLUMI has always been used at MklI and

SLD for data analysis). This means that during 1991-1992, we have succeeded with

the implementation and acceptance of BHLUMI 2.01 as the basic luminosity data

analysis radiative corrections simulator at LEP as a replacement of the Berends-

Kleiss-Hollik generator B'ABAMC [13], which had been the standard data analysis

luminosity generator at LEP since 1989-(BHLUMI was previously only used for the

higher-order corrections to BABAMC at LEP, as we have explained; now, it is the

program which generates the events which are passed through the long LEP detector

simulations. This has greatly improved the understanding of these detectors'

responses so that it has facilitated the precision tag of-..5% which ALEPH has

reached with its current luminosity monitor. Thus, this represents a major

achievement for the DOE's investment in Task B.)

What we should emphasize as one our most important successes is our work

between SLAC and CERN during the period April, 1989 - September, 1989, as we

described in detail in our renewal proposal for 1990-1991. During this period, we

and our collaborators resolved discrepancies in KORALZ3 libraries and in the

luminosity calculations so that these calculations were in a usable state for the SLC

and LEP turn-on's (our higher or,'er bhabha work made the N,, = 3 discovery

possible). We continued this commuting approach between SLAC and CERN during



1990 and 1991 - in the former case, working directly with physicists in both places,

we were able to formulate and develope the benchmark O(c0 process simulation[9]

for the crucial luminosity problem and in the latter case, we were able to arrive at

the desired .25% accuracy for our BHLUMI (YFS) calculation using this benchmark.

In addition, our interactions with Drs. Locci (ALEPH) and Komamiya (OPAL)

allowed us to start the implementation of our wide-angle YFS bhabha MC event

generator BHLUMI 3.0, which we had made available to the SLD Collaboration at

SLAC (it has already been used in analyzing the initial SLD engineering data (1991)

and is now being used, in a new polarization version, on the new 10420% beam

polarization Z° data sample (1992)). During 1991-1992, we continued our commuting

approach between SLAC and CERN and thereby made the important acceptance and

implementation of BHLUMI 2.01 at LEP possible. Further, we made BHLUMI 3.0

available to OPAL and continued to interact with that Collaboration in its

implementation and use at LEP. These achievements were only possible because I

was able to work directly with the members of the CERN EWMC Working Groups,

and my collaborators Drs. Jadach, Ricter-Was, and Was, as we explain in our

proposal for 1990-1991 and as we review in our 1991-1992, 1992-1993 and 1993-1994

proposals.

We have recently[14] made progress in understanding the possible meaning of the

value N,, = 3, where N,, is the number of massless neutrino generations. We

interpret this as evidence for an SU(3)r family symmetry which breaks at a scale -

100 TeV. The attendant association of the C-K-M matrix with SU(3f mixing



interactions then gives the prediction for mt in terms of c_- gcb/gub and the light

quark masses mq, q = u,d,s,c,b (the respective formula is given in Ref. [14] and in

our 1992-1993 renewal proposal). The recent CLEO-ARGUS results for a then

allow us to conclude with 95% confidence that

67.8 GeV < mt < 127.9 GeV.

This result is extremely interesting from the standpoint of the CDF Standard Model

limit mt > 91 GeV. Perhaps, top will be discovered soon!

We should note that _vithDr. Zhang, our former post-doc, and with our

collaborators in Cracow, Poland, Prof. Jadach's Group, we have succeeded[15]

in obtaining an analytic result for the total differential distribution in

e+e- -. # _ + 2y. This result and its generalizations have been used to

carry our YFS2 FORTRAN simulations beyond the .1% precision regime in Z °

physics. We began a similar analysis for the process e+e- -. e+e- + 2y with our

former post-doc, Dr. S. Lomatch. We had a preliminary[16] formula for the real

bremsstrahlung process e+e- _ e+e- + 2y at SLC/LEP energies and, with Dr. S.

Yost, we our replacement for Dr. Lomatch, we have recently completed[17] the

calculation of 2y emission part of N_for the bhabha process and moved the

theoretical uncertainty on the bremsstrahlung process iraBHLUMI to the below .1%

regime as desired.

Continuing with our effort to reach the below .1% regime of precision for

BHLUMI 2.01, we recently finished with our post-doc M. Skrzypek the

calculation[ 18] of new formulae for the pairs production effect in the Bhabha



scattering luminosity process at SLC/LEP. We are currently in the process of

implementing this calculation in BHLUMI so that the soft pairs four-vectors will be

available to the experimentalists in the final particle list. This soft pairs effect

represents an important step on the way to below .1% precision luminosity

simulations.

In the area of QCD methods in heavy quark decay physics, we most recently[ 19]

analyzed the decay B --,tlr/JK'+ from the standpoint of the luminosity requirement for

CP violation studies at a SLAC-LBL-LNL--type B-Factory. We find that, in three

relativistically invariant models, the CP even decay final state is dominant so that,

indeed, this decay can be used for CP violation studies at a SLAC-LBL-LNL-type

B-Factory. The attendant reduction in luminosity required is ~ 2.5. In fact, our

result for the Lepage-Brodsky theory prediction for this decay is in agreement in

detail with recent measurements by ARGUS[20].

And, recently, following further preliminary work by ARGUS[21], we

analyzed[22] the decays B--,LI_ as possible further new modes for CP violation

exploration at the SLAC-LBL-LLNL Asymmetric B-Factory device. We find

agreement with the ARGUS results B(B--,_)_)=(1.05 +.35+.25)% and

B(B-*LK+)=(.19+.13+.06)% and that the ratio of CP odd to CP even final states is

--.38, so that, indeed, such modes as B-._I_. can be used to further reduce the

required luminosity in the SLAC B-Factory project. (Just how much it is reduced

requires more analysis.)



Continuing our study of new modes for exploration of CP violation in a

B-Factory of the SLAC-LBL--LNL asymmetric variety, we have recently

developed[23] a benchmark analysis of the decays D -. 7rTr,KK for testing how well

one might hope to predict a mode like B --. tftr, where isospin considerations have

recently been advanced for removing the unwanted penguin-type contributions in the

measurement of the unitarity triangle angle c_. What we find is that our methods,

based on Lepage-Brodskaj theory, allow us to predict r(D-*K +K-)/r(D--,Tr +gr-) *,

2.00, r(D-,K+K -) *, .561%, F(D --,7r+_) -- .280%, to be compared with the

ARGUS-CLEO results 2.42 _ .42, .46 _ .06%, .210 _+.031% respectively. Hence, it

seems that 25% knowledge of B --,7rgrrates and ratios of rates might be possible with

our methods and we are currently attempting to realize this.

Finally, we had a small amount of time to devote to our quantum gravitation

research. The recent result[24] is a solution for the ground state of string theory in

the open string case. We used the methods of the operator field to show that the

tachyon is really absent in the true spectrum of the theory. After discussion with

Prof. M. E. Peskin of SLAC, we have extended[25] the first paper in Refs. 24 to

address several questions which are not discussed therein. We may now hope to

incorporate this result into our earlier results[24] for the manifestly gauge invariant

closed string field theory to arrive at a sound physical framework from which to study

the true spectrum of the heterotic string theory of Gross et. al. eventually. We must

emphasize that our pre-occupation with SLC-LEP physics research will not allow us

to devote very much tirne to string theory, however. And, this is as it should be.
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Finally, it is appropriate to report that, on March 20, 1991, we were awarded

Texas National Research Laboratory Commission grant number RCFY9101 for

applying our YFS methods developed in TASK B to higher order radiative

corrections to SSC physics processes. On January 15, 1992, this award was renewed

for a second year. These awards were major achievements for the research in TASK

B and we feel that this successful application of the work developed in Task B shows

that the DOE's investment therein was and is well-placed. (For reference, we list a

recent preprint from our SSC physics activity [26].) We hope it encourages the DOE

to continue to expand its support for Task B so that even larger applications will be

possible.
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