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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 accumulate 10° fully reconstructed charm particles. Capability for
detection of B-mesons is also discussed.



The purpose of Fermilab Experiment 687 is to study the production and
decay of charm and beauty particles using a high intensity, high energy photon
beam, the Fermilab Wideband Photon Beam. The E687 spectrometer is shown
in Figure 1. E687 is presently half-way through its second run. In the first
running period, from June 1987 to February 1988, a sample of about 10,000
fully reconstructed charm particles was obtained. This sample is now being
studied, some examples of the charm signals observed are given in Figure 2.
In the first part of the second running period, from February to August 1990,
about 5 times more data was collected. It is expected that a similar sample
will be collected in the second part of the running period, from December 1990
to the spring of 1991. When the 1991 run is complete, we expect to have a
dataset containing 100,000 fully reconstructed charm particles decaying into all
charged final states (including those with neutral vees) and a very large sample
of states with 70’s, single photons, and %’s. These will allow us to explore charm
spectroscopy at a level never before achieved and to begin a serious search for
bottom photoproduction. :

As we look towards the future, there are two natural extensions of the work
we have been doing. The first is to continue our studies of charm, which remains
a rich subject with many unresolved issues. The second is to try to study
bottom photoproduction and decay. In the case of charm, the dynamics of
photoproduction is by now well-established and the large samples already in
hand allow us to predict with confidence what we can achieve. To address the
interesting questions, we will need to obtain a sample of about one million fully
reconstructed charm particles, which is one order of magnitude higher than
that anticipated in the current run of E687. In the case of botiom, we will
not really know whether we have a signal for another year. For the purpose
of this expression of interest, we will take as our primary goal the acquisition
of a sample of order one million fully reconstructed charm particles. We will,
however, note as we go along where the goals of the charm experiment and one
more oriented to bottom coincide and where they are in conflict. If it turns
out that the full E687 dataset demonstrates an ability to make an important
contribution to bottom physics, then we might want to alter the emphasis of
the experiment. Fortunately, many of the modifications and upgrades described
below for the charm experiment are identical to those required for a bottom-
oriented experiment.

This document is organized as follows: Section 1 presents the physics moti-
vation for obtaining a very large sample of charm particles; Section 2 presents
one approach to the problem of obtaining the higher photon fluxes required
to achieve this goal; Section 3 describes the modifications and upgrades to the
spectrometer that are needed to handle the higher intensity (this includes a dis-
cussion of changes to the detector, data-acquistion system, and trigger); Section
4 describes additional possible upgrades that will improve the overall efficiency
for reconstructing charm and bottom decays and presents a method of achieving
even higher beam flux that involves fandamental modifications to the beamline;



Section 5 presents estimates of the computer resources required for offline anal-
ysis of this large dataset.
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Figure 1: Schematic representation of E887 spectrometer
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Figure 2: Examples of Charm signals observed in E687



1 Motivation for a High Luminosity Investiga-
tion of Heavy Flavors

The subject of charm spectroscopy is now almost 15 years old. However, there
are still many areas in which our knowledge is rather limited. Information has
been accumulated slowly because of the complexity of the final states, the small-
ness of the cross sections, the small size of the branching fractions, and the large
backgrounds. A major goal of the experiment proposed here is to investigate
the open issues in the standard model of charm spectroscopy. For example,
this experiment is unique in its ability to study charmed baryons, and should
be a major contributor to the study of D’-D? mixing and semileptonic decays.
These and other “programmatic” studies are discussed below. We also list areas
where it is possible to search for new physics, beyond the standard model. These
searches will emerge as a by-product of the programmatic investigations and will
be referred to, following I. Bigi[l], as High Impact Physics studies. Finally, we
discuss possible investigations of beauty photoproduction and decay.

1.1 Programmatic Investigations of Charm
1.1.1 D°.D° Mixing and Doubly-Suppressed Cabibbo Decays

In the Standard Model, the classic mechanism for mixing is the box-diagram.
Predictions for D°-D° mixing are tiny[2], of order 10-°, and would be unobserv-
able by any existing or projected experiment. However, it has been observed
that, for the charm quark, the box-diagram that contributes most involves light
quarks — s and d. As a result, long distance effects conld be important, and
final state interactions may have to be taken into account[3]. A recent calcu-
lation, which maintains a relatively close contact with existing measurements,
predicts a mixing parameter r of 5 x 10~3[4]. Mixing at this level will be mea-
sureable in the proposed experiment. The associated topic of doubly-suppressed
Cabibbo decays will also be addressed. These decays should occur at roughly
the 0.25 x 10-2 level.

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 ratio of CKM matrix elements V,, /V.q to 1%.
In fact, the measurement of this experiment will 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 of 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 be
investigated. Finally, it will be possible to study the semileptonic decays of
charm baryons.

1.1.3 fp — the Pseudoscalar Decay Constant

This parameter is determined by measuring the branching fraction of the decay
Dt — p — v. The branching fraction is estimated to be 10~*, hence with 100
million D-decays produced in the experiment, about 10* such decays would be
on tape. Two methods have been suggested to identify these decays. The first
involves using D*t — D+ x% The second requires determining the direction of
the Dt by secing the parent Dt in the microstrips. Another important fully
leptonic decay is D, — tv. This decay can only be reconstructed by observing
the parent D} direction.

1.1.4 D} and A} Decays

There are many topics to be investigated in the decays of the D} and the A}.
This experiment should be able to isolate D, decays to channels with 7%’s and
7's and those without a kaon signature. At one time it appeared that there were
several missing D, decay channels. It now appears from work by CLEO and
E691 that this is not the case, but several channels need to be measured as this
conclusion is based on many assumptions. In addition, it would be extzemely
valuable to identify decays which proceed only through annihilation diagrams
and to examine Cabibbo suppressed D, decays. ‘

Very little is known about the A}. Our group has worked to improve the
spectrometer recomstruction capability of A’s, ¥’s and E’s. We are planning
to add x%’s to some of the channels we presently are investigating. Improved
measurements of the relative branching fractions of the A} would aid theorists
in providing models of charmed baryon decays.

1.1.5 Meson Spectroscopy

Here the effort would be to study and identify all the D** states and to categorize
the states. The D?* states will also be interesting and will be investigated.

1.1.6 Baryon Spectroscopy and Lifetimes

The observation of charmed baryons requires large statistics and good particle
identification. The proposed experiment will be unique in its abilites to study
charmed baryon spectroscopy and decay.

At present, very few of the decays of the charm baryon have been measured.
Charmed meson decays appear to proceed mostly via two-body decays. From
the limited information on charm baryon decays this does not appear to be
the case. Scaling from last run where we reconstructed 90 pKx A} decays, it



Table 1: Predicted yields of charmed baryons

State Decay Estimated Events
Ac(cud) p-k-x 9000
2.(cun) add xt+ 300
Zc(cdd) | add =~ 300
T.(cuu) | add x° 50
Eefcsu) [E—mr—n 150
Efcsd) | E—=t 150
Q(css) Q-= 15

is expected that 9000 A} decays can be obtained from this proposed run and
maybe a few hundred p-m — 7 and p-K-K events. In the A} to p-K-v decay
channel it will be possible to perform a Dalitz plot analysis to investigate two-
body versus nonresonant decay mechanisms, to cleanly separate the pK* and
A** K~ channels, and to search for possible (and expected) excited p-K Baryon
resonances. v

Another issue is the relative lifetimes of charmed baryons. The lifetime of the
A} is much shorter than the lifetime of charmed mesons. This is presumably due
to the fact that the decays proceed principally via the W+ exchange diagram,
since for baryons this diagram is neither helicity nor color suppressed. There
are two lifetime predictions[6] that differ on whether the A} lifetime is less than
or greater than the £, and the f),. Estimates for the number of reconstructed
events we would obtain for these states are hard to make since our experiment
does not yet have clear signals for them. Assuming that the production rate for
the E. (csu and csd) is below the A, by a factor of 10 and down a factor of 100
for (1. (css state), our predictions for reconstructed baryon decays are shown
in the table 1. The estimate has further assumed that the branching fractions
of the E, to 2~ =1 and E-x*x* and of the 9 to O~ xt are the same as for the
A} to pKxt. From the table it seems that the experiment will make a major
contribution in addressing baryon lifetime questions.

1.1.7 Charm Photoproduction Dynamics

There are several open issues in charm photoproduction physics. The emphasis
of this experiment is to study decay processes and not necessarily production
dynamics. It would, however, be very useful to see how pairs of charm particles
are produced. For example, how often are baryon-antibaryon pairs produced?
Are D} mesons made with associated D° mesons and kaons or are they usually
made as D, - D, pairs? With 1 million reconstructed Charm events, these
production dynamics questions will be addressed. o



1.2 High Impact Physics
1.2.1 CP Violation

The Standard Model predicts very small levels of CP violation in charm decays.
The predicted levels are out of the reach of this experiment or any experiment
currently imagined.

It has been pointed out, however, that charm particle decays may be a
good place to look for CP violation which is caused by phenomena outside the
Standard Model[7]. There are many models which predict levels of CP violation
that far exceed the Standard Model predictions. Moreover, there are several
characteristics of the charm mesons that make them especially suitable for this
kind of search:

e Standard Model CP violation is negligible, so that if CP violation is ob-
served it will be a signal for new physics. In decays of B-mesons, it may
turn out that the Standard Model contribution masks any contributions
from new physics.

o The charm cross section is large and there are many relatively simple states
with high branching fractions that can be used in this kind of exploration.

e The D-decays are self-tagging through the D*.

CP violation could be observed by looking for a difference between D° —
xtx~ and D® — xtx~ decays. Similarly, decays to a K+ K~ final state can be
used. The parent is found by using D*+ — x+ D°. E687 presently has about 40

0 - K+ K- decays from our 87-88 run. Scaling to this proposed experiment
would yield 4000 events. Combined with the decay mode D® — xtx~ the
experiment could have more than 5,000 such decays, and would be sensmve to
a 2% CP violating asymmetry. o ,

CP violation can also be detected in other ways — for example, by asymme-
tries of the Vector-Vector decay modes in various angular distributions in D+
vs D~ decays.

1.2.2 Rare and Forbidden Leptonic Decays

These decays have sensitivity to new kinds of physics. The proposed experiment
expects to lower the existing limits by 1 order of magnitude. The decays that
would investigated are D® — utpu~, ete~, ute~ and u~e*t.

1.3 Possible Investigations of Beauty

The study of beauty physics has been accomplished almost entirely in collid-
ing beam experiments. Argus, CLEO, and now CDF have all contributed to
our knowledge of absolute and relative branching fractions of the B mesons.



Presently there is a world-wide quest to observe CP violation in the beauty
sector, yet the lifetimes of these particles are still poorly determined. The
lifetime measurements are extracted principally through inclusive samples com-
bined with Monte Carlo simulations, which suffer from many assumptions. Only
recently has one experiment (Mark II) succeeded in obtaining separate results
for charged and neutral B’s and the results have large error bars (20%).

In E687 there is the opportunity to contribute to beauty physics using the
data set collected in the 1990 run, which is expected to produce 10° fully re-
constructed charm particles. Certainly the data from the 1990 run should allow
us to determine the beauty cross section and enable us to make more accurate
calculations for the run proposed here.

With a further factor of ten in statistics, the proposed experiment should
fully reconstruct beauty decays and obtain lifetimes for the B~ and the BO.
One of the most important features of the E687 detector is its ability to obtain
a direct and clean measurement of beauty lifetimes using the microstrip vertex
detector. In the proposed experiment, the observation of beauty should be
accomplished through the complete reconstruction of two secondary vertices
in cascade. The use of only those tracks associated with the B-decay vertex
eliminates the combinatorial background. A precise and separate measurement
of the charged and neutral B lifetimes would provide a check of the role of
diagrams other than the spectator diagram.

10



2 Options for Obtaining Higher Flux

We can increase the number of reconstructed charm events by improving the
efficiency and acceptance of the spectrometer and by speeding up the data
acquisition system (to decrease deadtime). However, the spectrometer already
has a rather large acceptance and good efficiency. One can imagine upgrades
that will yield a factor of two gain. At least a factor of 5 gain must, therefore,
come from increased luminosity. There are several approaches to achieving
higher photon intensity. After a brief summary of the beam performance to
date, we discuss some of the options. )

2.1 Performance of the Wideband Beam

The Wideband beam underwent two upgrades for the 1990-1991 run. The first,
the replacement of the beryllium production target by a liquid deuterium target,
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 1.45. However, the positron beam had much more
“hadronic background” than we expected and was never fully utilized. We
investigated this hadronic background from two directions. One effort involved
developing a trigger that rejected the hadronic background on the positive side.
By the end of the run, the effort had almost produced a successful trigger and
offline work has now produced a trigger strategy that will work. The second
effort tried to identify and eliminate the hadronic background. It is now rather
‘convincingly established that the background is from A decays between the
downstream end of the target box sweeping magnets and the first bend in the
beam. A large fraction (still being evaluated) can be eliminated by adding
a dipole magnet between the downstream end of the target box and the first
quadrupole. We believe that with our present understanding we can use the
positron beam for real data-taking in the future. The yield in the electron
beam at 350 GeV/c is 4.8 x 10~% electrons per incident 800 Gev/c proton. If
the positron beam is used this becomes 7.0 x 10~% electrons per incident 800
GeV/c proton.

2.2 Options for Increasing the Flux
2.2.1 Change in Incident Beam Energy

If Fermilab is able to upgrade the proton beam energy, the beam flux will
increase accordingly. An increase from 800 to 900 GeV/c will result in an
improvement of about 1.6.
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2.2.2 Change in Secondary Beam Energy

If the primary emphasis of the experiment is charm, then lowering the energy
will actually improve the total charm yield. If the energy is lowered to 250
GeV/c the flux increases by a factor of three (and the relative background in
the positron beam will drop quite a bit). The overall gain will be about a factor
of two due to changes in cross section and acceptance. This option may be
exercised if the primary proton energy can not be raised. :

2.2.3 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
50%, but we expect an increase of at least 30%.

It 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 deteciors and improve the trigger. It is hard to imagine
gaining more than 20-30% by doing this.

2.2.4 Increase in the Number of Incident Protons

We could go from 4 x 10'? to 6 x 10!2 protons on target per pulse. This gives us
another factor of 1.5. The places where we could have trouble transporting this
much beam are in the cryogenic bends and in the LD2 target. The LD2 target
is rated at 102 and should be ok. The principal problem is the cryo bends. The
bends are supposed to be able to take this rate and we should try a test this
year. The bends have taken rates of over 5 x 1012 for short periods of time so
there is no reason to believe that this will be a problem. A major question is
whether the laboratory would be able to deliver this many protons to us for the
duration of the experiment.

2.2.5 Changes in the Production Target

We can increase our acceptance for photons getting thru the 0 degree dump
channel to the converter by about 20% by pushing up the deuterium filter so
that it is centered where the old beryllium target used to be. This is not easy,
as the existing cryostat would have to be modified to fit into the target channel.
Another minor improvement would be to put helium into the target box and
extend it up to the quadrupoles. Adding helium would decrease the probability
for photons to convert to pairs in the target box and after the converter reduce
the bremsstrahlung of electrons and positrons. Thus increases the flux by 10%.
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Table 2: Summary of luminosity improvements for a charm experiment
350 GeV 250 GeV 400 GeV

Positrons 1.45 1.45 1.45
LD2 Acceptance 1.2 1.2 1.2
Accelerator Upgrade to 900 1.6 1.3 2.0
Change Energy from 350 1.0 2.0 0.7
More Intensity 1.5 1.5 1.5
Total Gains 4.2 6.8 . 3.7

2.2.6 Summary of “Conservative” Beam Options

Table 2 gives a summary of what should be viewed as “conservative” approaches
toincreasing the luminosity. Strategies which require more fundamental changes
are described in Section 4. Note that in this table we have not included changes
to the experiment’s operating conditions, such as more target or more radiator,
which were also discussed above and can result in additional increases in the
luminosity.
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3 Modifications to the apparatus to handle high
rates

The main challenge for the apparatus is to be able to handle the increased
rate at all levels. Each element will have to operate at at least five times the
instantaneous and average rate which it now sees. Because the intensity in the
ete™ pair region is 500 times that in the rest of the detector, almost all of the
difficulties are in the center of the spectrometer. In this section, we discuss
how each detector and its associated front-end electronics needs to be modified
to handle the increased rates. The required upgrade of the trigger and data
acquisition system is also discussed in this section.

3.1 Trigger Counters

To handle an instantaneous rate increase of a factor of 5, our trigger coun-
ters will need to be changed. We presently trigger on TR1-TR2:(Hx V)3 body,
where TR1 is a single scintillation counter situated between the target and the
silicon microstrip, TR2 is a single scintillation counter located immmediately
downstream of the microstrip, and HxV is an array of vertical and horizontal
counters placed downstream of the last proportional wire chamber, P4. The
symbol 2 body refers to the fact that we typically require 2 hits in the HxV
array. Counters TR1 and TR2 presently operate at 1IMHz. At a rate 5 times
higher they would barely work.

We have considered two options for replacements of TR1 and TR2. The first
option involves replacing these counters with several smaller counters thereby
disttibuting the rate over several phototubes. This choice would obviouisly work,
but since TR1 sets the timing for the entire experiment, then special care would
have to be taken when setting up these counters.

The second option would be to replace the scintillators with Cerenkov detec-
tors which are not sensitive to 0 degree pairs. This could , in principle, reduce
the trigger rate by a factor of over 100.

The HxV counters would be replaced by triggers from the Hadron Calorime-
try. By changing the Hadron Calorimeter from a gas detector to a scintillator
readout (see hadron calorimeter section) it will become easy to generate a fast
energy sum. Again this would drastically reduce the Master Gate rate. We
intend to partially test this idea in the 1991 run by moving part of the HxV
array behind the Inner Electromagnetic Calorimeter.

3.2 Microstrip Detector

The microstrip vertex detector is the the E687 spectrometer’s most important
device for disentangling charm and beauty events from the very large back-
grounds. It is installed in the region between the target and the first analysis
magnet (M1) and consists of twelve microstrip planes, grouped in four stations

14



of three detectors each, measuring three coordinates at 135, 45 and 90 degrees
with respect to the horizontal axis of the spectrometer.

The innermost central region of the system, covering the very forward pro-
duction cone, has a resolution two times better than the outer region. The first
station,which is the most crucial in determining the extrapolated error to the
production point in the target, has twice the position accuracy of the other
stations.

Each strip is read out by means of a front-end preamplifier, a remote-end
amplifier and a charge integrating FLASH ADC. The analog signal at the am-
plifier output has a semigaussian shape with a base width of 100-120 ns. In the
1990 run the integration time in the ADC was fixed at 130 ns, giving a signal
to noise ratio of about 17 for a single minimum ionizing particle. With a flux of
about 107 electrons/sec on a 20% Pb radiator and a 10% Be target, about 8% of
the events had embedded ete~ tracks. These embedded pairs were due either
to more than one particle in the same RF bucket or particles from adjacent
buckets. The vertex detector sees a pair mainly as a single track at 0 degrees
not associated with the production vertex and having a pulse height cons1stent
with 2 minimum ionizing particles.

The overall detection efficiency of every plane is > 99%. The extrapolated
transverse error to the mean interaction point in the target (placed 7 cm up-
stzeam of the first microstrip plane) is about 9 microns.

The efficiency of the reconstruction code is 96%, on the a.verage, for the
tracks of DD events, including multiple scattering effects; contamination of
spurious tracks is about 2.7%. ‘

In order to face the increased photon flux we plan to replace the front-end
preamplifiers of the microstrips with a new design, similar to that used for the
beam momentum tagging microstrips, which is being operated at 10 MHs in
the present run. The goal is to shorten the gate to 50-60 nsec, thus keeping
out-of-time tracks at a reasonable level (pile-up in a single microstrip signal is
negligible). Possible further improvements (rotation of the microstrip detectors
in the space to have a 0 degrees view in the non bending axis,change of the
distance between the target and the microvertex, etc) are under study. We
are also considering the possibility of developing a high level trigger for charm
events, based on impact parameter,

3.3 Proportional Wire System

The proportional wire system has three planes in each station that are perpen-
dicular (Y) or nearly perpendicular (U,V) to the bend plane. The flux:is spread
out across many wires. In the non-bend view (X), the entire pair region flux
falls on about 10 wires in the center of the chamber. The a.verage rate in the
pair region will be about 5 megahs.

There are three different approaches to upgrading the proportlonal wire sys-
tem:

15



e Reduce the need for gas gain by adding preamplifiers to the existing
PWC's. This would allow one to lower the voltage by an estimated 300
volts. The mechanical forces would be vastly reduced and the total current
pulled from the chambers would be less than they are now.

e Reduce the need for gas gain by reducing the threshold at which the
amplifier-discriminators operate. This can be done by separating the
chambers, which are packaged 4 per station in a single box, into 4 (or
3 ) separate boxes. This would decouple the grounds and allow us to
run the chambers at about 150-200 volts lower. This has been tested by
running with only a single plane instrumented within the existing box.

o Deadening the central region. If this is done, then it is probably desirable
to cover this region with some other more robust tracking system.

The plan might vary for the different chamber stations. For the most down-
strzeam chamber, P4, the pairs which make it through both magnets are refo-
cussed. This chamber sees the lowest rate from pairs. The pairs would all be
concentrated in a 2.5in x 2.5in region except for the effects of bremsstrahlung,
which spreads them out vertically. Still, most of the flux is concentrated in a
region which is 2.5én x 10.0in. The plan would be to deaden this region and
to cover it with a small plane with many fewer wires and preamps just down-
stream of the present plane. P3 has the next lowest rate and we believe that
it will be adequate simply to split it into three boxes (X,UV,Y) to reduce the
operating voltage. PO, P1, and P2 would probably need at least to be separated
into three or four boxes and to have preamps. The hope is to avoid deadening
or at worst to just deaden the x-wires. This region would be recovered with
some other detector such as very thin wall proportional tubes. Many of these
proposed upgrades can be tested with beam in the present configuration and
some, such as the threshold reduction, don’t need the beam but just reqnire the
local electrical environment, mainly the speciometer and beam magnets, to be
operating.

3.4 Cerenkov Counters

The Cerenkov system has adequate but not optimal momentum coverage for
the future run. The high degree of segmentation in the beam region, coupled
with the fact that the beam is reasonably spread out vertically at C1 and C2
allow the counters to survive the high rate environment. If there are problems,
they will affect only a few cells in the very center of the counter. The Cerenkov
counters are discussed in section 4 in the context of upgrades to improve the
efficiency of the detector.
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3.5 Electromagnetic calorimeters
3.5.1 Inner electiromagnetic calorimeter

The detector is read out in strips. Presently the pairs “paint” a stripe down
the middle of the IE. This rate is acceptable at the moment, but as the rate
goes up photon reconstruction will be impossible. We will need to block off
this region, probably with a vertical stack of lead strips that range out all the
electron-positron energy. Presumably this would be a 15 cm thick piece of lead.

3.5.2 Outer electromagnetic calorimeter

This detector is at wide-angle to the beam and should be able to sustain the
rate that it will see.

3.6 Muon detectors

The muon proptubes would be replaced with scintillators. The proptubes have
a very long gate and would be subject to significant pileup.

3.7 Hadron Calorimeter

The main function of the hadron calorimeter for E687 is to supply a trigger which
rejects purely eleciromagnetic events, mainly ete~ pairs, and which enhances
the selection of events with charm or beauty quarks. The hadron calorimeter
covers only the “inner” detector. In E687 this region is covered by two separate
devices:. the main hadron calorimeter, which covers the region from 5 millira-
dians to approximately 30 milliradians, and the “Central Hadron Calorimeter”,
which covers the ceniral 5 milliradians. _

The main hadron calorimeter is an iron-gas sampling calorimeter with tower
readout geometry. The absorber consists of 28 iron planes each with dimensions
304ecmx 203cmx4.45cm Each plate has a 30cm diameter hole for the beam to
pass through. The sum of the plates total 8 proton interaction lengths. The
tower geometry allows the formation of a trigger for the transverse energy Eperp
in addition to a trigger for the total energy F,.;. The calorimeter was built to be
sensitive to minimum ionising particles for monitoring and calibration purposes.

The severe limitation of this gas calorimeter is that it is slow. The informa-
tion for the second level trigger is only available at 600 ns after the master gate.
For this proposal, the 600 ns delay in making a selection decision is unacceptable.
In fact, we propose to put the Hadron Calorimeter into the Master Gate. This
choice substantially reduces the Master Gate deadtime and eliminates almost
all electromagnetically produced events. :

To accomplish these goals we propose to build a conventional hadron calorime-
ter composed of an iron scintillator sandwich design readout in a strip geometry
through adiabatic light guides to large diameter (3 inch) photomultiplier tubes.
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HADROMETER

Figure 3: Proposed iron-scintillator hadrometer

We propose to use all the existing cut and machined iron plates, but will reduce
the hole in each iron plate from a 30 cm diameter hole to a 16 cm square hole.
This involves making 28 iron inserts.

Orthogonal 1 cm thick scintillator strips of vertical and horisontal counters
are to be placed in the 28 gaps in the iron. The horisontal and vertical elements
are to be located in alternate gaps. Light from the first 7 horisontal strips will be
collected into light guides as indicated in Figure 3. Light from the first 7 vertical
strips will also be readout into a single photomultiplier tube. The arrangement
will be repeated for the downstream 14 gaps. A total of 128 counters will be
implemented, with 64 in the upstream section and 64 in the downstream section.
The light guides for all 128 counters will be identical. A summary of the needed
counters is given in Table 3. :

A further drawback of the existing hadron calorimeter is the PAD readout
required for the tower geometry. The large pads are responsible for significant
noise; hence electromagnetic events in coincidence with this noise can fake a real
hadronic interaction. Phototubes and scintillator are very quiet. Contamination
from electromagnetic accidentals should be minimal.

Using & scintillator readout allows the total energy and transverse energy
sums to be made quickly. The energy sum would be used at the Master gate
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Table 3: Proposed Counters for refurbished Hadron Calorimeter

Strip Type Width (cm) Length (cm) Number
Vertical 16 152 48
Vertical - Around hole 16 144 4
Horizontal 16 101 72
Horizontal- Around hole 16 93 4

level. The transverse energy sum would be employed at the second level.

3.8 Beam Instrumentation and Flux Moniteors

The current charged particle beam tracking will simply not work. There would
be too many instances of two tracks per r-f bucket. We would remove it.

The Recoil Electron calorimetry will probably have severe difficulty with the
rates near the undeflected electron beam. The outer counters see much lower
rates and will remain useful, primarily for measuring and monitoring the flux
and spectrum shape. ‘

The beam gamma shower counter will be replaced by an integrating quan-
tameter which would measure the total electromegnetic energy in the beam.
That will provide a normalization and the spectrum shape would be obtained
from runs at low intensities.

The Central Hadron Calorimeter will follow the quantameter. The present
detector should be able to sustain the additional rate.

3.9 Triggering

The triggering strategy will have to be changed in this experiment. Previously
our group has always tried to write out all hadronic events on-line and then sort
out the good events in software where more information is available (such as
the number of charged tracks in the silicon microstrip). Rates will now be high
enough to require that fast decisions need to be made during data-taking.

The ete~ pair rate is expected to be 5SMHz with a hadronic rate of 5kHz.
As explained in the trigger counters section the hadron calorimeter is being
incorporated into the Master Gate. It is assumed that all pairs are removed at
the Master Gate level. However the hadronic rate is such that we will need to
reduce this rate by a factor of 4 before events can be written to tape.

We plan to implement a pulse height trigger on TR1 and TR2 requiring a
pulse height equivalent to 3 or more tracks. (If the Cerenkov version of TR1
works, then we will not have an accidental rate problem from pairs.) Further we
will require more than 50 GeV of energy deposited in the hadron calorimeter.
These two changes are expected to reduce the hadronic rate by a factor of 2.

A final factor of 2 will be gained using an EPERP trigger formed of informa-
tion from the Inner Electromagnetic Calorimeter and the Hadron Calorimeter.
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This trigger is very similiar to the trigger used by E691. In that experiment a
factor of 2.5 was gained in the charm to hadron ratio. This EPERP trigger is
presently being studied. Studies performed at Breckenridge and at Snowmass
indicated that much larger improvement factors could be made if both the inner
and the outer spectrometers were used in this trigger.

3.10 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 kbytes so
the total amount of data is 75 mbytes/spill.

The following is the organization of the present DAQ:

e Front-end digitizing electronics. This consists of special ADC’s designed
by Milan for the microstrip detector, Lecroy 4290 TDC’s, fast latches
designed by Fermilab and Lecroy PCOS latches, and Lecroy 1885 ADC’s.
These are organized into 5 ’streams’ since the 1885’s occupy two FASTBUS
crates, each of which is treated as an independent data source. The average
readout time for each stream is summarized in table 4.

e “Real-time” data buffering. The data has to be transferred to a buffer as
it is read out so the electronics can be freed to record another event. This
is presently accomplished using 5 Lecroy 1892 Fastbus 4 mbyte memo-
ries, one for each stream. The event fragments are assembled from the 5
memories and sent on to the next level by a 68000 based processor, the
GPM, which acis as the FASTBUS master. The average rate which must
be handled by this stream is equal to the total amount of data divided by
the spill length of about 20 seconds. The data are read through this level
quickly to the next level of buffering. This frees the 1892’s so they can be
used in “circular” mode. ‘

o “Intermediate” buffering. The data are transferred to a larger buffer mem-
ory, in this case 10 ACP I nodes with 6 megabytes of memory each. Since
these buffers car hold a whole spill’s worth of data, writing the data to
tape can occur over the spill and the interspill- that is, at an average rate
of 1/3 of the rate at which the data is accumulated. The maximum speed
of data transfer from these buffers to the data-recording level that has
been achieved with the present hardware is 2 mbyte/second.

e Data recording (taping). The data is recorded on up to four 8mm Ex-
abyte tapes in parallel. This allows an aggregaie tape-writing speed of 1
mbyte/second.
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Table 4: Average readout times for E687 data streams

Data readout time
Stream (nesec)
Microstrips 20
latches 50
TDC’s 300-600
ADC (1) 1000
ADC (2) 1000

In order to increase the throughput of the DAQ by a factor of 5 several
changes have to be made, although the basic structure and much of the equip-
ment can be preserved. The front-end readout time of 1 millisec/event is obvi-
ously not good enough. It needs to be improved to 100 usec. This would result
in a total readout time of 2.5 seconds and a deadtime of only 15%. Obviously,
if the trigger rate wound up being a factor of two higher (50,000/spill), the
deadtime situation would still be satisfactory. '

With 100 usec average readout time as the goal, table 4 shows that the
microstrip stream and the latch stream need no revision. The TDC stream
needs to be sped up by a factor of three. We will do this by doubling the number
of readout controllers, since it is the data-transfer between the CAMAC crates
and the readout controllers that are responsible for most of the time. We also
need to use a faster processor in the controllers. The combination of these two
improvements should reduce the TDC readout time to below 100 usec. This
leaves the two ADC streams as the major problem.

We know of no good way to upgrade the 1885 ADC’s by the required factor
of 10. The readout speed is determined by the digitization time of a single 96-
channel ADC card plus a readout overhead for each ADC. One could concieve
of ways to overlap these times but one is finally limited by the ADC digitization
time of 400 usec. ‘

It will therefore be necessary to change the whole ADC system. There are
commercial options available, such as the Lecroy FERA system, which would
achieve the required speed. This system is quite expenisive. There is a design
for a Fastbus ADC by the Fermilab Physics department which has very fast
readout speed and is suitable in all other ways for the experiment and which
is estimated to cost less than $75/channel. This would probably be the best
choice. -

The “real time” buffering is also not adequate to keep up with the higher
rates. The solution here is to use the 100 mbyte “Baumbaugh” buffers, originally
developed for E687 by Fermilab. The front ends connect easily to these buffers.

The problem of moving the data from the “real time” buffers to the tape
can be handled in several ways. Perhaps the most straightforward is to replace
the GPM with a fast VME based processor.
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The problem of recording the data can be easily handled within the present
architecture by simply adding Exabyte tapedrives. Since the present system has
more capacity than is currently utilized, doubling the number of drives to 8 is
probably adequate and should achieve rates of 2.0 mbyte/sec. These could. be
upgraded to double density drives if necessary.

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 “downsiream” 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 15% to 30%, an acceptable situation.
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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 PWC in the First Magnet

The tracking devices in the E687 spectrometer consist of the silicon microstrip
detectors upstream of the first magnet, M1, and the proportional wire chambers,
PWC, downstream of M1. While the two systems work extremely well together,
there is still a category of wide angle and low momentum tracks which are
detected in the microstrip but which don’t pass through M1. We could improve
our low momentum detection efficiency by installing another wire chamber in the
center of M1. Having this chamber in the center of the magnet-halfway between
the two systems—would also serve to improve the overall linking efficiency.

This chamber has several advantages and only one disadvantage- that we
would have to make it work in a magnet. This chamber would determine the
momentum of tracks that don’t penetrate all the way through the M1 apperture
and would improve our linking efficiency. It would also help to clean up the
background from the neutral vees which decay in the magnet. Finally, it would
extend the kinematic region over which we are able to identify X~'s, Z+'s, E=s,
and 1~'s through their decays to a neutral daughter and a charged track.

4.2 Pixel Detectors in the Target Region

Pixel detectors have only been used in experiment NA-32 at CERN, however
experimenters are now discussing using these devices in other experiments and
in the SSC detector designs. The two dimensional position information allows
for an additional requirement that a track pass thru the predicted point. By
having a Pixel Detector upstream of a supposed secondary vertex, one can
require that no track in the secondary vertex originate from the primary vertex.
One can also,in the case of a charged parent, require that the parent pass thru
the predicted pixel. ‘

It would be possible to place a pixel detector directly downstream of the
Beryllium target. The device would cover an area 3x3 cm? with an array of
500x 500 pixels. This device would significantly clean up our signals and should
allow access to signals that are otherwise unattainable. '

Our group has not done much work on pixel devices, but we are following
the advances in the field. Improvements in these detectors, especially in the
readout speed, would be necessary before such a device could be used at the
rates expected in this experiment. Should a new group join that wishes to
finance and build such a device we would encourage the effort.
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Table 5: Characteristics of the Cerenkov Counters

Counter | Gas Threshold (GeV/c) | No. of Cells

Pion | Kaon | Proton
C1 HeN, | 8.4 29.6 | 58.4 90
C2 N2O | 4.5 16.2 | 30.9 110
C3 He 17.0 | 61.0 116.2 100

4.3 Cerenkov Counters

This section reviews the layout and performance of the present E687 Cerenkov
system, and discusses possible improvements for a new run. Our basic conclu-
sion is that the existing system performs well for much of the charm and beauty
physics of a new photoproduction run but several improvements could signifi-
cantly extend the capabilities of the experiment — particularly in the areas of
electron identification for semileptonic decay physics. ‘

The present E687 Cerenkov system consists of three multicell Cerenkov coun-
ters with different Cerenkov thresholds. Table 5 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 Cl1 and C2; tracks which traverse the M2 aperture are
analyzed by all three counters. The existing Cerenkov system allows protons
and kaons to be separated from pions over a momentum range of 4.5.GeV
to to 61 GeV and provides unambiguous electron identification for momenta
up to 17 GeV for tracks traversing the M2 aperture. We used pure helium
in C3 in order to achieve the highest possible Cerenkov threshold available
using an atmospheric pressure counter. The Cerenkov thresholds of C1 and C2
were matched to the C3 threshold to provide a continuous momentium range
for particle identification (e.g. the kaon threshold of C1 matches the proton
threshold of C2 and the proton threshold of C1 matches the kaon threshold of
C3).

The present E687 Cerenkov counter system performed well in both the 1988
and 1990 run period. Figure 4 shows an inclusive, combined D — K=,K2x,and
K 3x signal obtained in our 1988 run with and without Cerenkov identification
requirements on the kaon. About 60% of the total charm signal survives the
Cerenkov cut. If one considers cases where the kaon traverses the M2 ape:-
ture and thus has a chance of being identified by C3, the kaon is Cerenkov
identified as definite kaon or kaon/proton ambiguous about 70 % of the time.
These identification fractions include the effects of Cerenkov confusion due to
overlapping tracks as well as the effects of the finite Cerenkov identification mo-
mentum range. The good performance of the present Cerenkov system can also
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Figure 4: Performance of Cerenkov counters

be confirmed through the decays ¢ — K+K-, K, — x*x~ and A — Px~.
Roughly 80% of protons from A decays are identified as proton or kaon/proton
ambiguous in our 1988 data. '

The kaon identification range of the Cerenkov system performs well for many
of the charm and beauty physics goals of E887. Figure 5 shows a simulation of
the kaon spectrum for otherwise accepted photoproduced D — K= candidates
created by running the wide band beam at an endpoint energy of 3560 GeV.
Figure 6 shows the integral of this kaon momentum spectrum and shows that
about 18 % of kaons have momentum exceeding 81 GeV which is the kaon
identification momentum limit of the present Cerenkov system. Although the
bulk of kaons from charm decay can be identified with the present system,
the finite particle identification range does create a significant inefficiency for
charm particles at large 2. The upper curve of Figure 7 shows the geometrical
acceptance for D — K~ xtxt decay in the E687 apparatus as a function of
2. The lower curve shows the geometrical as well as particle identification
acceptance for the present Cerenkov system. The high z; region is important
for some tests of the photon-giuon fusion (PGF) model. In particular the PGF
model predicts an increased forward-backward peaking of the charm quarks with
respect to the incident photon direction with increasing photon gluon center of
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(1) Kaon Momentum Spectrum
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Figure 5: Kaon momentum spectrum

mass energy. The most sensitive tests of this effect require reasonable acceptance
at high ;.

Precision study of charm semileptonic decay is expected to be an important
goal of a future high statistics photoproduction run. Electron identification has
proven to be crucial for our charm semileptonic decay analysis. Electrons are
identified in E687 using our excellent electromagnetic calorimetry in conjunction
with Cerenkov identification. The identification provided by the Cerenkov sys-
fem is essentially complementary to that provided by electromagnetic calorime-
try. Comparison of the electron’s magnetically deduced momentum to its calori-
metrically deduced energy is most effective at high momenta. The present
Cerenkov system provides an independent handle on electzron identification for
electrons below the C3 threshold of 17 GeV where calorimetric identification
is more difficult. Figure 8 shows the electron spectrum obtained in a simula-
tion of photoproduced D+ — K*ev decays. Although a reasonable fraction
of semileptonic secondaries are in a momentum region amenable to Cerenkov
identification, it would certainly be desirable to increase the identifiable momen-
tum range beyond 17 GeV in order to further complement calorimetric electzon
identification.

. One can easily contemplate two types of upgrades of the present E687
Cerenkov system — (1) improving the performance of the present threshold
Cerenkov counters, and (2) increasing the range of Cerenkov identification by
building a RICH (Ring Imaging CHerenkov counter). At present, both C2 and
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(4) Electron Energy Spectrum
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Figure 8: Electron spectrum from semi-leptonic D decays

C3 have close to optimal performance with asymptotic photoelectzon yields in
excess of 8 photoelecirons. The photoelectron yield of C1 is about 3 photoelec-
trons primarily owing to its small physical length (only about 1.4 meters) and
relatively high pion threshold (8.4 GeV). It would be relatively easy to extend
the C1 radiator length. A 2 foot extension would raise the photoelectron yield
to about 4.3 photoelectrons. Extra photoelectrons would significantly solidify
particle identification for the case of well isolated tracks and decrease the level
of Cerenkov confusion for the case of tracks which partially overlap the same
Cerenkov cells. The penalty of a 2 foot extension would be a 12 % increase
in the PO — P2 lever arm, which, however, has a negligible effect on the total
acceptance.

A more radical Cerenkov upgrade involves the incorporation of a Ring Imag-
ing Cerenkov counter which would significantly increase the momentum range
for both electron and kaon Cerenkov identification. The original design of the
E687 Cerenkov system had a provision for a Ring imaging Cerenkov read out
for the central section of C1 designed to extend the momentum range. Figure 9
shows the mirror that would be employed. The original Cerenkov design called
for Cerenkov light striking the central 33 cm by 33 cm section of C1 to be im-
aged by a 1.5 meter focal lengih mirror on to a two dimensional photon position
detector (constructed out of a multi-anode microchannel plane) with o = 200
micron position resolution. The RICH section of C1 would subtend =25 millira-
dians which is matched to the solid angle of the M2 aperture. A RICH provides
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an independent mass measurement for the track for each measurement of the
Cerenkov ring radius. A device with 200 micron spacial resolution and a 1.5
meter focal length mirror offers 20 kaon - pion mass separation up to momenta
of 150 GeV for each detected photoeleciron. A 20 electron-pion separation (per
photoelectron) would exist up to momenta of about 45 GeV. Time ran out in
the development of this device for the 1988 run but the room still exists for a
C1 RICH section for a future run.

4.4 Fundamental Change in the Style of the Beam

Another possibility of increasing our photon yield is to go to a 0 degree beamline
and use a denterium or,if gutsy, a tritium filter. Clearly this beam would produce
the highest intensity and energy possible in a photon beam. The photon energy
would be as high as 800 GeV. The beam has the interesting advantage that there
is no infrared catastrophe as in a bremsstrahlung beam. Low energy photons are
Compton scattered out of the acceptance. The pair rate from this beam run at
the same intensity as the double band would be roughly 1/10 the number of pairs
of the double band. Finally this beam would have no problems with synchrotron
radiation since there are no bends. To take advantage of these gains we would
need to move the target box toward our experiment. Presently the target box
is 1200 feet away from our experiment. We would want it more like 500 feet
away. The rates, energy reach, and lower pair rate are the advantages. The
disadvantages are the hadronic contamination from K¢ and neutrons, the closer
proximity of the target box to the experiment— i.e. more muons, and the loss of
transporting a beam of electrons and pions into our hall for calibration beams.
Finally, it would be very expensive to move our target box. An alternative is
to examine the possibility of producing the beam from our existing target box.
We obviously lose by a factor of (500 feet/1200 feet)**2 and probably a little
more. If we assume that we want a beam at our experimental target of 3cm x
3cm, then we have an acceptance of 9 nanosteradians. The actual photon yield
at this position was calculated by Jim Wiss at the summer Snowmass meeting.
This beam is similar to the old E§7 beam. Scaling from that experiment we
have roughly 1 photon to 1 neutron to 1/12 K2 at the production target. After
a filtexr— say 10 neutron interaction lengths— we have only gone thru 3.4 pair
creation lengths and 6.6 K3 interaction lengths. Thus the ratio of particles
after the filter is 1 photon to 1/820 neutrons to 1/400 K. These numbers are
shown in Table 6. This uses 10 interaction lengths of deutenum Table 7 shows
the same numbers for 10 interaction lengths of tritium.

In examining the numbers from these tables it is observed that the photon
beam is roughly 3 times more clean if we use tritium as opposed to deuterium.
The photon beam is roughly 3 times more intense. So you might argue that
tritium is 10 times better than deuterium.

Finally, another possibility is to keep all our options open. We could remove
the existing neutral dump and replace it with a deuterium filter. The idea of
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Figure 9: Mirror for RICH

30



Table 6: Neutral beam with Deuterium filter
Particle At production After Filter Interactions at our target

Photons 1 1 1
Neutrons 1 1/820 1/2.5
K? 1/20 1/600 1/3.0

Table 7: Neutral beam with Tritium filter
Particle At production After Filter Interactions at our target

Photons 1 1 1
Neutrons 1 1/2200 1/6.72
K 1/20 1/1560 1/8.06

this “triple” beam is to use the high energy photons from the filter and add to
the intensity from the double band beams. A final comment on the 0 degree
beam is that if we learned to remove hadrons from the beam, then the photon
flux could increase still another factor of 10.
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5 Computing Requirements

The data-analysis for the present run of E687 is extrapolated to require 400
VAX/780-years for the first pass reconstruction. Since the data-set anticipated
for the 1993-1994 run is 5 times larger, it is reasonable to estimate a require-
ment of 3000 VAX/780-years. We use a factor of 7.5 rather than 5 because the
trigger will preferentially eliminate the lowest multiplicity, simplest events. We
anticipate reducing computer use by approximately a factor of two by not per-
forming the whole analysis on every event. One possible strategy would be to
perform all the track reconstruction and fast particle identification algorithms
(< 40% of the present offline analysis package) and only further analyze those
events with evidence for a secondary vertex, or unusual final state particles
(e.g. multiple kaons and protons and/or leptons). From our present analy-
sis, we estimate that less than 20% of the events will survive these selection
criteria. (We have previously skimmed with an algorithm that selected 10%
of the events while still being 80% efficient for reconstructable charm decays.)
Extensive hadron and eleciromagnetic calorimetry would only be performed for
the skimmed events. This should result in a requirement of 1500 Vax years. If
one takes the point of view that 1100 additional VAX/780-years will need to
be acquired for this experiment, then, assuming $100/VUP by 1993, the incre-
mental cost of the computing is $110,000. It should be noted that the proposed
gains come from doing less analysis on events which are already believed to
be uninteresting, not by doing a less-than-complete microstrip or spectrometer
tracking. We will, of course, investigate whether partial tracking can further
reduce the CPU requirement. o
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Abstract

The spectrometer used in Fermilab Experiment 687 to study the pho-
toproduction and decay of charmed particles will be upgraded to erable
it to accumulate 10° 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 D° mixing, CP violation, rare and forbidden decays,
fully leptonic decays of the D¥ and a systematic investigation of charm
baryons and their lifetimes.
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Summary

The spectrometer used in Fermilab Experiment 687 to study the photopro-
duction and decay of charmed particles will be upgraded to enable it to accu-
mulate 10® 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 D°
mixing, CP violation, rare and forbidden decays, fully leptonic decays of the
D* and a systematic investigation of charm 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 times
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, running at higher
average proton intensity, and (hopefully) employing 900 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 Cerenkov system,
and the Electromagnetic Calorimeters. The Photon Energy Tagging represents

a very difficult problem, which is discussed at length. The energy tagging is
necessary for the study of production dynamics.
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The purpose of Fermilab Experiment 687 is to study the production and
decay of charm and beauty particles using a high intensity, high energy photon
beam, the Fermilab Wideband Photon Beam. The E687 spectrometer is shown
in Figure 1. EG687 finished datataking in January 1992. By the middle of
August, 1992 all our data was reconstructed. Results from half the data sample
are now being discussed and have been presented at conferences. One result
on the observation of a charm-doubly strange baryon, 9, is being readied for
publication.

Some of the highlights of our results thus far are a large sample of semilep-
tonic decays which lead to the best value for the CKM matrix element |V},
observation of new charm baryon decay channels, measurement of the lifetimes
for four charm baryons, observation of a large sample of D — D events, demon-
stration of our ability to measure absolute branching ratios for the D°, Dalitz
plot analysis for several modes, and setting the best limits for D® — D° mixing
and direct CP violation in the charm sector.

The history of E687 is as follows. We have had three distinct running periods.
In each period we have made changes and improved the quality of the data. In
the first running period, from June 1987 to February 1988, a sample of about
10,000 fully reconstructed charm particles was obtained. In the second running
period, from February to August 1990, about 5 times more data was collected.
In the third running period from June 1991 to January 1992 an equal sample
to the second running period was obtained. The second and third running
periods form a dataset containing 100,000 fully reconstructed charm particles
decaying into all charged final states (including those with neutral vees) and
a large sample of states with 7°°s. These charm particles allow us to explore
charm spectroscopy at a level never before achieved.

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 measurements 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 in
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 particles,
which is one order of magnitude higher than that obtained in the current run
of E687.

This document is organized as follows: Section 1 presents the physics moti-
vation for obtaining a very large sample of charm particles; Section 2 presents
method for achieving the higher photon fluxes; Section 3 describes the modifi-
cations and upgrades to the spectrometer that are needed to handle the higher
intensity (this includes a discussion of changes to the detector, data-acquistion
system, and trigger); Section 4 describes additional possible upgrades that will



improve the overall efficiency for reconstructing charm decays; Section 5 presents
estimates of the computer resources required for offline analysis of this large
dataset; Section 6 explains the beam request and running conditions for the
experiment. In some cases, in this document, we list several options or possible
approaches to a technical problem. It should be noted that each technical prob-
lem whose solution is essential for the success of the experiment has at least one
solution that will definitely work and that can be implemented at reasonable
cost.



400

200

-200

—400
cm

400

200

—-200

—400

Target & SSD

cmxm

Shield s;}ax\i x
M| |[ICc1]ll c2|ffoE| | | M2 [@ﬂ c3
0 P1 P2 3
| . ! N 1 . . : , ! -
0 1000 2000 3000 cm
Top View
I Target awn; ; Ou
- Terge! shield Shield ¢
:
- M1 uz| [i] ca
] P3
- | . P |
0 2000
Side View

Figure I: Schematic representation of E687 spectrometer



1 Motivation for a High Luminosity Investiga-
tion of Heavy Flavors

The subject of charm spectroscopy is now 15 years old. However, there are still
many areas in which our knowledge is rather limited. Information has been
accumulated slowly because of the complexity of the final states, the smallness
of the cross sections, the small size of the branching fractions, and the large
backgrounds. A major goal of the experiment proposed here is to investigate
the open issues in the standard model of charm spectroscopy. For exampile,
this experiment is unique in its ability to study charmed baryons, and should
be a major contributor to the study of D°-D° mixing and semileptonic decays.
These and other “programmatic” studies are discussed below. We also list areas
where it is possible to search for new physics, beyond the standard model. These
searches will emerge as a by-product of the programmatic investigations and will
be referred to, following I. Bigi[1], as High Impact Physics studies. '

1.1 Programmatic Investigations of Charm
1.1.1 D°-D° Mixing and Doubly-Suppressed Cabibbo Decays

In the Standard Model, the classic mechanism for mixing is the box-diagram.
Predictions for D°-D° mixing are tiny[2], of order 10~8, and would be unobserv-
able by any existing or projected experiment. However, it has been observed
that, for the charm quark, the box-diagram that contributes most involves light
quarks — s and d. As a result, long distance effects could be important, and final
state interactions may have to be taken into account[3]. A recent calculation,
which maintains a relatively close contact with existing measurements, predicts
a mixing parameter r of 5 x 10~3[4]. Mixing at this level will be measureable in
the proposed experiment.
D°-D° Mixing is studied in the experiment by examining the ratio

(D*t = Dort - (K*t7~)nt WS
r= =
(D*t — D%°rt+ — (K—-nt)xt RS

(1)

in absence of all backgrounds we can parameterize the right sign,(RS), and the
wrong sign, (WS), signals as

e—t/TD
RS() =n 1) S @)
and
t2e—t/TD e—t/TD

where f(t) is a Monte Carlo efficiency correction as a function of t, n is the
number of right sign events, and 7p is the lifetime of the D° meson.



Using data from the 1988 run and a portion of the 1990 run E687 has ob-
tained a limit of r < 0.0034 at 90% 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 using the existing E687
data. With this experiment we would ceriainly improve the World Limit an-
other factor of /10 and it might be possible to achieve a factor of 10 or even
observe mixing. Our sensitivity should be below the theoretical limit mentioned
above[4] 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
of tan*(d.) and should occur at roughly the 0.25 x 1672 level. E691 recently
published & possible observation of the doubly-suppressed decay D¥ — ¢K*.
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*x 7T obtained a limit of

%—g;:—g—j—};%% < 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 |V,| to 2% and the ratio
of elements {V,,]/|V.4| to 4%. In fact, the measurements of this experiment are
likely to be limited by theoretical and systematic errors. The form factors for
the DY, 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 of the W in D° |
Dt | 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 correctness of the theoretical models used to cal-
culate weak current mixing elements. These models will be improved as better
data becomes available. In & recent review article[6] of charm mesons the largest
deviation from the Standard Model was claimed to be the ratio of D — K*etv
to D — Ketv. The accuracy of course also depends on the experimental sta-
tistical and systematic errors.

First we address the issue of how well the CKM, |V,,| and |V 4| can be
determined through the decays of charm particles. Historically, |V.a|, has been
obtained from neutrino and anti-neutrino measurements off valence d quarks.
The best measurement(7] determines {V.4| = 0.2140.03. This measurement is



Table 1: Selected Semileptonic Decays

Mode Branch Ratic | Exp.
(%)
DV —etX 7.54+1.140.4 MKIII[9
DT S etX 17.0£1.940.7 | MKIII[9
D% - K-etv, | 3.840.540.6 E691[13]
3.440.5+0.4 MKIII[10]
3.840.3+0.6 CLEO[12]
3.940.240.7 ARGUS[6]
D° - K- ptv, | 2.540.4+0.5 E653{11]
D% — x=ety, | 0.39777540.04 | MKIII[9]

Table 2: Number of D° Reconstructed Decays

Decay Channel | Br Events | CKM Element
K-ty 0.034 | 10,000 | |V,|
1Ty 0.004 | 1200 Vedl
K= Ity 0.06 | 1000 Ves|
p~1Tv 0.004 | 600 Veal

dependent on the production cross section for D° and Dt charm mesons. The
measurement is further dependent on the semileptonic branching ratios and the
fragmentation function of each charm particle.

Table 1 lists some of the semileptonic decay channels which have been de-
tected. The inclusive D measurements are determined by Mark III{9]. The result
from E653[11] uses an inclusive branching fraction of D° — et X = 7.7£1.1%
and a D° lifetime measurement of (4.28£0.11)x 10~ 13sec. As can be seen there
is much work to be done.

In table 2 we present the estimated number of events we will accumulate in
this experiment.

In figure 2 we present a signal for D° — K~ uv from a partial sample of E687
data. It is clear that a remarkably clean signal is observed. E687 measures the
ratio I(D° — K~e*v,)/T(D° — K~ =%) and could use the Mark III branching
fraction[9] of B(D® — K~ %) = (4.2+£0.4£0.4)% to obtain their measurement
of the absolute branching fraction. In addition, the D° lifetime is used to deter-
mine the semileptonic partial rate I'(D° — K~e*v,). Finally, the partial width
is related to the matrix element and form factor as follows: I‘(D° — K~ etv,)
= |Vea|?|£+(0)|1.82x 101%s~1. where |f,(0)| is the form factor evaluated at
the four-momentum transfer t equal to zero.

Thus we see that in order to measure matrix element |V,| to the 2% level,
four values need to be determined to better than 2%. First, sufficient number
of events must be obtained in the channel D® — K~etv,. This factor is accom-
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plished with 10,000 events. Second, the D° 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 which is independent of a precise determination of absolute
branching fraction is the relative measurement of RAT, where RAT = T'(D° —
ety )/T(D° - K~etv,). Hence we can extract

[Vea/Ves|* = RAT x (£5(0)/(f7(0)) (4)

The statistical uncertainty is such that the value of RAT will be known to about
4%. The major uncertainty will be how well the form factors can be determined.
A significant systematic uncertainty may also be how well the D° — 7~etv,
decay can be identified. There is background from D° — K*~e*v, when the
K?© is missing and also from D° — p~etv, when the 7 is missing from the p~
decay; however both states will be independently measured so that an accurate
subtraction is made.

1.1.3 fp — the Pseudoscalar Decay Constant

The simplest of all weak decays are the pure leptonic decays of charmed mesons.
The decay probability is in principle well described by the standard model of
weak interaction as

D(D* = 1) = S22 mp mlueaf?(1 — L2 (5)
8 mp

If the fully leptonic decay of the DY is calculated, then the |V, | is substituted
for |V.q4| and the D} mass is substituted for the D* mass. In the formula, Gr
is the well known fermi coupling constant, mp is the mass of either the Dt
or the D}, m; is the mass of the lepton, and |V.4| & |V.,| are CKM matrix
elements. The value fp describes the effect of the strong interaction on the
charm meson-W coupling.

The weak decay constant has been calculated by several theorists with results
that fp is about 200 MeV and and fp, is slightly larger around 230 MeV. By
measuring the leptonic branching fraction and by knowledge of the D meson
lifetime and the CKM matrix elements |V,,| and |V.4], the weak decay constants
of the D mesons can be determined experimentally. At this time no experimental
measurement of the weak decay constants exists; however, MARK III has set
an upper limit for fp of 290 MeV.



Table 3: Calculated Leptonic Branching Fractions

Decay Rate (sec™') | Branching Ratio
DY — rty, | 8.5x 10° 8.8 x 10~*
Dt — puty, | 3.3x 108 3.5 x 1074
DY —ety, | 7.6x 10° 7.9 x 107°
DF — rFy, | 8.6x 1010 3.8 x107*
D} — uty, | 9.0x 10° 4.0 x 1072
D —ety, | 2.0x 10° 9.0 x 10-8

The table below displays the calculated leptonic decay rate and the expected
branching fractions assuming fp = 200 MeV and fp, = 230 MeV, and with
|Vea| = 0.22 and |V,,| = 0.97. The April 1990 Particle Data Book lifetime values
for the D* and D} are used to compute the branching ratio values.

Due to the V-A structure of the weak interaction, the electron decay of the
D mesons is very small. The muon decay channel is also helicity suppressed
relative to the 7 decay, but due to the limited available phase space it is not
suppressed by as much as one might have guessed. It is also worth noting that
the D} — 7v, branching ratio is 40 times larger the same mode for the D*, but
the D} — pv, branching ratio is only 10 times larger than that decay channel
of the D*. When the relative production of the Dt to the D} is considered,
then the fully leptonic decay rate to muons is found to be roughly equal in our
experiment for both the Dt and the D;}. The fully leptonic decay to 7 leptons
is still dominated by the D} decays.

From the above discussion it is obvious that in order to measure fully leptonic
branching fractions, one has to be able to separate Dt from D} decays.

Since the branching fractions are so small, the background channels have to
be carefully examined. Clearly, the largest background contamination to the
fully leptonic decays will be from semileptonic decays. In fact, the semileptonic
branching fractions are much larger than the fully leptonic branching fractions.

With enough statistics it should be possible to obtain a signal of D — ptv,
inclusively. This would be accomplished by taking all muons and electrons which
miss the primary vertex. By subtracting the “missed” electron yield from the
“missed” muon yield, there should leave an excess of desired muons. However,
because the semileptonic decay rate is 20-200 times larger than the fully leptonic
decay rate this is impractical. A much better technique is required.

We have investigated in Monte Carlo the use of the well known D** — Dt
mass difference. Specifically, we use D*t — 7°D* and begin by reconstructing
the 7° and by identifying a muon which is detached from the primary vertex.
By requiring a pizero from the D% —D decay, the D} decays are eliminated.
We are presently still studying this channel in the E687 data. We have been
investigating 5 variables which aid in isolating D* — uv, decay channel. These
variables are the energy of the muon, the transverse momentum of the muon

10



Table 4: D** Status »
State Channel | Mass Width | Exp.
D;:(2420)° | D*¥x~ | 2428+3+2 20 CLEO[18]
24144245 23 ARGUSJ19]
24284815 13 E691[17
D;(2440)% | D*%z* | 24434745 41 E691[17
D;(2460)° | D*¥a~ | 246143+1 20 CLEO[18]
2455315 15 ARGUS[20]
24594342 20 E691[17]
D;(2470)F | D% 24691416 23 ARGUS[2]]
D,1(2536)% | D*YK° | 2536.6+0.7+0.4 | <5.44 | CLEO[18]
2435.9+0.9+5 | <4.6 | ARGUS[22]

with respect to the beam direction, the transverse momentum of the muon with
respect to the x° direction, the impact parameter of the muon at the primary
vertex, and finally the reconstructed energy of the D divided by the pion energy.

It would be premature to make a prediction of how many events we might
observe, but it is likely that we will produce on order 10,000 D* — pv, decays.

1.1.4 D** Spectroscopy

Here the effort would be to study and identify all D** (P wave )states and to
categorize the states. As the total spin can be 0 or 1, this leads to the possible
states 3P3,3P;,'P;, and 3Py. The parities of the states are all positive oweing
to the odd angular momentum. The decays one studies are D*7 and Dr.

The D;* states will also be interesting and will be investigated. At the
present time the D** spectroscopy needs new data. The World data is presented
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 MeV/c? and 2470
MeV/c? 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 sliould 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 baryon spectroscopy and decay.

At present, E687 has reconstructed many different decay channels of the A},
Some of these channels are displayed in figures 3-5. Charmed meson decays

11
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Table 5: Predicted yields of charmed baryons

State Decay Estimated Events
Ac(cud) p-k-7 10,000
Te(cuu) | add #* 150
Yc(cdd) | add 7~ 300
Ze(csu) | E"wtat 1,000
Ec(esd) | E7xt 400
Qc(css) Q-nxt 200

appear to proceed mostly via two-body decays. From the limited information
on charm baryon decays this does not appear to be the case. Scaling from last
run where we have reconstructed more than 1000 pK« A decays, it is expected
that 10,000 A} decays can be obtained from this proposed run and maybe a
few hundred p-r — # and p-K-K events. The experiment should also start to
examine the semileptonic decays of the A}.

Another issue is the relative lifetimes of charmed baryons. The lifetime of the
A} is much shorter than the lifetime of charmed mesons. This is presumably due
to the fact that the decays proceed principally via the W+ exchange diagram,
since for baryons this diagram is neither helicity nor color suppressed. There
are two lifetime predictions[23] that differ on whether the A} lifetime is less
than or greater than the =, and the Q.. Reliable estimates for the number of
reconstructed events we would obtain for these states are possible because we
are already observing the states in E687. Figure 6 shows the Z2 mass plot of
the invariant mass of Z~ 7% while Figure 7 displays 3 decay channels of the
=F. Lastly Figure 8 presents a mass plot of @~ 7T which is consistent with the
expected mass of the 20. It is surprising that E687 has observed the 09, however
due to excellent hyperon reconstruction the state is seen without requiring a
separation from the primary vertex.

It seems likely that the lifetimes for many of these states will be short enough
that our resolution will not be able to accurately (+ 10%) determine the states
lifetime. An order of magnitude more data will allow a much more accurate
measurement which will put important constraints on models.

In addition to just measuring lifetimes and masses of these charm baryons
the experiment will search for excited baryons which decay hadronically to these
ground state baryons. We expect to observe excited charm baryons as well as
possible decays of doubly charmed baryons. In table 5 we estimate the predicted
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

Although this experiment emphasizes the study of charm decay processes, there
is a great deal of interesting charm photoproduction physics which we can ad-
dress with our anticipated yield of 1 million fully reconstructed charm events.
We are particularly excited about the possibilities of making detailed studies of
charm photoproduction using events with 2 fully reconstructed charm particles.
The physics emphasis of such studies would include:

e Tests of charm particle species correlations. For example, how often are
baryon-antibaryon pairs produced? Are D} mesons made with associated
D° mesons and kaons or are they usually made as D, - D, pairs? What
additional particles are created at the charm primary vertex?

¢ Tests of Charm dressing and gluon radiation phenomena. In the absence of
dressing and/or gluon radiation effects photoproduced charm mesons will
carry essentially all of the photon lab energy and will be fully acoplanar
(back to back transversely) with the incident photon. Measurements of
the charm-charm acoplanarity and fraction of the incident photon energy
carried by charm-charm pair serves as a direct measurement of dressing
and gluon radiation effects which can be compared to theory and standard
Monte Carlo simulations such as LUND. The theoretical acoplanarity dis-
tribution due to multigluon radiation has been computed[26] for the case
of charm hadroproduction.

s Tests of the validity of the photon gluon fusion model. A powerful test of
this model involves measurement of the angular distribution between the
charm particle and the photon in the charm-charm center of mass. This
distribution is expected to become more forward-backward peaked with
increasing charm-charm mass as £ and u channel poles of the underlying
partonic matrix element approach realization.

e Measurement of the gluon structure function of the nucleon. In the
photon-gluon fusion model, the cross section for charm photoproduction
is directly proportional to the gluon structure function g(z) rather than a
convolution over two structure functions as is the case in hadroproduction.
The gluon structure of the nucleon controls z distribution of charm event
where z is square of charm-charm mass divided by the overall center-of-
mass energy. We anticipate making direct measurements of g(z) over the
range 0.03 < z < 0.25.

Using about 1/2 of the E687 data set, we have recentiy[27] obtained a very
clean sample of 200 events with two fully reconstructed D’s decaying into the
final states D° — K—7% , K ntxtr~ and D* — K~ nt 7 final states.
This sample is about an order of magnitude larger than previous published of
fully reconstructed, photoproduced DD events[28] In the next experiment we
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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 7 from the process D° — w.D. This sample allows one to perform many
of the same production dynamics studies as the fully reconstructed DD sample
since the kinematically isolated 7’s momentum can be suitably scaled up to
provide an accurate estimate of its parent D*t 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 7 tagged
D¢ is observed to decay into a given final state serves to measure its absolute
branching ratio.

The D** — 7% D° tagging technique exploits a P; and charge-charm cor-
relation between the D** decay pion and the recoiling, anti-charmed particle.
Because of the low Q value for the process D*t — 7+ D°, the decay pion will
have a lab momentum nearly collinear with the parent D** but diminished by
roughly the ratio of the pion mass over the mass of the D** or a factor of about
1/13.8[24]. Because the P,’s of photoproduced charmed and anticharmed par-
ticles are expected and observed[25] to balance to within few GeV, one expects
that true #’s should cluster at small values of

A; =13.8P) 4+ P() and A, =13.8P() 4+ P{")

relative to the P(") momentum carried by the observed, recoil anti-charmed
particle.

We have searched for the expected 7 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~ 7t & K~ ntx~nt and D¥ — K~ 7t r+. Because
of their ease of reconstruction, low background contamination, and relatively
large branching ratio’s, we will call these golden mode charm decays.

We look for # events among those tracks which are in the primary vertex[29]
for the events with a reconstructed charm particle. The recoil charm particle
must lie within 20 of its nominal mass. Equal width (normalized) mass side-
bands are used to subtract recoil charm background. Figure 10 is shows A.
distribution for those primary vertex tracks subjected to the cut A, < 1 GeV.
The points joined by the upper solid curve correspond to “right sign” tracks
which have an electrical charge equal and opposite to the charm of the recoil
charm particle. The point joined by the dashed curve correspond to “wrong
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Figure 9: (a) Scatter plot of the normalized mmass of detached D candidate ver-
sus the normalized mass of the detached, recoil D candidate where the recoil

D is required to ntersect the plotted D with an acceptable vertex confidence
level. (L) The background subtracted invariant mass of the DD pair compared
to thie Monte Carlo (solid curve). (c¢) Rapidity difference (Yp — Yg) distribution
between the reconstructed D and D. The distribution is background subtracted
and compared to the solid curve computed using the Monte Carlo. (The dashed
curves in figures (b-c) represent generated distributions without acceptance ef-
fects.) (d) Background subtracted acoplanarity distribution compared to the
Moute Carlo (solid curve). The acoplanarity (in radians) is the angle between
the plane contaiing the D momentum and the incident photon and the plane
containing the D momentum and the incident. photon. Several different choices
of Monte Carlo parameters are compared.
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sign” tracks. A clear excess of right sign over wrong sign tracks is observed at
A, ~ 0.

Figure 11 compares subtracted distributions of the variable AZ = A2 +A§ for
tracks in the primary vertex against a recoil charm particle. The upper points
are right sign tracks, the lower points are wrong sign tracks. The two curves
(right sign solid, wrong sign dashed) are simulated LUND - Pythia - Jetset
Monte Carlo[27] A? distributions normalized to the same number number of
inclusive D’s shown in Figure 10. There is reasonable agreement between the
absolutely normalized Monte Carlo and data in both the anticipated level and
shape of the wrong sign # background. The A? distribution for right sign
# tracks is somewhat broader in data than in Monte Carlo. This effect is also
observed in Figure 12 for the |}_5¢| distribution in fully reconstructed D- D events.
Presumably the real world has somewhat more severe dressing effects than those
simulated in Monte Carlo.

The general agreement between data and Monte Carlo helps bolster the case
that the # events are indeed tags for D** and can be used to provide absolute
neutral D branching ratios.

Since the # sample is observed to be 10 % of the inclusive D sample, P831
should produce a huge (~ 50000 event) % sample which can be used to study
tagging systematics and backgrounds. The primary source of error on absolute
branching ratio measurement using the soft pion technique will be statistical.
The soft pion technique requires that both the charm and anti-charm particle in
a given event are fully reconstructed. The reduced acceptance from requiring 2
D’s and additional branching ratios will result in a considerably smaller expected
D - D sample than that for either the # or inclusive golden mode D sample.
Because, the relative branching ratio of the different D° golden modes will be
measured to high statistical precision from the very copious inclusive sample, the
fractional error common to each absolute branching ratio will be the fractional
error on the total number of golden mode D D events of events of the form:
DD*t — D(xtD°). We can estimate this number using our experience with
E687.

In the 1990 data of £687, we observed a yield of 200 reconstructed D — D
events into the three golden decay modes K~ ntxt , K~7% and K~ ntxtn~.
Scaling up by the anticipated luminosity for P831 we expect a 5000 event sample
with both a reconstructed golden mode D and D. About 62 % of these events
will have a clean golden mode D° recoiling against a golden mode D° or D*.
About 20 % of the events with a golden mode D° will actually originate from
D*t — xt D° decay[30] with an accepted, reconstructible 7. Hence about 620
events or 13 % of the 5000 event total D - D golden mode sample is usable for
purposes of measuring absolute neutral D branching ratios which implies a 4
% fractional error on absolute D branching ratios where only the three golden
modes are considered.

The inclusion of additional decay modes will of course further reduce the
fractional error below the projected 4 % estimate from P831 using just the golden
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modes. We estimate that as much as a factor of two reduction in this fractional
error will be possible through the use of additional charm decay modes. Baryon
and D} decays can be used along with golden and non-golden D decays to
increase the number of # tags. The absolute branching for additional, non-
golden D° decays can be included in a global fit (using well measured branching
ratios relative to the golden modes) to improve the absolute branching ratio
measurement for all neutral D modes. Since the # tagging method requires the
presence of a D*, a particularly useful class of additional neutral D’s are decays
into final states with a single missing neutral particle which can be reconstructed
exploiting the favorable kinematics of D* — D°r% decay. Examples include
D° — K~ 7% n° (with roughly 3x the K~ 77 branching ratio) and D° — K~ £*v
(with a branching roughly equal to that of K=+ for both the u* and et decay).
Very clean D* — D mass difference peak signals can be obtained[31] for these
decay modes by using the D flight direction (measured by the line between the
primary and secondary vertex) and the D mass constraint to correct for the
momentum of the missing neutral.

Using the 1990 data sample of E687, we have demonstrated that it is possible
to tag neutral D’s by tagging the pion from D*+ — D°x* _decays. We have
also obtained a sample of about 200 fully reconstructed .D, D decays into the
three golden modes: K~ 7%+ & K~ ntnx~nt &K~ xtat. Scaling up our previous
results by the anticipated luminosity of P831, we should obtain a fractional
error on absolute charm branching ratios of 4 %. We believe that it will be
possible to improve this fractional error as much as an additional factor of 2
by considering additional charm species and charm decay modes. We expect to
produce a new measurement with complementary systematics which is highly
competitive with the existing measurements of charm absolute branching ratios.
The present numbers are dominated by recent measurements from ALEPH and
older measurements from MarkIII which each have fractional errors on absolute
charm branching ratios in the range 12-15%.

1.2.2 CP Violation

It has been shown [33] that CP violations in the decay of charm mesons may be
significantly enhanced over naive expectactions, without requiring new physics
in addition to the standard model. The enhancement is due to strong interac-
tions. The signature for CP violation would be an asymmetry in the decay rate
of a Cabibbo suppressed mode and its CP conjugate:

(D — fos) # I(D — fcs) (6)

Cabibbo suppressed modes are required because, in order to exhibit a CP asym-
metry, there must be two independent amplitudes that contribute to the same
final state. In addition, final state interactions must induce a strong phase shift
between the two amplitudes [32] Charm decays are therefore ideal, since they
exhibit significant final state interactions. CP violating asymmetries of a few
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percent are possible in the standard model {33]. If new physics is introduced into
the standard model (extra Higgs multiplets, for example), then asymmetries as
large as 10% ar« possible {32]. This experiment will be sensitive to asymmetries
of a few percent in at least two decay modes, and will be sensitive 10 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:

Dt — K+K-=+ (i) (7)
D't - xtD% DO . KtK- (i)
D**t — xt D% DO — xtx— (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 D'. We will refer to these as “D*-tagged” 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:
+ - - - -
Acr(KK) E§%§+:§I§-ZI§;€€§-:’éiﬁ-i-%

 N(DYVK*K " xt)-N(D~"=KtK"x") (8)
— N(D¥SK¥K-«¥)+N(D-—K+TK-7-)

where N(D* — K+ K~ =) is the number of reconstructed decays, measured by
fitting the mass plot of appropriately selected K+ K ~n+ combinations. Similar
asymmetry parameters, Acp(KK) and Agp(n~w), can be defined for reactions
(ii) and (iii).

It is not necessary to assume equal production, however. The relative
Dt /D~ and D*t/D*~ production rates can be determined using the Cabibbo
favored decay modes:

Dt — K- ntxt (iv) (9)
D*t — 7t DY D% — K- 7t (v)
D*t — xT D% D® — K~wtr~w™ (vi)

and their charge conjugatés. 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 pientiful than the Cabibbo suppressed modes above,
their contribution to the uncertainty in 4cp will be small. Using reaction (iv)
to correct (1) for the measured D* /D~ production rates, one obtains:

+ L KtK-zt)— - SV KtK-n-
Acp(KKn'):n(D KYK~n")—n(D KtK-=7)

: 10
7D+ - K+K-n7)+n(D- — K+K-=n-) (10)
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Table 6: Projected Asymmetry Measurement

Decay Mode | # Reconstructed | o(Acp) 90% CL Upper Limit
KK~ 15000 1.7% 2.8%
KK 5000 2.9% 4.8%
T 1500 5.2% 8.6%

where
N(Dt - K*K~ =)

N(D+ - K-ntnt)

A similar change for the D*-tagged modes is necessary, where

n(Dt - K*K~nt) =

N(D° — P+p-)

D° . ptp )=
T’( Fr) N(D® - K-nt)+ N(D° - K-ntn—nt)

and P*P~ = KtK~,ztx".

Assuming we achieve our goal of 108 reconstructed charm decays, we will ob-
serve approximately 100, 000 D*-tagged DO/—D-0 — K¥x% KFrfx~ 7t decays,
and 250,000 D¥ — K¥rta* decays. Table 6 shows the number of recon-
structed K K7 and D*-tagged KK, 77 events we would expect. The table also
shows the resulting error in the asymmetry measurement, and the 90% con-
fidence level upper limit we would set on |Acp| for each mode if we saw no
effect. We have included in our error calculation the assumption that the mass
plots used to fit for the number of events in each decay have a signal to noise
of about 1:1. Our estimates for the number of events we will reconstruct are
all scaled from signals already observed by E687, with the exception of the xr
decay mode. Note that the strong phase shift due to final state interactions will
most likely be different for the three modes, so that each mode is not necessarily
expected to exhibit the same asymmetry.

The systematic errors in this measurement should be negligible. For the
D*-tagged modes, systematics would have to be due to a charge dependent
efficiency for finding the bachelor pion. A similar systematic error would also
be necessary for the Dt decay modes. Such a systematic error should be very
small, and in any case it would have to be present for the Cabibbo suppressed
modes, but not for the Cabibbo favored modes, which seems unlikely.

There are two additional methods [32] we will use to search for evidence of CP
violation in charm decay. The first is to look for a time dependent asymmetry
in decay modes (ii) and (iii), induced by D° — D° mixing. A 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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Table 7: Limits on Rare D Decays

Decay Mode - Type of Test | Limit on 90% CL | Experiment
Dt — wrete” FC < 2.5x 1073 Mark2
Dt - rrutu- FC < 2.9x 103 CLEO
Dt — rtete¥ LF < 3.8x 10-3 CLEO
Dt — Ktete~ < 4.8x 10°3 Mark2
Dt - Ktutu~ < 9.2x 1073 Mark?2
Dt — n-etet L < 4.8x 10-3 Mark2
Dt — g-putut L < 6.8x 1073 Mark?2
D* — x-etput L < 3.7x 1073 Mark2
Dt — K-etet L < 9.1 x 1073 Mark2
D% — ete~ ¥FC < 1.3x 10~*% MKIII
D% - putu~ FC < 1.1x 10753 E615
| DO — pte¥ LF < 4.1x 10°° E691
"D — K%%te- FC < 1.7x 1073 MKIII
D% — pete” FC < 4.5x 10* CLEO
D% — putu~ FC < 8.1x 10-* CLEO

as Dt — K'°K*+. For example, one could investigate the triple correlation:
e (5 (5 x27)

CP violation would manifest itself as a non-zero sum of Cy and C_ (C_ is the
triple correlation for the CP conjugate decay).

1.2.3 Rare and Forbidden Leptonic Decays

These decays have sensitivity to new kinds of physics. While it is very difficult
to compete with the severe upper limits which have been set by Kaon decays,
there are superstring[34], lepto-quarks[35], and technicolor[36] models in which
large flavor-changing neutral current effects would be present in charm decays,
but not in kaon decays.

The searches in this experiment should significantly lower the limits of charm
decays to leptons in two and three body decays.

In table 7 a list of limits are tabulated. A more complete listing of limits
and references can be be found the the latest PDG particle summary book.
Following the PDG group we refer to flavor changing neutral current as (FC),
lepton number violation as (L), and lepton family number violating as (LF).
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2 Options for Obtaining Higher Flux

We can increase the number of reconstructed charm events by improving the
efficiency and acceptance of the spectrometer and by speeding up the data
acquisition system (to decrease deadtime). However, the spectrometer already
has a rather large acceptance and good efficiency. One can imagine upgrades
that will yield a factor of two gain. At least a factor of 5 gain must, therefore,
come from increased luminosity. There are several approaches to achieving
higher photon intensity. After a brief summary of the beam performance to
date, we discuss some of the options.

2.1 Performance of the Wideband Beam

The Wideband beam underwent two upgrades for the 1990-1991 run. The first,
the replacement of the beryllium production target by a liquid deuterium tar-
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
“hadronic background” than we expected and was never fully utilized. We in-
vestigated this hadronic background from two directions. One effort involved
developing a trigger that rejected the hadronic background on the positive side.
By the end of the run, the effort had almost produced a successful trigger and
offline work has now produced a trigger strategy that will work. The second
effort tried to identify and eliminate the hadronic background. It is now rather
convincingly established that the background is from A decays between the
downstream end of the target box sweeping magnets and the first bend in the
beam. In the 1991 run roughly one-half of the hadronic background was elim-
inated by adding a dipole magnet between the downstream end of the target
box and the first quadrupole. We believe that with our present understanding
we can use the positron beam for real data-taking in the future. The yield in
the electron beam at 350 GeV/c is 4.8 x 1075 electrons per incident 800 Gev/c
proton. If the positron beam is used this becomes 7.0 x 10~% electrons per
incident 800 GeV /c proton.

2.2 Options for Increasing the 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
flux at 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/e.
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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 summarized as follows: In normal running at the 350 GeV
negative setting, the beam has 8% pion contamination. If the beam is run with
a 350 positive setting, then the positron yield is 50% of the electron yield, but
the positive 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 14% 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
50%, but we expect an increase of at least 30%.

It 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 to 900 1.86 1.68 2.6
Change Energy from 350 1.0 2.6 0.7
More Intensity 1.5 1.5 1.5
Total Gains 4.6 10.8 4.5

2.2.5 Increase in the Number of Incident Protons

We could go from 4 x 102 to 6 x 10! protons on target per pulse. This gives us
another factor of 1.5. The places where we could have trouble transporting this
much beam are in the cryogenic bends and in the LD2 target. The LD2 target
is rated at 102 and should be ok. The principal problem is the cryo bends. The
bends are supposed to be able to take this rate. The bends have taken rates of
over 5 x 1012 for short periods of time so there is no reason to believe that this
will be a problem. A major question is whether the laboratory would be able
to deliver this many protons to us for the duration of the experiment.

2.2.6 Changes in the Production Target

A minor improvement would be to put helium into the target box and extend
it up to the quadrupoles. Adding helium would decrease the probability for
photons to convert to pairs in the target box and after the converter reduce the
bremsstrahlung of electrons and positrons. Thus increases the flux by 10%. The
addition of helium also reduces the hadronic contamination.

2.2.7 Summary of ‘Beam Options

Table 8 gives a summary of what should be viewed as “conservative” approaches
to increasing the luminosity. Note that in this table we have not included
changes to the experiment’s operating conditions, such as more target or more
radiator, which were also discussed above and can result in additional increases
in the luminosity. Note we have also not inciuded any change due to a repaired
occlusion in the positive arm.
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3 Modifications to the apparatus to handle high
rates

The main challenge for the apparatus is to be able to handle the increased
rate at all levels. Each element will have to operate at at least five times the
instantaneous and average rate which it now sees. Because the intensity in the
ete™ pair region is 500 times that in the rest of the detector, almost all of the
difficulties are in the center of the spectrometer. In this section, we discuss
how each detector and its associated front-end electronics needs to be modified
to handle the increased rates. The required upgrade of the trigger and data
acquisition system is also discussed in this section.

3.1 Trigger Counters

To handle an instantaneous rate increase of a factor of 5, our trigger counters
will need to be changed. We presently trigger on TR1-TR2:(HXV); 404y, where
TR1 is a single scintillation counter situated between the target and the silicon
microstrip, TR2 is a single scintillation counter located immediately downstream
of the microstrip, and HxV is an array of vertical and horizontal counters placed
downstream of the last proportional wire chamber, P4. The symbol 2 body refers
to the fact that we typically require 2 hits in the HxV array. Counters TR1 and
TR2 presently operate at IMHz. At a rate 5 times higher they would barely
work.

We have considered two options for replacements of TR1 and TR2. The first
option involves replacing these counters with several smaller counters thereby
distributing the rate over several phototubes. This choice would obviously work,
but since TR1 sets the timing for the entire experiment, then special care would
have to be taken when setting up these counters.

The second option would be to replace the scintillators with Cerenkov detec-
tors which are not sensitive to 0 degree pairs. This could , in principle, reduce
the trigger rate by a factor of over 100.

The HxV counters would be replaced by triggers from the Hadron Calorime-
try. By changing the Hadron Calorimeter from a gas detector to a scintillator
readout (see hadron calorimeter section) it will become easy to generate a fast
energy sum. Again this would drastically reduce the Master Gate rate. We
intend to partially test this idea in the 1991 run by moving part of the HxV
array behind the Inner Electromagnetic Calorimeter.

3.2 Microstrip Detector

The microstrip vertex detector is the E687 spectrometer’s most important device
for disentangling charm events from the very large backgrounds. It is installed
in the region between the target and the first analysis magnet (M1) and con-
sists of twelve microstrip planes, grouped in four stations of three detectors
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each, measuring three coordinates at 135, 45 and 90 degrees with respect to the
horizontal axis of the spectrometer.

The innermost central region of the system, covering the very forward pro-
duction cone, has a resolution two times better than the outer region. The first
station,which is the most crucial in determining the extrapolated error to the
production point in the target, has twice the position accuracy of the other
stations.

Each strip is read out by means of a front-end preamplifier, a remote-end
amplifier and a charge integrating FLASH ADC. The analog signal at the am-
plifier output has a semigaussian shape with a base width of 100-120 ns. In the
1990 run the integration time in the ADC was fixed at 130 ns, giving a signal
to noise ratio of about 17 for a single minimum ionizing particle. With a flux of
about 107 electrons/sec on a 20% Pb radiator and a 10% Be target, about 8% of
the events had embedded ete~ tracks. These embedded pairs were due either
to more than one particle in the same RF bucket or particles from adjacent
buckets. The vertex detector sees a pair mainly as a single track at 0 degrees
not associated with the production vertex and having a pulse height consistent
with 2 minimum ionizing particles.

The overall detection efficiency of every plane is > 99%. The extrapolated
transverse error to the mean interaction point in the target (placed 7 cm up-
stream of the first microstrip plane) is about 9 microns. The efficiency of the
reconstruction code is 96%, on the average, for the tracks of DD events, in-
cluding multiple scattering effects; contamination of spurious tracks is about
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 ete™ 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 has 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 signais
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 all
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 the 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 ete™ pair rate in the
spectrometer.

3.3 Enhanced Vertex tracking

Short-lived secondary decays could be more easily separated from the primary
interaction if additional tracking information close to primary interaction was
available. Two different ideas have been discussed. One idea is to install a
pixel device upstream of the microstrip system and immediately downstream of
the Beryllium target. Such a device would help in tracking a charged charmed
parent or would help in identifying the parent as neutral. An alternate scheme
would be to install 10 micron pitch silicon detectors at the end of the target.

3.4 Proportional Wire System

The proportional wire system has three planes in each station that are perpen-
dicular (Y) or nearly perpendicular (U,V) to the bend plane. If no changes
are made, the PWC’s will have to operate at 5 times the current draw they
ran at in E687. Experience with the chambers suggests that this would not
be possible. We will exploit the fact that nearly all (greater than 90%) of the
current draw occurs within a narrow region around the beam and is due to
ete™ pair production in the target and in the material of the spectrometer.
The beam size is about +2 cm at the tails. The eTe™ pairs are spread out in
a vertical swath by the action of the first analysis magnet. The second magnet
recombines the pairs so that they form a fairly small spot at the last PWC,

36



‘200 +~

1000 -

g

&
o
R e RS e T .
N ) S
N

'3
(=3
=3

~
Q
a

Eiectron Oistritastion at P1 (cm)

Figure 14: Pair distribution at chamber plane P1

P4. The recombination is not perfect because of bremsstrahlung energy loss by
electrons and positrons in the material of the spectrometer. Pairs generated by
photons interacting after the beginning of M1 are also not properly recombined
and populate a much larger vertical swath at P4. The parts of the chambers
outside the pair region will be able to handle the increased rate but we plan to
deaden this central region. Figure 14 shows the distribution of hits from our
‘pair’ trigger at the chamber P1. The rates after the second magnet are such
that deadening is unnecessary for P3 and P4.

There are several ways to deaden the pair region in PO, P1, and P2. The
one that seems most promising to us was invented at Saclay and has been
used extensively by E771 at Fermilab. Extra thickness of copper or silver is
electroplated onto the sense wires in the region that is to be deadened. The
extra thickness lowers the gain of the wire. This has been used on wires as thin
as 0.6 mil. Our planes are 0.8 mil (P0) and 1.0 mil (P1,P2). Deadened regions
can be produced with complicated shapes using this technique.

If we were to simply deaden the middle 4 ¢m of the spectrometer in X over
the full height of the chamber, +115 cm, we would loose some charm events. By
simply taking a sample of reconstructed D* mesons and asking how many had
tracks that crossed the pair (deadened) region in P0,P1, OR P2, we find that
we lose about 10% of our events. We therefore wish to recover the deadened
region by instrumenting it with systems that can more easily withstand the high
rate of pairs. In the horizontal coordinate this is simple. We plan to cover the
deadened region with a small array of straw tubes. There will be two layers of
overlapped 4mm diameter tubes. The vertical coordinates in this region will be
measured 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
total number of straws is about 4500. These tubes will be instrumented with
preamps and good amplifier/discriminators so they will be able to withstand the
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high rates. One advantage of this system is that if a wire breaks or a whisker
grows in a tube, the tube can be disconnected easily from the system. The
straw tubes add 1.4% multiple scattering to the detector. They will need only
latches for readout.

In addition to covering the deadened region, these planes will give us two
whole new projections in the front of the system and will strengthen all aspects
of our tracking, including the region outside of the deadened zone. The steep
angle with respect to the other planes will improve the matching of all views
significantly.

The alternative, a small system of 45° tubes to cover just the pair region,
looks less desirable. The electronics and cable requirements are the same and
the support is more of a problem. They provide no help outside the pair region.

We are studying the question of whether 6mm straws would be adequate for
the planes stationed near the chambers P1 and P2. This would lower the channel
count by about 1000. It may also make sense to drop coverage of the extreme
corners of the aperture. This would also lower the channel count another 1000.

Finally, we can improve the rate performance, as well as the overall reliability
and performance of the whole system by making certain irnprovements that will
lower the gain at which we must operate the existing £687 chambers. These
improvements were employed on the PWC P4 which was rebuilt between the
1987/88 and 1990 run. These improvements used all experience gained from
operating the system during the first run. They included:

e 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 was hardly affected by this change and
the chamber achieved higher efficiency than any other chamber in the
experiment.

e Modifying the gas box for P0, P1, P2, and P3 so that signals are fed to
the outside through header pins as 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 was 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 was 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.

e 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
that occasionally a spark, trip, or other upset would cause a high voltage
wire to come lose. Almost all such wires were at the edge of a cathode
pad (16 wires ran to each pad). It was hard to get enough solder on the
edge wires to make a secure contact. By making the pads much longer in
the direction of the wire, this problem was completely eliminated in P4.

e We want to replace the ‘ancient’ amplifier discriminators on the chambers
P0 and P3 with the more modern ones used on the other chambers. These
planes suffered from oscillation problems. The method for doing this was
used in the 1987/88 run and is well understood.

These improvements should allow us to lower the threshold and the voltage and
help sustain higher fluxes. they should also reduce the downtime from chamber
problems in the experiment which, while small, was not negligible.

This is a somewhat ‘belt-and-suspenders’ approach to a problem which can
make or break the experiment. The chambers have to work. If we can improve
them enough so deadening is not an issue, that would be excellent but we have no
way of being certain of that so we wish to embark on the straw tube construction
as well.

Finally, we will explore the use of preamps and the use of gas mixtures other
than 65-35 argon-ethane. Rate capability will be a major concern here.

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 scintillation counter array was used for muon triggering and
confirming the muon identification by providing additional coincidences. We
intend to augment the existing E687 inner muon system with a relatively fine
granularity x & y scintillator hodoscope placed just downstream of the hadrom-
eter. There are two motivations for this proposed upgrade.

o The use of scintiliator allows for a very tight (1 RF bucket) latch which
should perform better than the muon proportional tube system (which
required a roughly 1 us readout time) given the higher rates envisioned
in P831. Because of the superior time resolution of scintillator, the pro-
posed new hodoscope should should significantly reduce potential muon
backgrounds due to halo muons.

o The upstream placement of this hodoscope should significantly (by factors
of 5) improve our ability to match hits in 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 hadrometer.

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 optical path of less than 3 meters. Since we must span a transverse
area of 2 meters by 3 meters, the natural solution is to use two spans (of 1.5
meters or 1 meter) to cover the full horizontal and vertical aperture. Hence a
total of 250 scintillation counters will be required to construct this hodoscope.

The virtue of a fine granularity system is likely to be a simplicity in the light
collection system since the counters are by necessity fairly narrow. For example,
we have considered reading out each of the 250 hodoscope elements consisting of
1 cm thick scintillator by an individual 25 mm diameter photomultiplier tubes
optically coupled directly to one end (without adiabatic light guides). Under
these conditions, a large enough number of photoelectrons (several hundred)
should be collected per minimum ionizing particle thus allowing the use of com-
mercial fast discriminators and modest gain photomultiplier tubes.

We are presently studying the possibility of backing up the 4 cm wide ho-
doscope with a much coarser grain (16 cm wide) hodoscope placed downstream
of the second slab of muon steel. The better filtered coarse array, would serve
to both confirm the identification provided by the upstream array (with even
more hadronic absorption), and serve as a backup to match upstream tracks for
those events where the upstream array is confused by hadronic shower leakage
or 4- rays.

3.5.2 Outer Muon Detectors

The outer muon system is located directly behind the yoke of M2 and consists
of two scintillator arrays and two proportional tube arrays. The scintillators
are used for triggering while the proportional tubes are used to associate the
muon "hit” with the wire chamber tracks. As in the inner muon system, the
outer muon proportional tubes will be too slow to handle the anticipated rates
and must be replaced. We are presently considering two options to replace the
proportional tubes. )

The first option involves building an outer scintillator array with 5cm wide
strips that has adequate granularity for matching the muon tracks. This design
would be similar to the proposed inner muon array. The second option involves
reconfiguring the existing outer muon scintillators. The reconfiguring would
involve additional light guides and phototubes to achieve an acceptable muon
hit efficiency. The advantage of the second option is that the detector would
require less space. In both designs an additional 300 new photomultiplier tubes
and bases would be required.
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3.6 Hadron Calorimeter

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

1. Provide a fast trigger decision based 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 Eperp. 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% eflicient for charm. Our
own simulation demonstrates similar results.

3. Provide measurement of the position and erergy 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 ', if it worked well, but is not critical to achieving the
main goals 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 was possible to use the hadrometer information in the second level
trigger so this was not a problem).

A calorimeter based 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 E,.,, 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,.,, trigger will be difficult (although not impos-
sible) to do in a strip geometry.

e 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.

o 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 offline shower reconstruction is much simpler with a
pad/tower geometry.

41



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 all our requirements.

The device that we have simulated uses the steel plates from the existing
E687 hadron calorimeter, which has 28 1.75” thick plates. We would place
planes of 2 cm thick scintillating tiles between these plates. The expected energy
resolution for this system is lf; With the segmentation shown in the figure
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 has about
the same energy deposition for the 125 GeV tracks striking the calorimeter. The
total number of readout channels (PMTs going to ADC’s) is 352. This is to be
compared with 570 channels in the existing E687 calorimeter.

The light from the tiles will be collected by fibers inserted intc machined
grooves in the tiles. The design is copied from the CDF/SDC tests. The main
difference is that we are using thicker scintillator and larger size tiles than that
group used. We will have to perform a test to see how the signals scale with
tile thickness and area. The result might influence the number or arrangement
of fibers within the tiles.

The Level I trigger is formed by adding the the pulses in groups, whose
duration is about 20 ns, integrating them, digitizing them, and converting them
to a level. The levels from various sectors are then added and sent to a flash
adc. The digital output is compared to one (or more) thresholds. This can
easily been done in 100-150 ns available.

Only preliminary studies of the use of this device in the Level II trigger have
been carried out. The final pad geometry and and the longitudinal segmenta-
tion are not yet worked out. The biggest problem, as we see it, is to include
the information on the E,.,, from the nearly 2000 channels of electromagnetic
calorimetry into the summation.

We have also done a comparative cost analysis of the tile and strip geome-
tries. The costs for materials, photomultipliers, electronics, cables, triggers, etc
are about the same. The labor costs for the tile system are harder for us to
estimate and we have drawn heavily on experience from CDF/SDC prototype
development. The costs of the two systems are not significantly different.

3.7 Beam Instrumentation and Flux Monitors

After radiating photons in the lead radiator (27% X, for E-687), the recoiling
electrons and positrons are detected in a series of electromagnetic shower ho-
doscope detectors.[39] See Figure 16. In order to account for the coincident
multiple bremsstrahlung photons emitted by a single electron, a Beam Gamma
Monitor (BGM) electromagnetic shower detector is placed in the zero degree
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photon beam at the downstream end of the spectrometer. In order to get
the energy of the photon initiating the hadronic event, the additional multi-
bremsstrahlung energy in BGM was subtracted from the tagged electron (or
positron) energy loss on an event by event basis. BGM was also used to measure
the incident photon flux. The silicon microstrip-based incident beam momen-
tum tagging system[40] measured the momentum of each incident electron or
positron.

Experience during the previous E-687 runs has indicated that care must be
taken in preparing for the increased beam intensity and luminosity proposed for
P-831. In addition, there are some obvious upgrades that will also improve the
performance, triggering, and data analysis for P-831.

The ability to accurately measure and to monitor the incident photon kine-
matics benefits the study of most of the physics topics of P-831. However, many
physics topics such as charm particle spectroscopy, relative branching fractions,
and Dalitz plot analysis can be accomplished without explicit knowledge of an
individual photon energy. The measurement of the photon energy on an event
by event basis, the overall photon energy distributions, and flux normalization
are vital to studies involving cross sections and production dynamics.

3.7.1 Higher Luminosity Issues

During the 1990 and 1991 Fixed Target Physics running periods, E-687 ran
successfully at sustained average incident rates of 107 electrons per second.
Dividing by the 53 MHz RF structure and multiplying by a factor of 3 to account
for both the gross and fine time structures in the beam, this corresponded to
an average electron occupancy of 0.6 per RF bucket. Pile-up from random
coincidences was starting to become bothersome. For P-831, we propose to run
at a factor of 5 higher instantaneous rate, giving average electron occupancies
up to 3.0 per RF bucket!

There are three distinct classes of pileup: (1) DC or slowly varying baseline
shifts due to the overall rate or very long tails of distributions, (2) adjacent RF
bucket interferences, due to instrumental resolving times or signal tails of the
scale of a few RF bucket spacings in time, and (3) multiple incident electrons
coincident within the same RF bucket, within 1 nsec of each other. It is assumed
class (1) can be cured by just very hard analog work and class (2) can be cured
by improving the signal crispness and timing characteristics and reducing the
coincidence resolving times. Pileup class (3), however, represents an irreducible
challenge, requiring new types of hardware, rather than simply speeding up that
already existing in E-687.

We assume that we will be able to procure ADCs and Coincidence Registers
that can be made to work efficiently at 53 MHz single bucket resolution (18 nsec
gating) and adjacent bucket double pulse rejection for the existing BGM, RESH,
and POSH systems, as well as for possible electron and positron trajectory
tracking systems.
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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, it was operated in a nitrogen
atmosphere. Over the course of the 1990 FT run, it did suffer 15% signal degra-
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 its spatial distribution. The radiation damage followed
the spatial distribution of the photons. Without position resolution, it was im-
possible to tell where the shower occurred and therefore to correctly estimate
the detector gain response. This was the limiting factor for the photon energy
resolution.

Possible solutions for investigation include an easily replaceable liquid scin-
tillator (if a sufficiently fast one can be found), incorporating the BGM in a
pressure vessel to allow clearing with high pressure O; (a slow process, at best),
more radiation resistant scintillators, possibly scintillating fibers, or shower po-
sition readout to monitor the radiation damage and correct for the reduced
detector response on an event-by-event basis.

Pileup due to occupancies of nearby buckets could be monitored and cor-
rected with BGM analog fanout capability and dedicating additional ADC chan-
nels to measure the energy deposition for nearby RF buckets. The BGM gain
monitor (a QVT-based stand-alone data acquisition system) will be triggered by
an individual RESH logic bit(s) giving monochromatic tagged energy spectrum
line(s). This will be much easier to monitor rather than the photon continuum
end-point energy, especially in an environment with substantial pileup in the
same RF bucket.

The BGM also served as an important Luminosity Monitor for the experiment.[41]
Previously, this application was based on simply counting the number of pho-
tons above some discriminator threshold, typically above 100 GeV. This dig-
ital counting method breaks down when the instantaneous intensity gets too
high or incident electron occupancies approach 1 per RF bucket. Since this is
very definitely expected to occur for P-831, another approach such as a Wilson
quantameter [42] could be employed. A simple hybrid of interspersing a few
(thin) integrating ionization chambers, every 3 X, or so, within the scintillation
calorimeter seems promising. '

RESH and POSH

The existing recoil spectrometer for the radiated electrons and positrons
(Figure 16) is based on lead-lucite and lead-scintillator EM shower calorimeter
detectors used to identify electrons and positron by correlating deposited energy
with the momentum dispersion of the tagging dipoles. The position at the
RESH and POSH arrays can be quickly decoded by discriminator bit patterns
and can be further refined by analyzing the energy sharing between adjacent
RESH or POSH counters. The on-line Level II event trigger required a RESH
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or POSH 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 POSH elements were accepted for later
rejection by pulse height analysis.

A serious question for the operation of RESH and POSH concerns how
greedy one wishes to be in striving to pick up LOWER energy tagged photons.
These are closer to the beam giving higher rates in the innermost counters, gain
changes due to radiation damage, and poorer photon energy resolution due to
the reduced spatial dispersion.

These systems, both logical and analog, need to work at the 53 MHz RF
rate. This will require some work in improving the optimization of the analog
signals through photomultiplier bases, amplifiers, cables, delays, noise suppres-
sion, etc. Even the digital pulses, discriminated locally near RESH and POSH,
suffered from drive capability and cable dispersions to be a problem in setting
and maintaining the efficiency of the logic and trigger system. This could be
greatly alleviated by the introduction of higher performance CAMAC coinci-
dence registers whose timing performance will depend mainly on the gating
signal and not strongly depend on the characteristics of the signal shapes for
each individual channel. Additional dedicated RESH-POSH trigger logic cali-
bration (frequent automated delay curves) and monitoring fanouts and scalers
would be appreciated.

The RESH and POSH triggers for E-687 required simply more than about
20% of the nominal energy deposition in a given single counter. This provided
adequate trigger selection since those counters with E/P = 20% were, in fact,
almost always adjacent to another counter with E/P = 80%. Especially with
the non-negligble hadronic background in the positron beam, we may desire to
tighten up the E/P trigger logic requirements, both on the low end to reject
hadrons and on the high end to reject two electrons or positrons hitting the
same counter. Since the size of highest rate RESH and POSH detectors is
approximately 2/3 the transverse size of the EM shower, forming analog sum
pairs such as 142, 243, 3+4, ...(i-1)+i will insure total energy containment
(E/P close to 1) for triggering with tight thresholds.

Although it would be desirable to have functioning veto shower counters
within the electron and positron dumps, in E-687 it has proven difficult to keep
them from dying from radiation damage within a few days. Such beam vetoes
would be especially helpful to reject events in which an electron experiences a
small energy loss in the radiator, not enough to be swept into RESH, but the
photon converts in the radiator and hits either RESH or POSH (cross-vetoes
will not allow both RESH and POSH hits) and gives a false tag with minimal
energy hitting the experiment target.
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3.7.2 Additional Features for Improved Performance

By improved performance, we mean not only improved resolution and physics
capability, but also ease of operation, monitoring, calibrating, and analysing.
Some of these proposed improvements, such as easier timing curves, gain mon-
itoring, vetoes, etc., have already been mentioned in the Luminosity Upgrade
Section. The possibilty of actually tracking the radiated electron and positron
trajectories will not only enhance photon energy resolutions, but also improve
primary vertex localization analysis methods, and help facilitate the full use of
the silicon incident beam tagging spectrometer for events with more than one
incident electron or positron per RF bucket.

Recoil Electron and Positron Tracking

Currently, the horizontal electron (and positron) trajectories are measured
about the last horizontal bend in the incident electron beamline.[40] This gives
the incident electron momentum before radiating. In order to get optimal reso-
lution of the radiated electron and positron tagging spectrometer, it is desirable
to know the trajectory of the projected electron from the radiator, past the
RESH and POSH detectors, to the experiment target. The interacting pho-
ton position at the target is measured by spectrometer vertex silicon microstrip
detector system, to an accuracy of a few microns in three dimensions. The
horizontal position of the electron at the radiator could be projected using the
beam tag track traced though the last stage triplet focussing quadrupole mag-
nets. Continuing to the target has shown that a resolution in matching the
projected electron trajectory to the reconstructed vertex position of o, = 3
mm is attainable. Another horizontal tracking plane at the radiator capable
of withstanding high rates, would better pin down the projected electron (and
photon) trajectory even better. This would greatly improve the resolution of the
radiated electron spectrometer. In addition, the projected horizontal trajectory
could then serve as a road for searching for primary event verticies, much as
incident beam silicon hodoscopes for hadron experiments.

If we also add a vertical position detector at the radiator, we can then
correlate the event vertex position with the position of the incident electron
at radiator and get both horizontal and vertical photon directions and event
production angles. This may be interesting for some exclusive physics such as
the study of photoproduction of vector mesons.

So far, we have only discussed single electrons or positrons per RF bucket.
The beam tagging silicon spectrometer is capable of reconstructing more than
one track per RF bucket (up to five!). The problem is in determining which of
these tracks actually radiated the photon in question. Since we are using a thick
(27% Xo) radiator, the flip answer is that all of the electrons radiated! If we
have, for example two electrons reconstructed in the beam and one in the RESH,
we would have to do some TRACKING in the radiated particle spectrometer
to disentangle. This could be either horizontal (large aperture requiring many
detector elements) or vertical (smaller aperture, scaled to the vertical beam size,

48



Table 9: Multiple Scattering in Radiator Projected to Target

kphaton e Ty

GeV GeV | mm
100 150 0.67
150 100 0.92
200 50 1.75

rather than the horizontally dispersed radiated beam size). So far, we have only
considered the vertical tracking option.

A simple calculation has shown that a useful projected vertical (or hori-
zontal) trajectory attainable from such a radiated particle spectrometer would
require a resolution with o, less than about 1 mm. This would allow disen-
tangling the pair conversions in the target from photons from multiple incident
electrons with a high degree of reliability. This would also form a useful road-
width seed for primary vertex reconstruction algorithms. Finally, this resolution
is about what is expected for multiple scattering of the incident and radiated
electron in the thick radiator. Therefore, there is no justification for attempting
any finer resolution.

The multiple scattering in the radiator can be simply modelled by consid-
ering, on the average, two radiators, each of 1/2 thickness. The incident 250
GeV electron scatters in the first. The radiated electron, whose energy depends
on the photon radiated, scatters in the second section. This gives the vertical
resolution projected to the target due to multiple scattering in the radiator as a
function of the photon energy. This simple model will have to be further refined
before designs for this tracking system are finalized.

In order to obtain this spectrometer resolution of ¢y = 1 mm, we would
require vertical detector elements of 1.5 mm size at the radiator, at the exit
from the last tagging dipole, and at the RESH and POSH detector planes.
In addition, if we desired to vertically tag for particles that only hit RESH12
and POSH12, we would require 0.75 mm detector elements between the second
and third tagging elements and at the RESH12 and POSH12 detector planes.
In addition, the vertical detector elements at the radiator would have to be
reduced to 0.75 mm size also. This is due to the reduced lever arm and the
more upstream position of RESH12/POSH12 relative to the main RESH and
POSH arrays. Adding the two additional upstream stations in the tracking
reconstruction algorithm for particles that reach the main RESH/POSH arrays
adds little gain to the overall resolution.

Finally, there would be one or two slanted planes (1.5 mm element size)
at the radiator, coupling the horizontal and vertical views and allowing the
correlation of the multiple horizontally momentum measured tracks with the
vertical trajectory of the electron or positron giving the RESH 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 | Number of Elements | V x H Size
Radiator-x 0.75 mm 64| 5cmx5cm
Radiator-y 0.75 mm 64| 5cmx5cm
Radiator-u 1.5 mm 64| 5ecmx5cm
Radiator-v 1.5 mm 64| 5cmx5cm
M2-M3 -y 0.75 mm 2x64|{5cmx125cm
RESH12-y 0.75 mm 2x64{5cmx 37.5 cm
M4ds-y 1.5 mm 2x32| 5cmx25cm
RESH-y 1.5 mm 2x32| 5cmxT75cm
Totals 0.75 mm 384

Totals 1.5 mm 186

Grand Total 576

These detectors could be silicon microstrips at the radiator (but watch the
additional multiple scattering), overlapping layers of scintillating fibers (can be
fairly thick for adequate number of photoelectrons) with multi-anode photomul-
tiplier readout, or any other detector giving adequate resolution and single RF
bucket timimg. The resolutions and geometric area coverage for those detectors
downstream of the radiator look about ideal for straw tubes. However, taking
4 mm (minimum?) diameter straw tubes, the maximum charge collection time
would be on the order of 70 nsec or 4 RF buckets (drift velocity of about 3
cm/p-sec in Ar — C03). These straws would cover only the aperture of the
RESH and POSH arrays, so would not have to respond to every incident beam
particle. Multiple layers of straw tubes per station and multi-hit TDCs appear
to be able to provide adequate time resolution to perform the multi-RF bucket
pattern recognition.

Once we do have the trajectories to determine the momentum of each of the
two or more incident electrons and determined which electron actually struck
the RESH, we know the energy loss and photon spectrum for that identified
electron. However, there still remains the additional radiation from the other
electron(s) that will be producing confusion due to additional photons striking
BGM but not correlated with our identified tagged electron. In fact, the average
electron or positron incident upon the radiator would deposit approximately 1/4
of its energy in BGM, yet still not be detected in either RESH or POSH. We
still must understand how to deal with such BGM pileup.

Finally, we may desire to have better position resolution in front of our large
momentum bite detectors such as RESH1, RESH2, POSH1, POSH2, RESH12,
and POSH12. Either finer granulariy shower counters or position hodoscopes
could be considered.
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3.7.3 Event Cleanliness

Additional hardware will be investigated to improve event tagging cleanliness.
The analog sum E/P = 1 trigger described above will reduce hadronic and
multiple radiated electrons or positrons per event. The beam dump counters
RESHO and POSHO to veto the false tag triggers due to second order processes
involving minimally-radiated electrons or positrons will be difficult to keep alive
at the proposed electron beam intensities. Similarly, there has been prelimi-
nary studies performed by E-774 in this beamline of electron identification by
synchrotron radiation tagging. In principle, this could detect the presence of
protons, the main hadronic background in the positron beam. However, the
phase space of the electron and positron beams make problematic the optimal
placement of synchrotron radiation detectors close encugh to the beams. It is
also difficult to imagine how a veto can operate efficiently on a "NO” or lack
of signal in coincidence with one or two positive "YES” signals in the same RF
bucket. Still much more thinking, research, and development are needed.

3.8 Triggering

The triggering strategy will have to be changed in this experiment. Previously
our group has always tried to write out all hadronic events on-line and then sort
out the good events in software where more information is available (such as
the number of charged tracks in the silicon microstrip). Rates will now be high
enough to require that fast decisions need to be made during data-taking.

The ete™ pair rate is expected to be 5SMHz with a hadronic rate of 5kHz.
As explained in the trigger counters section the hadron calorimeter is being
incorporated into the Level I trigger. It is assumed that essentially all pairs are
removed by the Level I trigger and that the surviving events are more than 80%
hadronic. However the hadronic rate is such that we will need to reduce it by a
factor of 4 before events can be written to tape.

We plan to implement a combination of photon energy and track multiplicity
to get rid of events initiated by low energy photons (which have very low charm
cross section) or events which come from primarily soft scattering processes.
This will result in a reduction of at least a factor of two.

A final factor of at least 2 will be achieved by using an E,.,, trigger formed
of information from the Inner Electromagnetic Calorimeter, the Outer Electro-
magnetic Calorimeter and the Hadron Calorimeter. This trigger is very similar
to the trigger used by E691. In that experiment a factor of 2.5 was gained in
the charm to hadron ratio. This E,,,, trigger is presently being studied. Stud-
ies performed at Breckenridge and at Smowmass indicated that much larger
improvement factors could, in fact, 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 total amount of data is 75 megabytes per spill.

The following is the organization of the present E687 DAQ:

o Front-end digitizing electronics. This consists of five data streams: Mi-
crostrip detector ADC’s designed by Milan, Lecroy 4290 TDC’s with Fer-
milab readouts, Smart Crate Controller readout of Fermilab and Lecroy
PCOS latches, and two Fastbus crates of Lecroy 1885 ADC’s,

o Real-time data buffering. The data streams are read into separate 4
megabyte Lecroy 1892 Fastbus memories. The trigger must remain dis-
abled while this transfer occurs, introducing dead time. The average
readout time for each stream is summarized in table 10. Data rate re-
quirements here are the stream data block sizes divided by the acceptable
readout time.

¢ Spill buffering. A GPM Fastbus Master processor merges the data streams
from the Fastbus memories into event records. Blocks of event records are
transmitted by Branch Bus to a 60 megabyte spill memory buffer located
in the PANDA VME crate. Data rate requirements here are the average
total data per spill divided by the active 20 second spill time.

s Data recording. The data is recorded on up to four Exabyte 8200 8mm
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 meet
the required five fold increase in data rate.

With about 1 millisecond between events, an acceptable 10% deadtime re-
quires 100 psec real time data buffering. Table 10 shows that the microstrip
stream and the SCC latch stream need no revision. The ADC and TDC sys-
tems must read the data out at higher speeds.

There are several options for speeding up the TDC readout.

s Presently, the TDC readout time is limited by the speed and number of
the readout controllers. Some speedup can be achieved by increasing the
number of ‘readout’ controllers. However, for events with a very large
number of hits (perhaps of electronic noise/oscillations), this does not
necessarily solve the problem. The next option is to speed up the data
transport within individual crates. This option is being investigated. It
would require the design and construction of about 30 modified crate
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Table 10: Average readout times for E687 data streams

Data readout time
Stream (usec)
Microstrips 20
latches 50
TDC’s 300-600
ADC (1) 1000
ADC (2) 1000

controllers and possibly some modifications to the TDC'’s themselves. We
would have to do a systems test to confirm that the system really achieved
the desired speed fairly soon in order to have confidence in this approach.

e The TDC system could be replaced by a new system such as the one
designed by the Fermilab Physics Department. This systern is now being
tested and seems to work well. The readout speed meets our requirements.
The cost is about $35/channel and we need 13,500 channels of TDC.

e The TDC system could be replaced by latches. For the most part, we do
not make much use of the timing information and the mass resolution is
dominated in many cases by multiple scattering. The latches would be
about 1/3 the price of the TDC’s. Latch systems of the appropriate type
might be available from existing electronics inventory.

The problem of speeding up the TDC readout is largely one of cost optimization.
Several technical solutions are available.

P831 will have about 2800 channels of pulse height information, slightly less
than E687. E687 used LeCroy 1885 Fastbus ADC’s. The 1885 Fastbus ADC
digitization time alone is nearly half a millisecond. It will therefore be necessary
to use a different ADC system. There are commercial options available, such
as the Lecroy FERA system, which would achieve the required speed. This
system is quite expensive. There is a design for a Fastbus ADC by the Fermilab
Physics department which has very fast readout speed and is suitable in all other
ways for the experiment and which is estimated to cost less than $75/channel.
LeCroy is planning a new ADC, the 188X, which has much shorter digitization
time and on-board pedestal suppression. It has suitable sensitivity and range
for our needs. The cost per channel is projected at $60-70/channel. Readout
will take between 50 and 100 usec. The device is now in the prototype stage
and will be tested shortly at Fermilab. Assuming it lives up to its specifications,
this would probably be the best choice.

The old E687 data buffering and logging system would be pushed to or
beyond its limits in logging the nominal 1 Megabyte per second of data. The
maximum event rate ever achieved in the event building stage was about 20,000
small events per spill, with a very large dead time.

53



We plan to simplify the system, using existing, proven modaules 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 building, filtering, data logging, 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-
vicion 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 interspill 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 rates 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 Efli-
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
system, 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 Cl1 and C2; tracks which traverse the M2 aperture are
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Table 11: Characteristics of the Cerenkov Counters

Counter | Gas Threshold (GeV/c) No. of Cells
Pion | Kaon | Proton

C1 HeN; | 8.4 29.6 56.4 90
C2 N;O | 4.5 16.2 30.9 110
C3 He 17.0 | 61.0 116.2 100

analyzed by all three counters. The existing Cerenkov system allows protons
and kaons to be separated from pions over a momentum range of 4.5 GeV
to to 61 GeV and provides unambiguous electron identification for momenta
up to 17 GeV for tracks traversing the M2 aperture. We used pure helium
in C3 in order to achieve the highest possible Cerenkov threshold available
using an atmospheric pressure counter. The Cerenkov thresholds of C1 and C2
were matched to the C3 threshold to provide a continuous momentum range
for particle identification (e.g. the kaon threshold of C1 matches the proton
threshold of C2 and the proton threshold of C1 matches the kaon threshold of
C3).

The present E687 Cerenkov counter system performed well in both the 1988
and 1990 run period. Figure 17 shows an inclusive, combined D — K7 ,K27,and
K37 signal obtained in our 1988 run with and without Cerenkov identification
requirements on the kaon. About 60% of the total charm signal survives the
Cerenksy cut. If one considers cases where the kaon traverses the M2 aper-
ture and thus has a chance of being identified by C3, the kaon is Cerenkov
identified as definite kaon or kaon/proton ambiguous about 70 % of the time.
These identification fractions include the effects of Cerenkov confusion due to
overlapping tracks as well as the effects of the finite Cerenkov identification mo-
mentum range. The good performance of the present Cerenkov system can also
be confirmed through the decays ¢ — K*K~, K, — 777~ and A — P7~.
Roughiy 80% of protons from A decays are identified as proton or kaon/proton
ambiguous in our 1988 data.

The kaon identification range of the Cerenkov system performs well for most
of the charm physics goals of E687. At present, both C2 and C3 have close to
optimal performance with asymptotic photoelectron yields in excess of 8 pho-
toelectrons. The photoelectron yield of C1 is about 3 photoelectrons primarily
owing to its small physical length (only about 1.4 meters) and relatively high
pion threshold (8.4 GeV). It might be possibie to extend the C1 radiator length.
A 2 foot extension would raise the photoelectron yield to about 4.3 photoelec-
trons. Extra photoelectrons would significantly solidify particle identification
for the case of well isolated tracks. The penalty of a 2 foot extension would
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
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tend to increase confusion in tightly clustered events. In addition, adding more
radiator will increase the PO — P2 lever arm by 12 % which will cause a small
decrease in our total acceptance.

4.2 Electromagnetic calorimeters
4.2.1 Inner electromagnetic calorimeter

The Inner Electromagnetic Calorimeter or IE is a 25 radiation length lead-
scintillator sandwich calorimeter which is used to identify electrons and photons.
The device is divided into 3 longitudinal modules and is readout by X and Y
strips. In order to match X and Y fiber strips that are “hit”, there are two
additional 45 degree scintillator arrays called tiebreakers.

Thus far we have used the device to reconstruct semileptonic decays to elec-
trons and have identified many charm channels containing 7°’s. The efficiency
for identifying electrons hitting the inner electromagnetic calorimeter is approx-
imately 90% with a e/ = rejection ratio of 1/50. This efficiency can be improved,
but then we have more pion contamination. However, the efficiency is quite
acceptable. Our photon reconstruction efficiency for photons striking the IE
calorimeter is between 50% and 60%. This low efficiency is partly due hadronic
showers overlapping photonic showers and partly due to the tiebreaker match-
ing. We are presently investigating replacing the tiebreakers with a single layer
of tiles 7.5cm x 7.5¢cm x 2cm thick. A total of 480 tiles would be required. By
removing the tiebreakers we would save 156 channels such that an additional
324 new channels would need to be obtained. While this design needs to be
further studied in Monte Carlo, it appears that we may be able to double the
number, of 7°’s reconstructed in the IE with such an addition.

Finally, we need to create an Eperp trigger from energy which is deposited
in the IE. We presently plan to implement such a trigger by weighting the pulse
heights from the X and Y strips in the middle longitudinally segmented module
by the distance the strips are away from the beam direction. The phototubes
have dynode outputs which were designed for such a plan.

4.2.2 Outer electromagnetic calorimeter

The E687 OE is a lead-scintillator sandwich calorimeter, with active media read-
out done with fine-grained (3.3 cm) strips, covering the wide-angle region (from
~ 40 mrad up to ~ 120 mrad). The two halves of the detector are separated by
an adjustable gap with respect to the magnet bend plane (in E687 set to 9 cm),
therefore the pile-up due to pairs will be easily kept under control.

Two upgrades are considered for this detector. The inner part of the detector
will be modified in order to improve the shower reconstruction efficiency in the
highest occupancy region, i.e. in the region close to the hole where X-Y strips
matching is most problematic. The second upgrade will consist in inserting the
OE information in the second level triggering logic.
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The inner region will be replaced by a monolithic detector made of plastic
scintillating fibers embedded in a lead matrix with a 50:35 scintillator-to-lead
volumic ratio, fibers parallel to the beam axis and tower-like readout. This
head-on technique has been used in the (20 MeV — 5GeV) energy range at-
taining 6%//E[GeV] energy resolution [37, 38]. Prototyping and testing have
been performed in Frascati. The upgraded region will consist of two monolithic
Pb-scintillating fibers structures, each one symmetric to the magnet bending
plane, running along the vertical gap and the central hole with a 25 cm width in
the (X,Y) plane and 32 cm (20X,) thickness. Each structure is made of grooved
lead foils (1.3 mm thickness) and 1mm-diameter scintillating fibers. During the
assembly, fibers are pre-cut to measure and positioned in a transport frame
which allows to stack and glue lead foils together. Once assembled, fibers are
uniformly positioned throughout the lead volume forming a periodical hexago-
nal lattice. The interaxial distance from each fiber to its closest neighbours is
1.35 mm. Such an inner region in addition will improve both energy and spatial
resolution for photons. More than 90% of the photon pairs from #° in charm
decays in the OE angular acceptance are wider than 10cm. The present design
sees a (5 x 5) cm? readout granularity leading to 240 counters in total.

The strip-like structure of the readout elements permits to design an Ej..p
fast trigger based on thresholds varying with the distance from the beam axis.
Before being converted, a small fraction of the counters’ signal is picked-up
and sent to a low-threshold discriminator. Such front-end electronics has been
prototyped and tested, about 500 channels are available.
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5 Computing Requirements

The event reconstruction of the data for the present run of E687 is now complete.
It required about 600 VAX/780-years. This was accomplished in 10 months us- -
ing UNIX farms. Since the data-set anticipated for the 1993-1994 run is 5 times
larger, it is reasonable to estimate a requirement of 4500 VAX/780-years. We
use a factor of 7.5 rather than 5 because the trigger will preferentially eliminate
the lowest multiplicity, simplest events. This amount of computing should be
readily available at affordable prices by 1994/5, when it would be needed. How-
ever, we anticipate reducing computer use by approximately a factor of two by
not performing the whole analysis on every event. One possible strategy would
be to perform all the track reconstruction and fast particle identification algo-
rithms (< 40% of the present offline analysis package) and only further analyze
those events with evidence for a secondary vertex, or unusual final state particles
(e.g. multiple kaons and protons and/or leptons). From our present analysis,
we estimate that less than 20% of the events will survive these selection crite-
ria. (We have previously skimmed with an algorithm that selected 10% of the
events while still being 80% efficient for reconstructable charm decays.) Exten-
sive hadron and electromagnetic calorimetry analysis would only be performed
for the skimmed events. This should result in a requirement of less than 1500
Vax years. If one takes the point of view that 900 additional VAX/780-years will
need to be acquired for this experiment, then, assuming $50/VUP by 1994/5
(as compared to $118/VUP in FNAL's last acquisition), the incremental cost
of the computing is $45,000. It should be noted that the proposed gains come
from doing less analysis on events which are already believed to be uninterest-
ing, not by doing a less-than-complete microstrip or spectrometer tracking. We
will, of course, investigate whether partial tracking can further reduce the CPU
requirement.

During E687, it was possible to analyze about 25% of the events during data
taking. We hope to have the analysis ready at the start of E831 so we would
like to have the full reconstruction capacity available from the beginning of the
run to keep up with data-taking.
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6 Beam Request 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, calibration time was especially long because of the presence of E683 which
needed separate beam calibration time. In addition, in 1991, E683’s running
condition limited the beam intensity to 3E12 when E687 could easily have taken
4 or 5E12. In the two runs, we were charged for about 5000 beam hours.

We therefore request a running period of 1000 beam hours for setup and
4000 beam hours for data-taking. The 1000 hours represents more than was
required for either the 1990 or 1991 startup. However, we will have many new
components that will have to be calibrated and we will have to learn their
idiosyncracies. We will also have to learn how to run at the higher rates. When
we brought the experiment up for the first time, in 1987/88, it took us about
1000 hours to get everything working and the trigger understood.

Our desired running conditions are 900 GeV /c proton beam with 5E12 pro-
tons on target. The rep rate should be about 1 spill/minute. The flat top
should be at least 20 seconds. Intensities during tuneup can be lower, begin-
ning at 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 single Fixed Target running period to complete the
above goals.

6.2 Special Considerations

This experiment will be much more sensitive to spill structure than our previous
efforts. We would strongly urge the lab to fold standard spill quality monitor-
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 be devoted to studying
and improving the spill ‘micro-structure’~ bucket to bucket correlations,etc.
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