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FRONT COVER

A cutaway view of the EMPACTITEXAS detector in a three-dimensional model showing
most of the details of the detector systems. Visible at the center of the detector are the
tracking systems consisting of transition radiation detectors, scintillating fiber preshower
detectors, and silicon pads. Surrounding the tracking is a hermetic system of calorimetry—
the scintillating fiber in lead (SPACAL) option is shown. Outside the calorimetry is the
muon spectrometer, consisting of double superlayers of muon detectors before and after
superconducting air-core toroids.

BACK COVER

A three-dimensional model of the EMPACTITEXAS detector in its underground hall shows
installation of one end calorimeter. Visible is the novel overhead support scheme, feasible
because of the relatively light weight of the detector. The central elements, including
calorimetry, muon toroids, and detectors, are on fixed frames, while the end toroids and
muon detectors are mobile, facilitating access and installation of the central elements as
shown. Also visible are the large shafts for the installation of major detector assemblies.
Through these shafts the full central calorimeter in its support tube, 45 ° segments of the
central toroid, and fully assembled end toroids are lowered.
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ABSTRACT

The EMPACT/TEXAS Letter of Intent represents a merger of the EMPACT, TEXAS, and
1034 Expressions of Interest previously submitted to the SSC Laboratory. The proposed
detector provides a balanced approach to electrons, photons, muons, jets, and missing pr,
all of which are important signatures for high-mass particles and other high pyr phenomena
at the SSC. It includes a combined transition radiation detector and tracker; a scintillating
fiber preradiator with silicon pads; hermetic liquid argon or scintillating fiber calorimetry
with lead absorber, and a high-resolution electromagnetic section; and a robust muon
system with good resolution and acceptance based on superconducting air-core toroids.
Each of these systems has been chosen with careful attention to the requirements of a wide
range of possible physics signatures and to the cost guidelines provided by the SSC.
Significant engineering effort and R&D have established the feasibility of the baseline
design and will provide the basis for its further optimization. The collaboration has
profited by strong engineering and system-integration support from its industrial partners,
greatly contributing to the credibility and cost effectiveness of the experiment.
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1.0 OVERVIEW
1.1 INTRODUCTION

The major detectors constructed for the new
Superconducting Super Collider Laboratory
(SSCL) must justify the enormous investment in
the machine by having the capability to exploit the
full potential of the world’s premier facility for
high-energy physics during the first decades of the
next century. This entails the ability to search for
a wide variety of predicted phenomena, sensitivity
to the unexpected, and the ability to use the full
luminosity of the SSC as it improves. It is the
purpose of this Letter of Intent (LoI) to provide the
basis for approval of an experiment—EMPACT/
TEXAS—that can maximally exploit opportunities
offered by the SSC. We describe a detector system
offering a balanced emphasis on the key signatures
for new physics and having the capability of
extracting these signals at high luminosities. A
detailed cost basis has been used to define the
scope of the project within which the detector can
be further optimized.

This proposal is based on the efforts of three
groups that submitted Expressions of Interest (Eol)
in May—EMPACT (Electrons, Muons, Partons
with Air Core Toroids); TEXAS (Totally hermetic
EXperiment At the Supercollider); and 1034 1, 2,
3]. (Hereafter these Expressions of Interest are
referred to as EEol, TEol, and HLEol.) The groups
share a common philosophical emphasis in the
design of an SSC experiment—to provide a detector
capable of running at high luminosity, consisting
primarily of excellent electromagnetic and hadron
calorimetry coupled with a robust muon system.
Calorimetry at high energies and luminosities
provides the bestmeasurement of electrons, photons,
jets, and noninteracting particles. A robust muon
system implies excellent resolution over a large
solid angle, including forward coverage; capability
of using the highest attainable luminosities; and
high efficiency and redundancy in the face of high
rates exacerbated by hadronic and electromagnetic
debris, with a magnetic spectrometer insensitive to
minor faults. The detector is intended to be
complementary to a general-purpose device that

1-1

emphasizes magnetic tracking and is competitive
initsability to study high prphenomena withdistinct
advantages in superior calorimetry, muon systems,
and ability to exploit high luminosity.

The design of the detector under consideration
has been strongly influenced by the desire to close
all windows for the elusive Higgs, from the LEP
200 regime of 80 GeV to very heavy Higgs
manifesting itself as strongly interacting
intermediate vector bosons. But the Higgs is only
one of many possibilities. The detector will also
provide the ability to search for extended gauge
groups, for new quark or lepton families, for
indications of the compositeness of quarks, and for
new noninteracting particles. Itis felt that adetector
optimized and tested against these goals will also
be in a position to discover new and unexpected
phenomena that may occur atthe SSC energy scale.

Since the submission of the Eolsin May and the
subsequent actions of the Program Advisory
Committee (PAC), the collaboration has devoted
its effort to sharpening the focus of the experiment
and toreducing its scope within the PAC guidelines.
The nonmagnetic tracking and calorimeter
environment has been confirmed as the optimal
choice formaintenance of the detector performance
at high luminosity, stressing calorimetry over
tracking functions. The tracking system has been
reduced in scope with the elimination of a vertex
detector. The central feature is an elegant system of
transition radiation detector (TRD) tracking, now
beam tested, that provides excellent particle
identification and vertex determination. Pattern
recognition and ¢ tracking are provided by a
combined scintillating fiber tracker and preconverter
augmented by silicon pads. Excellent hermetic
calorimetry consisting of either scintillating fiber/
lead (SPACAL), or liquid argon (LAr) with lead
absorber has been improved to provide high
resolution for electromagnetic showers, enabling a
search for a low-mass Higgs using its 2y decay
mode at low or high luminosity.

Finally, the muon system has been made more
robust while reducing costs. The central feature of
the muon spectrometer remains a system of three
large superconducting air core toroids. An alternate



design of an optimized system of iron toroids was
designed, costed, and evaluated for system
performance, and found to be inadequate for our
physics goals. Significant effort by majormagnet
fabricators and fusion laboratories have further
bolstered confidence in the feasibility of
construction and reliability of air-core toroid
magnets and have provided a firm cost basis for
their construction. System robustness has been
improved by opening the bore of the central toroid,
permitting line-line measurements with space point
readout on the inner chambers and by the inclusion
of inner tracking information to improve the
efficiency for very high momentum tracks most
likely to have accompanying electromagneticdebris.
This has reduced the probability of losing a muon
track, while allowing the scope of the toroids to be
reduced by lowering the fields and reducing their
size. Because of the improved precision of the four-
point measurements, the number of planes and
channels in the muon detectors has been reduced
without seriously affecting the attainable resolution.
The additional radial space provided by increasing
the bore permits a broader optimization of tracking,
calorimetry, and muon volumes in the next phase of
the design.

Of critical value in this process have been teams
of engineers and physicists from our industrial
collaborators, Grumman and Martin Marietta.
Given the scale of the SSC detectors, EMPACT/
TEXAS has fromthe outset used expertise available
in the acrospace industry to assist in design and
integration of the detector concepts. In the time
period betweenEol and Lol the utility and efficiency
of using industry has been abundantly confirmed.
Drawing from the pool of manpower available, the
teams have tripled in numbers to respond to the
time pressure of the PAC requests. This increase
would have been impossible in the normal
environment of high-energy physics. Theadditional
manpower, including professionals in
manufacturing, costing, and other critical areas of
major project development, has been smoothly
integrated into the effort. This pool of expertise is
an invaluable resource available in major industry.
This work, in conjunction with SSCL staff, has

provided the basis for the SSCL cost guidelines for
all detectors. In this short time period, the baseline
detector was fully costed, and new designs
investigated, iterated, and thoroughly modeled. It
is this expertise that gives us confidence in the
ability to provide a detector that has been optimized
to provide the best performance at the lowest cost,
within the constraints of the physics requirements
andfiscalrealitics. While projects on the SSCscale
are new for high-energy physics, they are
commonplace in aerospace, and it seems advisable
touse the expertise, experience, and tools developed
over many years.

1.2 PHYSICS PROGRAM

The primary motivation for the construction of
a 40 TeV hadron collider is to explore electroweak
symmetry breaking, thatis, the origin of the masses
of the gauge bosons and the quarks and leptons [4].
While the source of this symmetry breaking is
unknown, the mass scale at which it must manifest
itself is not. If there is no new physics, then the
interactions of the longitudinal components of the
vector bosons, Wi, and Zp, must increase with
energy, violating unitarity at the 1-2 TeV scale.
This fact sets the 1 TeV mass scale for electroweak
symmetry breaking. In the standard model thisnew
physics is a single scalar Higgs boson. Among the
possible alternatives, supersymmetric models,
which have profoundimplications for the unification
of all forces, produce a host of new particles with
well defined interactions and decays but
undetermined masses. Possible signatures include
multiple jets with large missing prt and like-sign
dileptons. Technicolor and other dynamical
symmetry breaking models replace elementary
Higgs bosons with composite particles, predicting
a rich spectrum at the 1 TeV scale and generally
lighter particles as well. Alternatively, the role of
the elementary Higgs might be played by a tt bound
state formed by new dynamics at a very high mass
scale [5]. Composite modelsreplace the quarksand
leptons themselves with dynamical bound states.
Finally, if there is no new physics, then strong Wi,
and Z, interactions must develop in the 1-2 TeV
range [6]. A detector that measures jets, leptons,



photons, and missing pt well and can exploit the
ultimate luminosity of the SSC will be able todetect
all of these possibilities.

The cleanest method fordiscovering the standard
Higgs boson above the ZZ0 threshold is through
the decay of the Higgs to two Z9's that subsequently
decay to either electrons or muons. Figure 1-1
shows the contours in energy and luminosity for
producing 20 such Higgs events with electrons or
muons in the final state. Realistic detector and
running efficiencies suggest that discovery in this
channel for Higgs masses above 600 GeV will
require the measurement of both electron and muon
decays, and most likely higher luminosity. Figure
1-2 shows the reconstructed 400 GeV Higgs signal
with background for both the air core and iron core
toroids, and for two choices of mass cut on
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reconstructed Z%'s. The premium of good resolution,
is apparent.

As the Higgs mass increases and the cross
section decreases, there emerges aneed for searches
in more complex decay channels. These include
decays to Z9Z0 where one Z%is detected through the
leptonic decay, and the other is detected by its
decay to either jets or neutrinos. This underscores
the need for excellent hadron calorimetry, for jet
studies, and for missing pr resolution. Because it
now appears that this signal can be seen, good jet
measurements will certainly be required. Forward
tagging of spectator jets provides a critical handle,
requiring an adequate forward calorimeter covering
the region up to rapidities of 5.5. Figure 1-3 shows
the clear Z signal in jet-jet mass, from the decay of
a 800 GeV Higgs, requiring the other Z to decay
leptonically, and the presence of a forward jet. The
decays to WW are also available, but the double
leptonic decay is unreconstructible, and there is a
large background from the decay of heavy top.

T T—rr——T T T v
I | ! 1 R

— Signal+Background 1

- -
[-) 4]

Number of Events/(2GeV)
o

A PN N AT BT B

100
My (GeV)
Figure 1-3 Signal and background for Z - jj from H
—ZZwithone Z decaying to leptons and requiring a jet
with p, > 50 GeV and 11 > 3.

For Higgs masses below the Z9Z0 threshold but
above about 80 GeV, different approaches are
needed [7]. Below Z9Z0 threshold, ZZ*(virtual Z)
production can be studied through similar channels
as real Z0Z0. However, for the range from about 80
GeV to around 150 GeV, the most attractive option
is to study the rare decay of the H — vyy. This has
the added feature of providing sensitivity to the

60 120 140
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existence of nonstandard Higgs, such as those arising
in supersymmetric models. Measurement of this
branching ratio is a critical step in elucidating the
Higgs sector in standard and nonstandard models.
Superior calorimetry will be essential toreconstruct
these narrow final states and to minimize the
background. In addition to the irreducible
background from genuine two-photon final states,
further background events can arise from jet-jetand
photon-jet events where the jet has aleading x° and
masquerades as a photon. Two-photon events,
photon-jet events, and two-jet events occur in the
ratios of 1:104:108 and so jets must be distinguished
from photons with a rejection power exceeding
104 [7]. Jet rejection will be accomplished by a
combination of isolation cuts on charged particles
using the tracking system, electromagnetic and
hadronic energy cuts using the calorimeter, and
shower development and pattern cuts using the
preshower detector. Discovery in this channel will
be helped by runs at elevated luminosity. The
background is much reduced for H — vy produced
in association with a W [8]. This reduces the
requirements on detectorresolution, but because of
the much lower associated production rate, may
require running at high luminosity. Associated
production might also permit the study of the Higgs
decay to bb, but the signal-to-background in this
channel is small, requiring good b tagging with a
vertex detector and rejection of tt decays.

Fora very heavy Higgs in the TeV mass range,
elucidation of symmetry breaking will come through
studies of Wi Wy final states. Extraction of the
signal may require a measurement of event
multiplicities [9] that is particularly suited to the
capabilities of a nonmagnetic detector. Tagging of
spectator jets can provide additional handles on
extraction of this signal. Because of the small cross
sections, it is likely that these studies can only be
done at high luminosity, and thus are likely to be
done using muon rather than electron decays.

The electroweak gauge group may be larger
than in the standard model. In the search for new
extended gauge groups, a key signal would be the
detection of a heavy Z° boson. While resolution is
not likely to affect the discovery of such an object



because of the expected absence of background, an
understanding of the character of the new object
will come through measurements of its decay
asymmetry. This requires a detector with good
resolution and acceptance for muons in the forward
region.

In addition to the exploration of the symmetry
breaking sector, the SSC will provide the opportunity
tosearch for evidence of new families of quarks and
leptons. The SSC will be an ideal instrument for
studying the top quark, whetherornotitis discovered
at the Tevatron. The top must be well understood,
because it is a background to Higgs studies as well
as a possible source of symmetry breaking if its
mass arises through dynamical means. In addition,
it is still possible, for example, to contemplate the
existence of a fourth generation whose leptons
(charged and neutral) are so heavy they do not
affect the width measurements of the Z9,

Withtheenergies available atthe SSC, it will be
possible to extend the Rutherford scattering
exploration for substructure of the quarks
themselves. Through studies of very high pr jets,
it will be possible to detect compositeness at the
scale of tens of TeV or, equivalently, objects 107
of the size of the proton. This imposes constraints
on the quality of the hadron calorimetry—for
linearity, dynamic range, and compensation.

Finally, the discovery limits of the SSC are
determined by the energy and luminosity of the
machine. Designing a detector that can
accommodate luminosities significantly above the
design luminosity of 10 cm™s™! will greatly extend
the usefulness and power of the detector for
discovery of higher mass phenomena. It is likely
that the approach to high luminosity of the SSC will
occur over a S-year period, which will permit
thorough studies of lower pr physics like decays of
top, enabling an increase of thresholds in pr asthe
luminosity increases and attention shifts to studies
of high mass and high pr phenomena at the limits
of accessible physics.

1.3 DESIGN AND COST STUDIES
The PAC guidelines issued in July specify a
reduced detector scope consistent with U.S. funding

of $250 to $300 million dollars, augmented with up
to equal amounts of foreign funding. To propose a
detector within these guidelines, it has been
necessary first to determine with confidence the
costs of the detectors originally proposed in the
Eols, then to parametrize these costs for changes in
scope and performance, and finally to construct a
limited number of detector examples that fit within
the guidelines and accomplish the stated physics
goals. In parallel with this work, negotiations with
the Soviet participants in EMPACT/TEXAS have
resulted in a draft agreement indicating an expected
contribution at the level of one third of the total
costs. We now have confidence that a detector of
sufficient power can be built to provide a broad and
successful attack on SSC physics issues, and thata
major fraction of the requisite foreign funding can
be secured.

To provide a baseline from which the descoped
detector could be derived, the EMPACT detector,
as described in the May Eol, was selected. Using
detailed engineering designs of the major systems,
a full-cost estimation was commissioned from our
industrial partners. The major cost drivers of the
experiment are the calorimetry, the toroidal magnets,
and theelectronics. The calorimetry was studied by
Martin Marietta, who also coordinated the overall
costingefforts. SPACAL was studied independently
by Martin Marietta and the Draper Laboratory. The
toroidal magnets were costed by Grumman using
their own expertise augmented by independent
estimates by General Dynamics (prime contractor
for the SSC dipoles) and Ansaldo (fabricator of
HERA dipoles). The entire electronics chain was
studied and costed by LeCroy using their extensive
experience in circuit and chip design for high-
energy physics. Inall of this cost estimation careful
attention was paidto issues of risk and contingency,
which was estimated item by item, with additional
contingency generated by the use of accepted
standard factors applied to the overall project that
provides allowances for items and subsystems not
initially costed. Much of this work was done in
conjunction with SSC staff, and the method
employed has been adopted by the SSC as the
standard for all detectors.



As part of the costing tasks, effort was expended
for each system to understand how the costs would
extrapolate for changes in key parameters and
design changes. For the calorimetry, costs were
parametrized as a function of the segmentation, the
starting radius and depth for variations in absorber
material, and the fabrication assumptions. The
toroids were studied in terms of changesin physical
size and magnetic field strength, and the electronics
costs were examined as a function of complexity
and number of circuits in the chain. It is expected
that the costs are a ceiling on the actual costs that
would be obtained after new designs are executed,
as there is considerable room for further
optimization.

1.4 NEW DETECTOR BASELINE AND
PERFORMANCE SPECIFICATIONS

The detector examples discussed in this Lol
have been improved in reliability, robustness, and
performance whilereducing the overall cost. Figure
1-4 shows a side section of the detector with LAr
calorimetry. For comparison, Fig. 1-5 shows the
same section for the detector described in the EEol.
Figure 1-6 shows a quadrant of the detector with
SPACAL calorimetry for this Lol and as described
in the EEol.

The tracking detector has been simplified in
function and reduced in scope. The central feature
remains a system of azimuthal straw tube chambers
functioning as TRD and tracker. Prototype beam
tests gave results consistent with calculations and
have increased confidence in the system; these test
results have been incorporated in simulations of
system performance. The channel count for the
TRD has been reduced by removing overlaps
between adjacent sections and reducing the rapidity
coverage to 2.5. Axial tracking and pattern
recognition is accomplished with a modest system
of scintillating fibers integrated with lead converters
to provide assistance in electron identification,
photon pointing, and y/n° discrimination. ‘The
tracker is augmented with silicon pads matched to
the calorimetry segmentation to aid in trigger and
pattern recognition by resolution of ambiguities.
One of the major goals for the next design phase is
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to complete the optimization of pattern recognition
and particle identification, by considering these
elements in conjunction with the calorimetry and a
possible vertex detector. The latter has not been
included as part of the current baseline, but because
it can provide significant benefits, it will be
evaluated to test its overall cost and performance
within the scope described here.

The calorimetry technologies under
consideration concentrate on SPACAL and LAr.
Considerable design work incorporating new ideas
of casting technology have significantly reduced
overall SPACAL costs. In addition, the lateral
segmentation has been coarsened, reducing channel
count, and the fibersize in the hadronic section has
been increased. Overall performance has been
improved by the addition of a high-resolution
electromagnetic section with finer sampling,
sufficient to study the H — vy decay.

The LAr calorimetry cost has been reduced by
replacing uranium absorber with lead. This is
expected to affect the degree of compensation, but
calculations indicate this will be within tolerable
limits, and will be tested this spring. To maintain
the depth of the calorimeter, the outer radius has
been increased. To reduce costs, the longitudinal
and transverse segmentation of the detector has
been coarsened. Finally, to address the issue of H
- 7Y, the sampling of the electromagnetic section
has been increased, improving the resolution.

Beam tests of both technologies have
demonstrated sufficient resolution to achieve the
stated goals. For example, JETSET [10] has

achieved 6.5%/VE withfibercalorimetryand NA31

[11]hasachieved 7.5%/VE @0.5% withLAr. The
H - vy signal with these resolutions is shown in
Fig. 1-7.

Careful consideration has been given to avoid
compromising the resolution and coverage of the
hadron calorimetry, which is critical for studies of
jets and missing pr physics. The designs presented
here are reasonable extrapolations of current
experience, but particularly in the case of a new
technology like SPACAL, must be proven by
detailed engineering, construction of prototypes
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using improved manufacturing schemes, and
performance testing. It is projected, that with
appropriate R&D support, an informed choice of
calorimeter technology based on performance and
cost, could be made within a year.

Forward calorimetry to provide sufficient
rapidity coverage for missing pr studies has been
retained. Technologies under study include
scintillator-filled capillaries imbedded in lead
(CAPCAL), liquid argon, and high-pressure argon
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gas. Significant progress has been made in
calculating radiation levels in this region.

The muon systemhas undergone majorrevision.
Since the EEol, however, superconducting air-core
toroids remain central elements of the spectrometer.
Major design effort has been expended to confront
issues of optimization, assembly cost, and schedule,
employing expertise from major magnet fabricators
and fusion laboratories. Resolution studies have
underscored the improvement in performance to be
gained by going from point-line measurements to
line-line [12, 13]. To allow this, the inner radius of
the central toroid has been increased to over 5 m,
keeping the outer radius and maximum field the
same, while the inner superlayer of chambers has
been split in two. Although the field integral is
reduced, the momentum resolution is essentially
unchanged. The new design has the additional
benefit of reducing the probability of losing a muon
because of debris obscuring the track in the first
chambers after the calorimetry. The space gained
is available for lever arm, for displacing the first
chambers away from the calorimetry further
reducing backgrounds, and for relieving space
constraints on the calorimetry system, permitting



full depth with lead absorber instead of uranium.
Determination of the event vertex at the level
achievable by the TRD provides additional
robustness in the case where the inner muon
chambers are obscured by debris accompanying
high-momentum tracks.

The costs of the changes to the central toroid are
minimal—reduced volume is offset by increased
conductor costs. Major cost savings are
accomplished by reducing the size and fields of the
end toroids. The muon system has been further
descoped by reducing the number of planes outside
the toroids and slightly increasing the cell size. In
addition, the outer lever arm has been reduced,
decreasing the area of the chambers. Atnoadditional
cost, the nonbend chambers inside the toroids will
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be replaced with cathode strips providing space-
pointreadout, greatly improving pattern recognition
and muon finding in the busy environment after the
calorimetry. Chamber construction, assembly, and
alignment, while underfunded this year, are being
studied in programs initiated in the U.S. and the
Soviet Union.

With all these changes, good resolution for
muons has been maintained. While somewhat
degraded from the EEol, the system still provides
resolution comparable to the natural width of Z0's
from the decay of an 800 GeV Higgs as shown in
Fig. 1-8 and is well matched to the kinematics of the
decays of a heavy particle produced at the SSC.
Also shown are the intrinsic width of the Z% and the
improved resolution for electron decays. For
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Figure 1-8 Reconstructed width of Z from 800 GeV Higgs decay to leptons. Shown in (a) natural width
(b) width for muons using air toroids (c) width for muons using optimized iron toroids and (d) width for

electrons.
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comparison we include the resolution obtainable
from an optimized system of iron toroids [14}—
which would add 30 000 tons to the weight of the
detector, decrease the efficiency for higher energy
muons because of unobservable radiation losses,
jeopardize the efficiency of the outer chambers,
and raise the minimum energy of a detectable
muon, degrading the efficiency and resolution for
such processes as Higgs decays to ZZ*.

In conjunction with developments of the design,
progress has been made in detector simulation and
beam tests. A detailed simulation of radiation
levels in the detector using GEANT and MARS10
[15] has identified major sources of backgrounds
and raised confidence in the ability to run at 10°*
cm™2s71,

Calculations have provided valuable insight
into hadronic punchthrough, electromagnetic
backgrounds accompanying muons, muon energy
loss in calorimetry, and optimization of the muon
detector arrays. The ray tracing capabilities of the
three-dimensional engineering models has been
extended to allow comparisonsof multiple scattering
of muons to be directly compared to the bending
provided by the toroids. Using data obtained from
beam tests of TRD modules, simulation of
performance gives added confidence in the ability
to identify electrons and high-momentum muons.
Excellent results have been obtained in test beams
for SPACAL calorimetry, enhancing confidence in
this technology [16]. Tests of new configurations
of absorber and readout for liquid argon, indicate
enhanced performance at high rates [17].

1.5 DETECTOR OPTIMIZATION

The detectordesignspresented in thisdocument
are intended to provide examples to illustrate the
performance and the scope or cost of such a project.
The expected performance is summarized with
specificationslisted in Table 1-1. Itmustbe stressed
that the example detectors presented here still require
considerable effort in optimization, and in many
cases demonstration of performance in beam tests
and engineering prototypes. The examples are
intended as an illustration of feasibility and to seta
scope for the project. The optimization and the

Table 1-1 EMPACTI/TEXAS Performance Summary

TRD/TRACKING
Coverage* n<2s
Rejection 3 x 1073 for Px < 50 GeV/c
Efficiency 0.9 for Pe > 1 GeV/c
Channels:
TRD/Tracker 290 000
Preshower 476 000
Sl. Pads SPACAL 30000
Sli. Pads LAr 62 000
Totat Channels SPACAL 796 000
Tota!l Channels LAr 828 000
CALORIMETRY
Coverage n<5.5
Depth atn=0 atn =3 atn=55
SPACAL 1070 Active 14.0AActive 1452 Active
1201 Total 14.0) Total 15.2 Total
LAr 10.3 L Active 145X Active 14.5) Active
11.6A Total 15.2 Total 15.2 A Total
An=Ag atn=0 atn=3 atn >3
SPACAL 0.05 0.14 0.2
LAr EM 0.035 0.035 —
LAr HAD 0.07 0.07 0.2
AE/E (GeV)
SPACAL 0.075/VE @0.005 EM
0.5/VE ® 0.01 HAD
LAr 0.075 NE @ 0.005 EM
0.5/VE ® 0.01 HAD
Total Channels SPACAL 26 500 LAr 118 000
MUON SYSTEM
Coverage N<c25
Bmax 1.5 T Central; 3.5TEnds
Fleld Integral 25Tm atn=0; 12Tm atn=25
Stored Energy 0.8 GJ central; 0.5 GJ each end
Number of Superlayers 120
Alignment Accuracy 25 um externa ; 50 pm internal
Max Drift 1.25¢cm
Spatial resolution/plane 200 pm
Measurement planes/track 28 Bend 10 Non Bend
Total Channels 410 000
AP/P 4% 100 GeV;7.8%€00GeV =0
1% 100 GeV; 1.8%600GeV 1 =25
PHYSICAL PARAMETERS
Diameter(m) Length(m) Weight (MT)
TRD 20 6.0 1
SPACAL Calorimeter 7.8 16.6 2378
LAr Calorimeter 8.0 16.6 3075
Forward Calorimeter (ea.) 3.5 3.1 225
Central Toroid 16.6 16.6 797
End Toroid (ea.) 18.6 5.1 385
MUON Detector™* 248 34.9 795
Total Detector Weight SPACAL 5 191
Total Detector Weight LAr 5888
* n Is written for |n| everywhere in this document
** Includes alignment structure
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iterations to be performed will use this scope and
physics performance specification as a constraint,
finding the best combinations of technologies and
the optimal distribution of detector elements to
maximally exploit the SSC physics.

This process of design optimization by iteration
has been part of our method from the outset. The
key missing ingredient from this process was a
financial or scope constraint that has now been
supplied by the SSC. This hasprovided theimpetus
for the new baseline detectors described in detail in
this Lol. The remaining steps of performance and
cost iteration must still be studied in far greater
detail than has been done in the short interval
available between Eol and Lol. This will involve
progress towards the critical choice of calorimeter
technology, which in turn will determine the final
choice of tracking components and the relative
reliance on preconverters, TRD, and vertex
detectors. This optimization requires performance
and cost data from all systems to be fully executed.
This is a major function of the systems integration
effort that will use systems codes available from
industrial partners with expertise in major project
design and management.

The collaboration has demonstrated its expertise
and creativity in the original and descoped designs
and will bring to bear the most advanced tools
availablefor detector design, integration, simulation,
and project management. The collaboration has
been growing, and it is expected that if approval is
granted, many additional physicists and institutions
from the U.S. and abroad will be integrated into the
effort.

The remainder of this document describes in
detail the detector systems, the anticipated physics
performance, and the cost basis for the proposed
detector examples.
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2.0 CALORIMETRY

INTRODUCTION

The calorimeter is the crucial element of the
EMPACT/TEXAS detector. Calorimetry identifies
and measures photons, electrons, muons, jets, and
by missing pr, neutrinos. Scintillating fiber
(SPACAL) and liquid argon (LAr) calorimetry
will meet the physics requirements. Detailed
designs are presented and a focused program of
research and development (R&D) to optimize these
technologies is outlined. The forward calorimeter
presents a special challenge because of the high
radiation levels, but viable solutions exist. We
intend to choose the technologies for the SSC
proposal over the next year based on the
demonstrated physics performance, technical
assessment, and cost.

2.1

2.2 PHYSICS REQUIREMENTS

The physics requirements for calorimetry are
summarized in Table 2-1, and some of the more
salient issues are discussed briefly below. The
radiation doses have been calculated for our
geometry, and have been found to belessdemanding
than estimated in our Eols[1]. Thedose is maximal
foravery small area of the end capcalorimeter near
T ~ 3 where it reaches ~ 10 Mrad/year at 1034
cm2s-l as shown in Fig. 2-1. The forward
calorimeter must withstand more than 1 Grad at
small radii as shown in Fig. 2-2.

Electrons, muons, and jets above 20 GeV are
required to be timed to the bucket in which they
were produced. This requirement and pile-up
considerations require fast response, especially for
high-luminosity operations. Integration time should
cover a minimum number of beam crossings.

A significant improvement over that of the
EEol in the electromagnetic (EM) calorimeter
resolution has been implemented, extending its
capability to find an intermediate mass Higgs.
With the resolution described as

og/E=A/ JE®B (where @ indicates the terms
add in quadrature), the specification is A £ 7.5%
and B £0.5%. Asshownin Sect. 6, thisis sufficient
to find a Higgs in the mass range between 80to 180

Table 2-1 Calorimeter Requirements

Physics
Attribute Requirements Specification
Survivability 1034m2sec" lyear
EM < 10 Mrad
HAD < 1 Mrad
Forward < 3 Grad
Dynamic Range
EM |Low - 50 MeV Shower Talls 105
High-5 Tev 2Z°*
HAD |Low - 3.5 GeV 4
High- 15 TeV Jets 10
Energy
Resolution 7.5%
EM H- — @ 0.5%
v VE
15%
fz VE @™
HAD Z-jj S0% oy
VE
. 50%
Co iten - 2%
mpositeness VE
Time
Resolution
EM e,Y.4 <16ns
HAD jet,pn <1i6ns
Noise
EM ely Isolation ZEr<5GeV
inAR=0.2
Depth
EM Resolution 25-30 Xo
HAD Punchthrough 1115
Hermeticity Holivv Apy < v Bkgd
n- 55
Segmentation
EM | Ax~1mm, nty Overlap |An=Aps0.05
HAD Z-jj An=Aps 0.1

GeV through its yyor Z Z* decay modes. We have
calculated [2] the effect of the sampling term A on
the significance of the H — yysignal for a 120 GeV
Higgs. Some of the results are shown in Fig. 2-3,
and they indicate that discovery is viable for My >
110 GeV in one year at L = 1033 cm2s-1 with A =
7.5% and in somewhat longer periods for lower
mass.
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Figure 2-1 Radiation doses for 1 year at 104 cm2s7!
Jor the end cap calorimeter of the EEol (doses are in
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Figure 2-2 Radiation doses for 1 year at 103%cm2s-!
Jor the forward calorimeter of the EEol (doses are in
Mrad and assume lead and scintillator [1]). Lower plot
is an enlargement of a section of the top plot.

For the calorimeter transverse segmentation,
we have chosen An = Ap = 0.05 for the EM and
hadronic (HAD) sections of the SPACAL option,
while for LAr we have chosen An = Ap =0.035 for
the EM section and An = A¢ = 0.07 in the HAD
section. Experience with the NA34 liquid argon
calorimeter has shown the value of small (2 cm)
EM pads for electron identification near a jet. The
calorimeter must be able to resolve single muons,
and the dynamic range and noise specifications are
consistent with this requirement. The active depth
is 10.7 A near n =0, growing to 14 A at 1 =3. The
shower centroid resolution is set by the n/yoverlap
background for electrons. While the preradiator
provides some redundancy for this, the proposed
segmentation provides position resolution of about
1 mm. The hermeticity requirement is set by the
magnitude of the irreducible missing Ep from
neutrinos, requiring the calorimetry to cover
N < 5.5. Further, to maintain a calorimeter
resolution with a constant term of 0.5% requires
that the energy scale of each cell be known at this
level.
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Figure 2-3 Statistical significance for H — Yy vs
sampling term for integrated luminosity of 1090 cm-2,



2.3 SCINTILLATING FIBER
CALORIMETRY
2.3.1 Baseline Design

Scintillating fiber calorimetry, while arelatively
new development, has shown dramatic progress
within the last few years. The SPACAL group [3]
has demonstrated the speed, compensation,
uniformity of response as function of impact point
andangle, energyresolution, and e/n separation that
canbeobtained with a scintillating fiber calorimeter,
while in the U.S. the SSCintCal group [4] made
progress in scintillating fiber construction
techniques andradiation hardness studies. Boththe
EEol and TEol included scintillating fiber
calorimeters as options, and emphasized the
capability of this technique for achieving our
common physics goals.

The hermetic arrangement of uniform,
projective SPACAL towersis designed for uniform
response to decrease backgrounds for missing Er
measurements. Compensated calorimetry is helpful
for energy measurements of jets and for invariant
mass reconstruction from jet energy measurements.
The inherent speed of scintillation light production
and collection satisfies the speed requirements.

To provide the capability for detection and
measurement of an intermediate mass Higgs boson
through the H — ¥y decay mode, it was found to be
necessary to separate the EM and HAD sections of
the SPACAL calorimeter so that each section can
be optimized separately. Measurements [5] have
shown that e/r = 1.05-1.10 for a fiber-to-lead
volume fraction 1:4. To adjust thisratioto becloser
to 1.00, the fiber fraction must bereduced. We have
chosen fiber:lead = 1:5. The EM sectionisdesigned

to achieve a resolution of og/E = 7.5%//E ©0.5%
mainly through finer sampling with smallerdiameter
(0.5 mm) fibers. An extrapolation of SPACAL
measurements with 1 mm fiber gives us confidence
that this resolution can be achieved
(see Sect. 2.3.2).

Some downscoping of the calorimeters
envisioned in the Eols has been necessary. In
particular, the calorimeter segmentation is now
0.05 x 0.05 (4 times as large as the TEoI). Additional

cost savings result from the change in fiber : lead
ratio, and from the use of 3 mm diameter fibers in
place of the 2 mm diameter fibers originally planned
for the HAD calorimeter compartment.

The EEol and TEol, cost estimates for
scintillating fiber calorimeters are based on
experience with laminated prototypes along the
lines developed by the SPACAL [3] and JETSET
[6] groups. Extensive design studies of this and the
alternative technology of low-melting-pointcasting
have resulted in significant cost savings. The latter
would use low-melting-point lead alloys. These
techniques have been demonstrated with small
prototypes, and the developmentof large-scale cast
prototypes for a high-energy test beam study is
currently underway [4].

For the baseline design, separate EM and HAD
sections will be used. They are optically coupled
through mass fiber splice joints, and mechanically
coupled with optical epoxy [7]. Effective
longitudinal segmentation is achieved through the
separate readout of fibers that go through the entire
HAD section and EM section, and fibers, which
because of the projective geometry, only extend
through the HAD section. This arrangement is
indicated for a representative tower near 1 =0 in
Fig. 2-4.

EM calorimeter sections use 0.5 mm diameter
scintillating fibers arranged in a rectangular lattice,
with a volume ratio of 1 part plastic fibers to 5 parts
lead/bismuth alloy. This alloy is a dense (9.6 g/
cmd), low-melting-point (70°C) eutectic mixture
with an extremely small thermal coefficient of
expansion and other desirable mechanical
properties. A small constant term in the energy
resolution of this device is achievable through a
combination of the following: regularity of the
fiber lattice; uniformity of the absorber density;
uniformity of the light yield from individual fibers
and of the optical coupling efficiencies; rotating the
fiber axes by at least 5° from the incident particle
axis; mixing of light from different parts of the
calorimeter to more uniformly illuminate the face
of readout photomultiplier tubes (PMT); and
smoothing the response across tower boundaries.



Each EM section is followed by a HAD section
consisting of 3 mm diameter fibers and lead alloy
inthe volumeratio 1:5. These fibers will be exactly
projective and have no mirroring on the front ends
because of the larger attenuation lengths expected
for 3 mm fibers. Fibers will end flush with the lead
at the readout side and will be coupled through an
optical fiber bundle to photomultipliers. Each fiber
bundleisembedded in lead to increase the shielding
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of the muon chambers. The assembly of integrated
towers and their installation into a complete
calorimeter is illustrated in Fig. 2-4. Properties of
the design are listed in Table 2-2 and Fig. 2-5.

A preliminary manufacturing design for all
components of the scintillating fiber calorimeter
has beendeveloped [7]. ForEM and HAD sections,
fibers are fed in parallel from large numbers of
spoolsthrough die-cast precision positioning plates.

U
(e)

(d)

(@)

Figure 2-4 Construction details of the SPACAL design. (a) Coupling of 0.5 mm EM fibers to 3 mm HAD fibers;
(b) single tower; (c) coupling of fibers to PMTs, dashed areawill be filled with lead alloy; (d) ring detail; (e) super-

ring; (f) central barrel; (g) full calorimeter.
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Table 2.2 Specifics of SPACAL design

For the EM portion of the tower, the fibers are first
fixed in place by one low-melting-point alloy, then

M Secti Hadronic Secti Total . . .
E fon | Tadron S ° immersed in a second such alloy with a lower
Total Xo 30 melting point. By only threading fibers once during
1‘};}&" 10.7(n=0)| the setup for fabrication of a large number of
' m"m 14 @m=3)| towers, a high-volume production process is
developed that minimizes setup and handling. The
el 0.67 0.67 HAD sections are cast into a large form and then are
AnxAo | 005x005| 0.05x0.05 slow.ly extracted vyhxle solidifying, .formmg a
continuous production process. Sections of the
Thermal <5 MeV <5MeV proper length are then cut and machined into shape.
Noise The two parts of the tower are then optically and
Numberof | 11482 14082 26 464 mechanically {ntcgratcd with radiation hgrd-ePoxy
Channels bonds. Epoxy is also used to bond towers intorings,
and rings into “super-rings,” each time generating
Fiber 0.5 mm 3.0mm a stable and self-supporting structure.
Radiation damage is a key issue forscintillating
Xo = 0.82cm Weight (MT) fiber calorimetry, and the radiation hardness of
A=220m 2379 fibers has greatly improved over the last few years
375 Towers 375 Towers
500 Towers ( 375 Towers 2375 Towers /— 1000 Towers
A9
1 ' , 750 Towers >0.05
,// //% ‘ Eta = 159
390.0 /// , ~
235.0 12.
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8000 Towers 3491 Towers 14 982 Towers

Figure 2-5 Quarter section of baseline SPACAL option (dimensions in cm).
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and is still improving. Existing plastic scintillating
fibers have been demonstrated to withstand
integrated doses of more than 1 Mrad within
calorimeter modules, even before accounting for
annealing andrecovery [8]. Thisis already sufficient
for most of the calorimeter (sec Fig. 2-1), while
further progress is expected to extend the reach of
this technology to more forward regions.

A calibration beam at the SSCL will be used to
obtain absolute calibration of some of the completed
EM calorimeter modules in the 2-3 years before pp
operation commences. This calibration will be
used as a measurement of variation between towers
and to provide an initial calibration. The EM
sections of the calorimeter will be calibrated in situ
by using Z — ee decays from pp interactions.
Inclusive Z production rates are sufficient to give
over 106 dielectrons per SSC year in the barrel
calorimeter alone (| 1 | <1.5). With cell size 0.05 x
0.05, this is about 500 e’s per cell. The Z mass
should then be determined with a precision of about
100 MeV per cell per year, well under the 0.5%
requirements. All EM cells will be calibrated this
way and with the absolute scale fixedusing Mz. The
beam-calibrated modules will be a reference and
starting point.

The absolute calibration requirements for the
HAD section are not as stringent as for the EM
section. It is planned to calibrate some of the
detector modules in the test beam and to cross
calibrate the remainder by Et balance and energy
flow uniformity. The calibration will be fixed with
respect to the EM section using QCD events with a
single photon recoiling against a HAD jet. This
technique has been demonstrated to be effective by
CDF [9].

Calibration of time-dependent variations of
scintillating fiber calorimetry is accomplished
through three basic methods: (1) radioactive
sources, (2) UV and visible light sources, and (3)
beam signals. UA2[10] and CDF [11] have shown
that this combination can give calibration with a
precision of 1.0%. A set of fixed and moveable
radioactive sources will be builtinto the calorimeter
structure. The performance of the optical
components of the readout chain, including

photomultiplier gains, light transmission, and time
offsets, are best monitored and controlled through
a UV laser-based light pulsing system. The optical
stability required here has been achieved in other
large experiments [12], so that with proper care the
systematic error requirements of the EM section
are manageable.

2.3.2 Recent R&D Resuits

In addition to the published results available at
the time of our Eols fromthe SPACAL collaboration
[3], there are now new beam test results from the
operation of a 13 ton (instrumented) SPACAL
prototype [5], as seen on the separator tab. This
prototype has a diameter of 5.5 A and a depth of 9.5
A, which is large enough to contain HAD showers.
It was constructed of 1 mm diameter fibers and lead
in the volume ratio 1:4. Beam tests were performed
with electrons and pions in the energy range 5-150
GeV, as well as with “jets” (simulated by placing a
thick target in the test beam upstream of the

- calorimeter at two different distances).

New information learned in these tests that is
relevantto the calorimeters being proposed follows:
1) Compensation—The measurement of e/x,
as mentioned in Sect. 2.3.1, was between 1.1
and 1.05. Itis anticipated that it can be more
nearly 1.0 by reducing the volume ratio of
scintillating fiber to lead from 1:4 to 1:5.
Hadronic Energy Resolution—Hadronic
energy resolution for single pions is measured
to be 6,/E = 28.9% /VE +2.6%. The constant
term is about 1.5-2% for “jets”and is
understood to result about equally from the
attenuation of light in the fibers and e/x #
1.00. Itis expected that the constant term for
jets will be about 1% when the e/r ratio is
changed to 1.00 (see item 1).
Electromagnetic Energy Resolution—The
EM energy resolution is measured to be
12.4% /NE + 1.3%, consistent with other
published results. The constant term in the
EM resolution is caused by the measured
1% variation in the sampling fraction as the
impact point of electrons is changed over the
equilateral cell. The stochastic term and the

2)

3)



constant terms are measured to be reduced by
about 20% if the angle between incident
electrons and the fiber axis is increased from
3°to 5°. Also, the constant term is expected
to be reduced if the fiber diameter is reduced
from 1 mm to 0.5 mm, because four times
more fibers then participate in the shower
development.

Signal Speed—The e/ ratioand HAD energy
resolution have been measured as a function
of the ADC gate width at 80 GeV—both
reach their final values for gate widths as
short as 35 ns.

Electron-Pion Discrimination—A careful
study of electron-pion discrimination using
the SPACAL array of monolithic towers has
been carried out. Several techniques using
the lateral shower spread ortime development
of the showers have already demonstrated the
ability to identify isolated electrons. Studies
are underway to develop similar techniques
for finding electrons in or near jets [13].

4)

5)

23.3 Future R&D

Having selected low-temperature casting with
separate PMT readout of EM and HAD sections as
the production technique of choice, there must be a
demonstration that the performance that has been
achieved with laminated devices can be preserved
and extended. In addition to constructing and
testing of full-scale prototypes, there must be greater
understanding and control of radiation damage
processes, more detailed designs for readout and
calibration systems, further development and testing
of the methods for calorimeter mass production,
and a detailed engineering design that provides
structural stability while facilitating assembly and
access.

The baseline production design for cast fiber
calorimeters contains some novel techniques that
will require experimentation to optimize fixturing,
tooling, choice of materials, and to better estimate
production rates and dimensional tolerances. The
integration of EM and HAD sections intoan optically
linked tower requires uniformmass-coupling splices
of many fibers, and the performance of these

couplings must be tested in real devices. This work
must be carried out in concert with simulations and
physics studies to determine specifications for
device uniformity, geometry, and composition
through a cost and benefit analysis.

Because of the special importance of electrons
and photons to the physics goals of the detector, it
is important to pursue alternative approaches to the
baseline EM calorimetry, all of which are to be
tested in front of the 13 ton SPACAL prototype.
1)  Oneoption being considered is the readout of
0.5 mm scintillating fibers at the boundary
between EM and HAD calorimeter segments
with vacuum phototetrodes. The tetrodes
would be complemented by bipolar-shaped
amplifiers, optimized for low noise. This
option preserves compensation in the EM
section and gives unambiguous longitudinal
segmentation. The consequences of particles
from HAD showers traversing the electrode
structures of the tetrodes mustbe investigated.
Itis planned to build a few small EM modules
withtetrodereadoutand test them both normal
and reversed (the tetrode in front).

Another variation being investigated is
increasing the fiber packing fraction from 1:5
by volume to 1:1 by volume, as in JETSET
[6), and using 1 mm diameter scintillating
fibers. Readout would be performed with
phototetrodes as above. This increases the
light yield and should decrease the constant
term if fiber spacing and uniformity are well-
controlled. The consequent loss of
compensation inthe EM section will be tested.
Studies are underway to investigate the
replacement of the SPACAL EM section
with a silicon option with either lead or
tungsten absorber, as in the EEol. The
sampling frequency is chosen so as to obtain

an energy resolution of < 10% /VE .

2)

3)



Selection of compatible materials with
appropriate mechanical, optical, and radiation-
hardness properties will require careful study.
Radiation damage has a complex and profound
dependence on choices of materials and
production techniques. The complex issues of
radiation chemistry; the role of the gas atmosphere
and, in particular, oxygen in the annealing process;
and the effect of calorimeter construction techniques
on the radiation hardness of the resultant modules
all require further study. Substitution of 115° C
Pb/Bi alloy for the 70° C Pb/Bi/Sn/Cd alloy, for
example, eliminates neutron-absorbing cadmium
and provides a path for oxygen to reach fibers
(because fibers must be inserted into holes in a
previously cast block), but somewhat complicates
the fabrication process. Similarly, the selection of
the best radiation-hard epoxy with desirable
mechanical and optical properties requires
investigation. Prototype calorimeter towers with
various test fibers will be irradiated. Long-term
exposure of calorimeter modules through gradual
irradiation over many months is planned, including
measurements of the demonstrated capacity of
plastic scintillating fibers for annealing and
recovery.

This program of test beam work will require
electron, pion, and muon beams at high and low
energy. The program will alsorequire high-intensity
beams for radiation studies.

A full design of a scintillating fiber calorimeter
will require a number of thorough studies that have
thusfarreceived only preliminary work. Tolerances
in the fabrication of individual towers and in their
assembly must be accounted for together with the
physics consequences of cracks and
nonuniformities. Also, a more detailed design of
support structures, readout systems and cables,
calibration hardware, and provisions for assembly
and access must be made. Experience with prototype
devices must be used to optimize production
techniques, form better estimates of production
schedules, and determine the structural integrity of
fiber towers and their support structures.
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24 LIQUID ARGON LEAD

CALORIMETER

2.4.1 Baseline Design

LAr calorimeter technology is a relatively
mature field. However, there are still details that
need to be explored to optimize the system. Its
established features—radiation hardness, ease of
calibration, cost effectiveness, and long-term
operating experience—make it an attractive
technique for the SSC. The EEol proposed the use
of uranium plates as the radiator material because
of the uniform response to electrons and pions [14].
However, in downscoping the calorimeter design,
the baseline absorber has been changed from
uranium to a lead-steel sandwich material that
appears tobe areasonable and affordable alternative.
The unit cells now proposed are shown in Fig. 2-6
and the basic properties are listed in Table 2-3.

EM Confi i
p = 438 gm/cc
Xo=179cm

A =3680cm

Cell Length = 0.72 cm

High Voltage gs50.1 mm

S$S 0.1 mm
Hadronic Configurati
p = 8.13 gm/cc '
Xo= 0.88cm I8 :
A= 21.66cm v A
Cell Length = 1.8 cm \ \
.,;:, : :
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!.‘;fl;w T e |
4
SS G110 Signal Board
1.25 mm 1imm
Figure 2-6 Unit liquid argon calorimeter cells.
Honeycomb is used in argon gaps.



Table 2.3 Specifics of Liquid Argon Design
EM Hadronic
Section Section Total
Total Xo 25 225 250
Active Thickness |  1.212 9.11(90°) [10.34 (n=0)
® 145 (n="3)
e 0.77 0.635
Sampling Fraction] 0.213 0.0482
AnxAe 0.035 0.07
Thermal Noise in
AR = 0.2 (100 ns) 0.15 1.60 1.61
(in GeV)
Number of
Channels 56400 61920 120,320
Xo = 1.79 cm | Xo = 0.88 cm| Weight (MT)
A=368cm {A=2166cm 3075

The basic cell of the HAD section is comprised
of a lead steel sandwich 13 mm thick followed by
a 2 mm LAr gap, a 1 mm G10 readout board, and
another 2 mm argon gap. The change from uranium
to lead reduces the overall density by ~20%, and
may affect the e/n and energy resolution. This

configuration should still provide 50%/VE HAD
resolution and the required thickness for total
shower absorption although a larger radius is
required. While the e/n ratio has not been well
measured in a lead calorimeter, we believe it to be
about 1.2 at 11 GeV from SLD measurements [15].
Calculations support a similar value [16,17]. The
LAr subsystem group will make a precise measure
of e/x with 12 mm lead plates next spring, with the
apparatus shown on the separator tab. One may
perhaps improve e/t by suppressing the electron
response through the use of an optimal thickness of
iron cladding on the lead plates [16]. The addition
of allene may boost the HAD response compared
to the electron response [18]. Both approaches will
be tested in the LAr subsystem tests [19].

The modules being designed are similar to the
SLD style except that the transitions between them
are nonprojective to eliminate cracks. To obtain
sufficient EM resolution to search for H — vy, we
have reduced the thickness of the EM absorber
plates to 2 mm; NA34 [20] has achieved aresolution

of 7.5%/VE and a systematic term of 0.5% with a
similar arrangement of plates. To properly weight
the energy lost in the 4.1 cm (N =0) and 6.1 cm (0
=2) aluminum in the vacuum and argon vessels, the
appropriate number of massless gaps at the front of
the EM calorimeter will be added electrically to the
first EMlongitudinal sample. Thefirst HAD section
following the EM is ~20 X deep so that any energy
leaking into the HAD section would be added. A
calculation has shown that using silicon pads justin
front of the cryostat, massless gaps, and the HAD
section preserves the energy resolution (Fig. 2-7)
[21].
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Figure2-7 Energy resolutionfor 50 GeV yvs depth for
the LArbaseline calorimeter including corrected energy
from the silicon pads in front of the cryostat, and the
massless gaps in front of the EM. The diamonds
represent the resolution without the addition of the first
HAD section energy; the pluses include the first HAD
section energy.

Quantitative studies of the speed of response
achievable in liquid argon calorimeters and the
pileup effects at luminosities from L =1033 t0 1034
cm-2s-1 have been performed [ 22]. Thekey findings
in these studies are:

1)  Anintegration time (or charge measurement
time) of t = 48 ns (three bunch crossing
intervals) is realistic for hadron calorimeters
on the basis of the charge transfer time from
the electrodes to the amplifiers and of the
fraction of the induced charge observed to



2)

Figure 2-8 Quarter section of LAr baseline (dimensions in cm).

obtain a sufficient signal-to-electronic noise
ratio. Pure liquid argon operated at a low
electric field of 10 kV/cm (2 kV on a 2 mm
space between electrodes ) is assumed. The
resulting calorimeterresponse has an effective
width of = 5 bunch crossing intervals. This
bipolar shaping is equivalent to gated
_integration of the signal from a scintillator
calorimeterfor2.5x 16=40ns, andintegration
(averaging) of the baseline for 40 ns. For
purposes of determination of the pileup noise,
these two gates are equivalent to an overlap of
events from five bunch crossings.
The effect of pileup caused by minimum bias
and two-jet events and of the electronic noise
has been evaluated for typical calorimeter
configurations and samplingratios (11 A deep
with a sampling ratio 5% in the hadronic
part). For a trigger tower of An = A¢ =0.32,
the standard deviationintransverse energy, at
N =0 varies from6(E,) = 1.3GeV atL = 10*
cm?s't02.6GeVat10*cm s, Thesevalues
decrease significantly as 1 increases. The
timing uncertainty is 6, E. = 75 GeV ns at
N = 0. Thus the assignment of energy to a

3)

particular bunch crossing will have
uncertainties of 1 ns and 3 ns at 75 GeV and
25 GeV respectively. These values also
decrease as 1 increases.

EM sections have a lower capacitance and a
higher sampling ratio (larger signal), and they
can be operated with shorter signal processing
times. An integration time of 2 x 16 =32 ns,
and an effective width for pileup of less than
4 % 16 = 64 ns has recently been shown to be
practical. This may be of particular interest
for high-resolution, high-granularity EM
calorimeters in the forward direction.

The new arrangement of the central and end
calorimeters is shown in Fig. 2-8 [23] with
properties listed in Table 2-3. The barrel has
become slightly longer and deeper than in the
EEol. This is done to optimize the total weight
because the end calorimeter can be made slightly
smaller in radius by making the barrel longer. We
have not performed a complete engineering design
of the new configuration, but are confident, on the
basis of our past work [24], that the design is viable
from structural, thermal, and assembly points of
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view. The number of active and total absorption
lengths versus 7 is shown in Fig. 2-9. This has
been derived from the 3-D CAD model of the
calorimeter. The resulting resolution is displayed
in Fig. 2-10, calculated as we have in the past [24].
The transition between the central and end
calorimeters has been shown not to degrade the
missing pr performance of the calorimeter, although
the 1 = 3 transition could be more of a problem not
unique to LAr (see Sect. 6.3.1.6). The forward
calorimeter must be located at a substantial distance
from the end cap calorimeter to reach a coverage
out to 11 = 5.5 (if closing the end calorimeter down
to the beam, the coverage would only be to
N = 4). Also, by withdrawing the forward
calorimeter, the radiation dose to most of the
forward calorimeter is reduced.
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Figure2-9 Active and total absorption lengths vs 1 for
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2.4.2 Recent Progress and Future R&D
A new concept for LAr calorimetry called the
“accordion” has been beam tested [25]). This idea
optimizes the speed and hermeticity of a calorimeter
by using the signal boards to transport the charge
longitudinally in the calorimeter to the preamps.
This allows low inductance ganging of connections
to be easily achieved. The EM prototype tested at
CERN this last summer had extraordinary
performance. The energy resolution for electrons
using 2 mm lead plates clad with 0.1 mm stainless

steel was measured to be (10.2%i0.5%)/w/§ +
0.03%10.05%. The position resolution for 125
GeV electrons was measured to be 0.700 £0.015
mm. The signal/noise for minimum ionizing
particles was 30/1—with 100 ns shaping. While
the baseline is still a parallel plate stack, the design
of a projective accordion stack has been started.

Progress on a concept called BRITE PADS has
also been reported recently [26]. This idea uses
shaped pads capacitively coupled to finely pitched
strips that reduce the number of separate readout
channels, while at the same time giving better
resolution. A bench test of a prototype system gave
promising results. Such a system could have
significant effect on the cost and performance of
the calorimeter.

We are also looking into the possibility of
replacing the G10in the EM section with lead tiles.
These tiles would be bonded to the honeycomb
spacing material for strength and positioning. If
this can be achieved, then the EM section can be
reduced by 33% in thickness and the EM resolution
improved even further.

Other R&D projects are underway including
studying requirements of cooling of the preamps,
developing high-density feedthroughs, and detailed
design of the modules.

25 FORWARD CALORIMETER

Many physics signatures relying on detection
of missingenergy and tagging of forward jets—such
asH-!1jj, H-llvv, H-lltt, and SUSY—
require a high-quality forward calorimeter system.
These regions present some formidable problems
that must be considered carefully in designing an
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optimal system. The forward calorimeter region
has the largest rapidity coverage per unit area (and
per shower size), must withstand the most intense
radiation doses, and must deal with energies
approaching the beam energies of the colliding
protons. As a result of these rather severe
performance criteria the technology choice for
calorimetry in this region is likely to be quite
different from those presented in the preceding
sections.

We consider liquid argon as a credible baseline
choice that will function in this region. However,
care must be taken to position the preamps outside
of the small high-radiation volume (Fig. 2-2). Lead
is the default absorber, but studies will be done to
verify its performance.

We are pursuing alternative technologies that
hold much promise: liquid scintillator-filled fibers,
high-pressure gas, and radiation-hard crystals.

2.5.1 Liquid Scintillating Fibers

One strong contender for solving these technical
problems is the liquid-filled capillary calorimeter
module (CAPCAL) that uses scintillating liquids
contained in radiation-hard capillaries, which are
then embedded in a high-density absorber, either
lead or tungsten. Liquid scintillators have been
observed to withstand higher doses of radiation
than their solid counterparts [27] with comparable
light outputs. Further, these liquids offer the
possibility of being circulated through the forward
calorimeter module, where the scintillator’s light
output response can be monitored and the liquids
can be purified and recycled to maintain long-term
stability over the period of several SSC runs
[27,28]. Based on scintillationcounting technology,
CAPCAL also provides the high-speed response
and energy resolution required for these systems,
and provides a comparable level of performance to
that of the central calorimeters.

Studies are in progress to evaluate the
performance and sensitivity of various liquid/
coating combinations foruse in forward calorimetry
[29], and on a liquid scintillator/glass capillary
solution to this same problem [30].

The device currently being contemplated is a

tungsten plug containing nonprojective channels
coated with magnesium fluoride (n = 1.37) and
filled with a radiation-hard liquid scintillator (e.g.,
3 HF). The light from the channelsis read out at the
back of the calorimeter in the same fashion as the
signals from the SPACAL calorimeter discussed
earlier. This forward system will be a
conical-shaped plug located approximately 15 m
from the interaction point, with dimension of
approximately 3 m in diameter. The choice of
tungsten as the absorber provides a shorter
absorption length than does lead, thereby reducing
the lateral spread of the showers and improving E
and missing Ey measurements in this region. A
tungsten absorber at this position should provide
shower containment to | = 5.2 and coverage to
n=>5.5. :

Tests have shown that the light output from
liquids can be as large or larger than that from
solids, depending on the choice of fluors [31, 32].
Work is in progress on the radiation hardness for a
mineral oil-based liquid scintillator. Findings thus
far indicate that the light output and attenuation
lengthsintypical prototype lead/scintillatormodules
to be unaffected by doses of radiation up to 1 Mrad.
A glass capillary/lead glass version of a forward
calorimeter module should be ready for testing by
the end of the year [30].

The near-term effort will involve the study of
the radiation hardness of the various components
planned for use in this system; the study of the
monitoring and circulation of the liquids in sucha
system and how to maintain a constant efficiency/
resolution over the course of operation at the SSC;
and the building and testing of a full-sized liquid-
filled tungsten prototype to examine carefully the
performance of such a device.

2.5.2 High-Pressure Gas and Crystais

As discussed in the EEol, we are developing
this option for the forward calorimeter. Designsare
being developed using tubes filled with
high-pressure gas as well as a regular sandwich
geometry as for liquid argon. The signal collection
time is much faster compared to liquid argon, while
the sampling ratio is less. Beam tests of high-
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pressure gas prototypes are scheduled for this winter
at Protvino, USSR [33].

Another interesting idea will be beam tested in
Protvino using extremely radiation-hard crystals of
KMgF; that are read out with a gas chamber [34].

26 TRIGGER

The Level 1 calorimeter sum begins on the
ADC boards where analog sums are formed. Sums
are formed into trigger towers of AN =A¢=0.2. In
the case of LAr, the pulses are clipped to produce
short pulses suitable for use in real-time trigger
sums. After this first analog sum, the trigger
electronics for the LAr and the SPACAL options
are the same.

The analog sum signals are routed to special
trigger boards (Fig. 2-11). Each sum signal is

digitized by a flash ADC with anonlinearreference
chain. The FADCs have 12 bits of dynamic range
and eight of resolution. The FADCs are strobed
every bunch crossing, after which the Level 1
calorimeter trigger is fully pipelined, with a new
input every 16 ns. The FADC outputs are first
linearized using memory look up units (MLUs) that
generate values suitably weighted for X and Y
transverse energy sums of 12 bits each. Flag bits
corresponding toprogrammable thresholds are also
generated for each tower. The transverse energy
sums will be formed using either a binary adder
tree, as shown in Fig. 2-11, or a linear pipeline
adder. The end result will consist of the total
transverse energy, the missing transverse energy,
isolated EM showers, plus pattern and threshold
information.

Clock Clock
Analog o ["FADC
Sum 1 nonlinear | R :D —51-’—(1—: Clock o
. MLU
) | EY1
R Q2>
: EY12
ngrlmog ADD [R[ 12 > V1234
: EY2 E
: . 12 > Evas | APD |R[ 12 >
: . I> etc

Figure 2-11 Level 1 trigger for the calorimeter.
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3.0 MUON SYSTEM

INTRODUCTION
The muon system for EMPACT/TEXAS was
reviewed as part of the descoping program. All
aspects were scrutinized carefully to understand
the origins and interdependences of costs and their
relationship to physics performance. In particular,
the possibility of using iron toroids was reexamined
includingdetailed design, costing, and performance
evaluation—and found to be inadequate for our
goals. Wehave reexamined the detailed mechanical
design of the magnet, the choice of magnet
parameters such as field integral and strength, the
choice of detection system technology and
geometric deployment of detectors, as well as the
interaction of these elements with other parts of the
detector. We have arrived at a new baseline system
without serious degradation of the physics potential
of the system. A crucial element in this process was
the development, by our industrial partners, of a
detailed cost parameterization of the toroidal
magnet. The development of tools for simulation
of backgrounds and punchthrough has given a
much clearer understanding of this central problem
and results in considerably increased robustness of
the proposed system. Further steps will involve
detailed global interactive optimization between
the muon system and the calorimeter and tracking
systems. To finally make the technology choices
that still remain open at this point in the system
design, a large body of performance information is
required from the R&D effort already in progress.

3.1

3.2 SUPERCONDUCTING TOROIDS

3.2.1 Toroid Design and Descoping

The air-core toroids were reconfigured and
downsized to establish a cost-effective and optimal
momentumresolution. The muon systemis shown
in Figs. 1-4 and 1-6, indicating the key dimensions
of the toroids and muon detectors. With respect to
the EEol, the central toroid inner radius was
increased by 1.15 mto allow space forthe separation
of the inner muon chambers and for the enlargement
of the calorimeter. The outside central toroid radius
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was unchanged and the peak field was held at 1.5 T.
The length of the end toroid was reduced by 0.5 m,
the peak field wasreduced from4.5 T to 3.5 T, and
the total magnet system stored energy was reduced
from 2.9 GJ to 1.9 GJ. Table 3-1 summarizes the
overall parameters of the superconducting toroid
magnet system for the Lol.

Table 3-1 Toroid system parameters.

tem Central Toroid End Toroid
Coil Type Discrete Discrete
No. of Coils 72 72
Conductor NbTi/Cu NbTi/Cu

Al Stabilized Al Stabilized

Type of Stabilization cicC cicc
Total Number of Turns 1276 788
Maximum Field (T) 1.5 3.5
Current (KA) 32 32
Current Density (A/cma) 3048 3048
Stored Energy (MJ) 835 514
Coil Centering Force (MNt) 0.79 2.6
Conductor Length (Km) 448 15.8
Conductor Weight (M Ton) 125 44
Winding Geometry

Inner Radius (m) 5.4 1.6 Average

Outer Radius (m) 7.5 8.6

Length (m) 15.5 3.9

The Lol toroid system was developed using a
bottoms-up cost analysis and cost parameterization
of the EEol baseline design [1] performed by
Grumman, General Dynamics, Ansaldo, Oak Ridge
National Laboratory (ORNL), and Princeton Plasma
Physics Lab (PPPL). The work was based on
extensive experience in the design and fabrication
of aluminum structures; design, fabrication, and
winding of large superconducting magnets; and
design and operation of the Large Coil Task (LCT)
facility. A large numberof superconducting magnets
have been built worldwide for plasma fusion, MHD,
and accelerators. Table 3-2 lists the size and peak
field of existing fusion magnets.

This group has concluded that constructing the
air-core toroid system for EMPACT/TEXAS is
well within state of the art. The detector magnets
are considerably larger, but have lower fields and
forces, fewer constraints, and are farless challenging
in terms of engineering and fabrication.



Table 3-2 Superconducting fusion toroids.

Magnet Size (m) Eield (T)
NASA Bumpy Torus (1971) 1.5x0.2 3.3
T-7 Tokamak (USSR, 1979) 24x07 4.8

LCTF (ORNL, 1987)
Tore Supra (France, 1989)
T-15 Tokamak (USSR, 1990)

25x3.5 9.0
23x0.7 8.0
25x0.7 9.0

3.2.2 System Conceptual Design

The conceptual design of the toroid system
follows the original aluminum design concept set
forthin the EEol [2]. This approach uses azimuthal
webs that tie the inner and outer winding and also
connect the end faces. This allows the larger radial
inward force acting on the inner winding to be
supported, in part, by the outer winding and also
improves the overall stability of the structure.

The baseline sub-element of the central toroid
is a two-layer 5° segment (compared to the single-
layer EEol design). For the central toroid, the
conductor makes a transition fromtwo layers on the
inner radius to a single layer on the outer radius.
Spacers are used to support the layersin the transition
areas. A closure member is then welded to the
bobbin to form an integral structure and the complete
assembly is vacuum impregnated. The 5° coil sub-
elements are joined together by bolting at a flange
interface located along the outer perimeter of the
coil. The end toroid follows the same configuration
and assembly approach as the central toroid.

Other configuration options were also
considered that may reduce the coil winding cost
and offer greateraccess formuon detectoralignment
equipment. One option, developedfora9° segment
of the end toroid, involves using discrete coil
windings of constant width joined together with
intercoil structure as shown in Fig. 3-1. A web
structure, as described above, connects the inner
and outer coil legs.

3.2.3 Superconductor

The aluminum stabilized NbTi/Cu, cable-in-
conduit conductor (CICC) has been reevaluated
and remains unchanged from the EEol concept [3].
The choice of conductor is based on achieving a
small number of radiation lengths within a
conservativedesign approach. The use of aluminum
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for the stabilizer and conduit meets the requirement
of minimizing radiationlengths, and a conservative
design is achieved with a CICC based on
conservative operating parameters. A copper-
stabilized CICC conductor with an aluminum
conduit, or an optional thin stainless steel conduit,
is being considered as an alternative approach.

In a large magnet, no matter whether it is a
toroid or a solenoid, there will be conductor
movement and cracking of the resin system. Bench
tests demonstrated that this movement canresultin
an energy release about 50-70 ml/cc [4]. To
develop a conservative design, we have specified a
stability margin value for the conductor to be 150
mJ/cc, although it is quite unlikely that this energy
density would be suddenly inserted into a well-
designed coil. The LCT experience [5] showed that
coils with similar margins operated reliably in the
presence of epoxy cracking and frictional heatfrom
sudden slippages. The present calculated margin

CROSS SECTION VIEW
LOOKING OUTBOARD

Figure 3-1 9° Discrete coil option.



for the baseline CICC conductor is 200 ml/cc of
cable space.

Pure aluminum was selected as the stabilizer
material and an aluminum alloy sheath was selected
as the structural conduit. The use of aluminumisan
extension of prior practices, but gives theadvantages
ofless multiple scattering, a higher conductivity for
the stabilizer, and a lower expected cost. To
minimize risk, conservative parameters were used
in sizing the conductor. The design current is 50%
of critical and we have used a residual resistivity
ratio (RRR) for aluminum stabilizer of 1360. With
a degraded resistivity ratio value of 400, resulting
from manufacturing or high-field conditions, a hot-
spot temperature of 120 K is still achievable with
only minor changes in the dump-time constant and
stabilizer area.

Each of the three toroids must be capable of
surviving a quench. Reliable and redundant
detection and protection circuits are routinely used
with superconducting coils and will be employed.
An initial quench protection system was sized for
1 GJ of stored energy with a dump-time constant of
19.5 seconds. The dump resistance is 0.113 ohms
and the terminal voltage is 3.6 kV. Advantage was
taken in that some of the current is shared by the
aluminum structure. In the unlikely event that one
of the coils is damaged, it should be possible to
operate the toroid with a failed coil that is electrically
bypassed.

3.24 Assembly

One key feature of the toroid design is the high
multiplicity of identical coil elements. These coils
will be fabricated by industry, and the requirement
for 72 identical central coils and 144 identical end
coils provides savings, reliability, spares, and a
high degree of optimization in fabrication
techniques. The coils will be fabricated and tested
before shipmentto the site. The central coils will be
assembled, tested, and shipped as 45° units. The
baseline approach is to assemble the central toroid
below ground, building up from the 45° units. The
end toroids will be assembled above ground and
installed in the hall.
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The dewar forthe central andend toroids consists
of arib-stiffened aluminum structure that surrounds
the complete toroid coil array. The central toroid
dewar, magnet, and muon chambers are supported
from tierods to two fixed overhead frame structures,
minimizing interference with the coverage of the
muon chambers. Therods pass through an extended
dewar to reduce thermal leaks. The end toroid
dewar, magnet, and muon chambers are similarly
supported, except that the support frames are
mounted on rollers that permit axial movement of
thetotal end assembly forinstallation, maintenance,
and repair of otherwise inaccessible systems as
illustrated on the back cover.

‘The central toroid inner radius has been
increased to allow space for two separated muon
chambers, thereby establishing a line-line
measurement. The increased inner radius has also
allowed simplification of the overall dewar
construction and assembly of the central toroid
system. The outerdewar cylinder can be completely
assembled and a cold wall system installed and
tested, permitting the insertion of a fully assembled
magnet system using the assembly fixture sized to
install the calorimeter. The magnet and dewar will
be suspended from the overhead support structure
and electrical and coolant lines will be connected
before installing the dewar end closure structure.

The design process has been augmented by
finite element analysis of the dewar and magnet
structure, facilitating refinement of component
sizing. Three-dimensional analysis of the 5°magnet
segments under the magnetic pressure is shown in
Fig. 3-2.

The dewar structure under combined gravity
and pressure loads loads is shown in Fig. 3-3. This
work, together with two-dimensional stability
calculations, has provided the confidence necessary
to proceed with the design.
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Figure 3-3 3-D finite element analysis of dewar
structure.

3.3 MUON DETECTORS BASELINE
CONFIGURATION

Limited streamer tubes operating in a drift
mode have been selected as a baseline for the muon
detection system and as the basis for costing. Such
tubes give pulses of about 0.1 volts with 10 ns rise
times, easily providing time resolution at the
nanosecond level. Intrinsic resolution has been
measured at below 100 pm up to drifts near 1.5cm
{6, 7). There is significant experience in production
of these tubes [8, 9, 10]. Quality control and yields
in mass production have improved considerably in
recent years, resulting in economical detectors for
large areas [10, 11]. The wires will be positioned in
the chamber to achieve a precision with respect to

outside fiducials of 50 um. The wire positions may
be checked using x-ray tomography [12]. The
chamber fiducials will be located with respect to
each other with a precision of 25 um.

To achieve the desired spatial accuracy and to
provide a reasonable assembly system, the large
detection layers (Fig. 3-4) are segmented into
chambers. These chambers are typically 1 m wide,
0.125 m high, and of various lengths; they contain
4 wire layers. A chamber cross section is shown in
Fig. 3-5.
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Figure 34 A schematic layout of the muon chambers
for the end cap.
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The main elements of the chamber are: wires in
4]ayersona2.5cm pitch; precision bridges holding
the wires in place to the required tolerances; and
sheets of U-shaped cathodes surrounding each wire.
Drift measurements are made with respect to wire
positions; these are held to 25 pum by bridges made
of stable insulating material that have been precision
grooved to accept the anode wires and clamped in
place by a second piece glued to the first. These
bridges are precision located with respect to two
fiducial pads on the outside of the chamber wall.
Thecathodesare formed by acomb of thinconductor
and clamped between the bridges. At the bridge
points the side walls are machined away to allow
passage for the bridge. The cathodes are extruded
or roll-formed aluminum to minimize material.
The wire and metal cathode acts as a cable to
transmit the pulse to the electronics with the speed
of light and without degradation in rise time.

3.3.1 Muon Detector Program

A vigorous program of muon detector R&D is
underway in the U.S. and USSR. This program
focuses on development and comparison of
techniques suitable for the SSC environment,
development of methods for mass production and
calibration, and an extensive program of bench and
beam tests of prototype detectors.

There are a number of track measurement
schemes that may satisfy the high-accuracy, large
area, and reasonable cost requirements for an SSC
detector. Drift tubes with specially profiled cathodes
and high-accuracy wire alignment are used in the
baseline design. The bend-plane positions will be
measured using the drift time. A combination of
drift time and charge strip readouts will be used for
the nonbend plane to provide unambiguous space
points. Analternative is to use the same type of drift
tubes without precision wire alignment but still
with sufficient rigidity to ensure stable wire
positions. This requires calibration of each wire
position, and the difficulty of doing this must be
balanced against the lower construction costs.

Preliminary tests using laser pulses have
established intrinsic resolutions and dependence
on drift time as shown in Fig. 3-6 and 3-7 [13].
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Figure 3-6 Atypicallaser runona2.5 cmsquare cross
section tube showing the time distribution of pulse
arrivals from a laser beam sent through the tube at 635
Hm spacings.
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Figure 3-7 Dependence of drift time (left axis, squares)
and spatial resolution (right axis, asterisks) versus
distance to anode wire.

Figure 3-8 shows an x-ray scan of an aluminum
streamer tube that can determine wire position to
better than 20 um [12]. This work will be extended
to demonstrate feasibility of determination of
positions within a stack of chambers.

Profiled cathode tubes with analog stripreadout
for the bend coordinate have the advantage that
strip readout is almost insensitive to detector
geometry deviations and gas mixture changes, and
that the precision comes from fabrication of large
area cathode planes rather than the wire positions.
Resolutions of 50 umhave been obtained with small
wire cathode chambers [14,15], while resolutions
of 400 um have been achieved with external pickup



strips [12,16]. Preliminary results using x-rays
indicate that the intrinsic resolution is much better,
as shown in Figs. 3-9, 3-10, and 3-11[16].
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Figure 3-8 X-rayscanof an Al extruded tubeinaplastic
envelope. Modulation of x-ray flux shows the
determination of wire position with an accuracy better
than 20 pm. Insert shows the wire position on a finer
scale.
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Finally, multiwire drift chambers are a well-
understood technique and the almost complete
absence of material is an obvious advantage of this
approach. These chambers may be competitive in
the forward-backward regions where they would
hang vertically.

All of these techniques are currently being
explored. The R&D may point to the symbiotic
combination of different approaches. For example,
strip readout is already assumed for some nonbend
coordinate measurements and for track matching,
and “tomography” may be used with the baseline
Lol scheme for checking wire alignment accuracy
in prepared detector units.

3.3.2 Chamber Assembly and Support

The superconducting air-core toroids are
surrounded by pairs of muon detectors supported
from overhead frames. Figure 3-12 shows the
overhead support of the central detectors. Each
detector pair consists of two superlayer panels
joined by a rigid truss structure. The trusses have
adjustable fittings that can be varied toalign fiducial
marksusing conventional metrology. Thisoperation
takes place in alignment fixtures located in the
surface assembly facility aspart of the muon detector
construction.

Figure 3-12 Support structure for central detectors.
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A superlayer consists of an array of muon
chamber modules that are oriented in bend-plane
and nonbend-plane directions. These are held
together with thermally stable material so that
residual temperature gradients less than 5°C will
have a negligible effect on the position of the
chambers. Structural members form a lattice
support on the upper and lower surface of the
superlayer and are attached to a frame structure
around the superlayer edge. Tie-bolts through the
interstices formed by bend- and nonbend-plane
chambers join the upper and lower layers at 1 m
intervals. Finite element analysis is being generated
to ensure that superlayer structural stiffness and
overall support stiffness is commensurate with the
alignment requirements for allowable deflections.

3.3.3 Muon Chamber Alignment

The accuracy of the muon momentum
measurement is dependent on the relative positions
of the muon detector elements. The concept
currently under development [17, 18] is based on
anelectro-optical laser system that will continuously
monitor, in 6 degrees of freedom (DOF), positions
of fiducial markings placed on the external surfaces
of each muon superlayer with an accuracy of 25
pm. Material selection and manufacturing
techniques will guarantee that the location of each
internal detection plane is known to within 50 pm
relative to the superlayer external fiducials. The
alignment system assumes access to the external
pair of chambers but not the internal pairs. Only
passive optical elements (i.e., mirrors) are located
onthe inner layers, whose positions are determined
by means of laser beams directed through lines-of-
sight provided through the toroid volume.

A combination of five optical devices are
proposed that together will measure the position of
a set of four superlayers in 6 DOF. These devices
areconstituted of off-the-shelf light sources, sensors,
and mirrors, used in state-of-the-art precision
metrology. The chambers will be aligned in a
fixture above ground, giving an ideal measurement
that the alignment monitoring system will reestablish
when the muon detector modules are installed
underground. The alignment system will provide



continuous monitoring of the superlayer positions
relative to the ideal.

3.3.4 Electronics

A block diagram of the muon drift wire readout
is shown in Fig. 3-13. For limited streamer mode
operation, electronic amplification is probably not
needed and the signalsare fed directly to achamber-
mounted discriminator card that employs custom-
designed discriminators optimized for large pulses.
The discriminator signals are transmitted
differentially through twisted pairs to FASTBUS-
size time-to-digital converter (TDC) cards housed
in off-detector racks.
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Figure 3-13 Block diagram of the muon driftwire
electronics.

The TDCs are digital custom CMOS
monolithics [19] with a resolution of 0.5 ns (least
count) and a multihit resolving capability of 32 ns.
The operation of the chip is effectively that of a
32 pus deep pipeline, although the internal
arrangement of the logic is somewhat different.
With current technology a single chip can
accommodate 8 TDC channels and a single TDC
card can accommodate 128 channels. Advancesin
technology will likely result in improved
performance and greater packing density.

Signals from the charge strips can be encoded
using the same multihit TDC scheme with suitably
modified preamp/discriminator cards. When
combined with the driftwire information from the
same chamber, this information provides correlated
space points for pattern recognition. If only leading
edges are recorded, the spatial resolution will be
determined by the strip width. By using a time-
over-threshold discriminator and encoding trailing
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edges as well, modest improvements in spatial
resolution can be obtained by calculating the center
of gravity of the induced charge.

The muon trigger scheme is based on
measurement of the exit angle of tracks as they
leave the air-core toroids, as described in the EEol.
Identification of high-pr tracks [20, see also Sect.
3.4.3]is accomplished by looking for coincidences
between superlayers along corridors that correspond
to stiff tracks. In the outer chambers, the rates are
comparatively low so that logic can be performed
using pulses stretched to take into account the 200
— 300 ns arrival time dispersion caused by drift-
time variations. For synchronization with the rest
of the experiment, however, the muon trigger system
must produce a pulse with a time jitter of less than
one bunch crossing time (16 ns) with respect to the
actual time of the event. This is done by
instrumenting a fraction of the outer muon
superlayers with “meantiming” circuits that
compensate for the drift time by calculating the
average arrival time for pulses with staggered cells.
With a flat gas conventional analog meantiming
circuits will work. However, for ohmic gases a
digital meantimer (DMT) [20] with table lookup is
needed to compensate for the nonlinear time-
distance relation. The synchronous pulse, gated by
the high pr signature, is then routed to the Level 1
“decision box™ for participation in the Level 1
trigger.

Such a scheme is shown in block diagram form
in Fig. 3-14.

A start
Counter
B’l 519 | 5 Bits MLU
sta
A*r—';t—; Counter :>
A 8 Bits MLU |
= —
— \_Adder /
A | sign > 8
> .
B> ->-| Programmable P> (AA’)
. De
A)-_-| sign > Pu::z (BA)
B")J Generator (BB)

Figure 3-14 Block diagram of the digital meantiming
(DMT) circuit for the muon trigger.



The DMT has two inputs and produces a single
output pulse, delayed by an amount thatdepends on
the difference in arrival times of the inputs. The
DMT is implemented on a chip using the same
precision timing technology as the TDC chip
described above. Two DMTs are required for each
triggercell, one to eliminate wire propagation delay
variations and a second to eliminate drift-time
variations. The first meantimeris alsoprogrammed
to compensate for the flight path and calibration
variations between muon chambers.

MUON SYSTEM PERFORMANCE

AND ROBUSTNESS
Robustness of the muon system has been studied
in terms of the resolution for low- and high-
momentum muons, the ability to trigger on high-pr
muons, and the ability to reconstruct a muon track
in spite of hadronic and electromagnetic
backgrounds.

3.4

3.4.1 Muon Backgrounds

3.4.1.1 Beampipe/Spray Backgrounds—One
of the major backgrounds in the forward muon
system is the spray of secondary particles fromthe
small angle beampipe region. A large number of
secondary particles are generated in this region as
the primary particles go through a relatively large
thickness of the beampipe at the small incident
angles. To prevent these secondary particles from
entering the forward muon detection systems, lead
shielding has been added to the inner face of the
muon system along the beam line. Witha 5 cm
lead shield, the secondary charged particle rate
entering the muon systems is reduced by a factor of
45. Figure 3-15 shows the rates of charged particles
entering the forward muon system as a function of
the lead shield thickness [21].

To further reduce the background from this
source, the possibility of using a cone-shaped
beampipe was investigated. In this configuration,
the effective thickness of the beampipe for the
small angle region is reduced with a consequent
additional reduction in the background. The effect
on the SSC beam of such an irregularly shaped
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beam pipe has been investigated [22] and found to
be negligible. It is anticipated that optimization of
the beam pipe and shield can effectively eliminate
this source of background.

100

10

N/Interaction
T

A
10 1

Inner Shielding (cm Pb)
Figure 3-15 The rate of charged particles entering the
forward muon system as a function of the lead shield
thickness. Also shown are the curves for hadrons,
muons, and electrons. The data are normalized to one
beam-beam interaction, 50% minimum-bias events plus
50% mini-jet events.

3.4.1.2 Hadronic Punchthrough—The
punchthrough probability as a function of depth,
the punchthrough momentum and multiplicity
spectra, and other characteristics were calculated
by following the development of a GEANT
simulated cascade generated by single-incident
hadronsintheir passage through segmented absorber
material. This study of hadron punchthrough [23)]
has yielded a punchthrough shower profile that was
incorporated into simulations of physics processes
in the form of probability tables. This method
provided the EEol results, indicating that the depth
of the calorimeter in the current design (at least 11
A at 90° and about 15 A in the end cap) is sufficient
toreduce the rate of hadron decay and punchthrough
particles with pr > 5 GeV/c after the calorimeter to
less than that for prompt muons from c, b quarks.



Aneffort torefine the probability tables isunderway,
and the simulation will be verified in upcoming test
beam runs.

The debris from a hadron shower exiting the
calorimetertends tolie within 20 cm of the projected
position of the parent hadron track, and these
outgoing particles tend to be at large anglesrelative
to the initial direction of the parent hadron. The
outgoing angular distribution is shown in Fig. 3-16
for three bins of outgoing particle momentum.
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Figure 3-16 Angle between incident pion and
punchthrough particles after the calorimeter.

3.4.1.3 Muon Radiation Backgrounds—As the
energy of the muon increases, the energy loss
caused by radiation, pair production, and interactions
as it passes through the calorimeter will increase.
This will give rise to showers of particles
accompanying the muon exiting the calorimeter,
potentially obscuring the muon position
measurement in the planes immediately following
the calorimeter. Various studies have been made of
pair production and bremsstrahlung from high-
energy muons and two independent simulations
were performed, one using GEANT [23] and the
other an analytic estimate of the muon energy loss
followed by EGS simulation of the electromagnetic
particles [24]. Figure 3-17 shows the probability
that amuon will emerge from a substantial thickness
of iron with one or more accompanying tracks. The
trend towards higher probability with increased
muon energy is clearly seen. Figure 3-18 showsthe
mean multiplicity of extra tracks as a function of

incident muon energy; the trendis toward increasing
multiplicity with increasing muon energy; at 1
TeV/c there are 3—4 extra particles on average.
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Figure 3-17 Probability for one or more extraparticles
accompanying the muon after iron absorber.
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Figure 3-18 Mean multiplicity of extra tracks
accompanying the muon after iron absorber.

The momentum distribution of the
accompanying particles for thick iron absorber is
shown in Fig. 3-19. The addition of low-Z material
after the absorber was suggested [25] to suppress
the bremsstrahlung component of the muon
radiation. It was found by GEANT simulation that
the probability of one or more extra particles was
little changed by the addition of graphite. However,
there was a significant reduction in the mean
multiplicity suggesting the suppression of ete”
pairs (but not delta rays) by the low-Z material.
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This is seen in the dashed histogram in Fig. 3-19
(for the same number of incident muons), which is
for an iron absorber followed by 6 cm of carbon
with density of 1.7g/cm3. The addition of aluminum
to a high-Z material shows a similar effect, and the
baseline design has a minimum of 7.5 cm of
aluminum in the calorimeter support tube.
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Figure 3-19 Momentum of extraparticlesaccompanying
the muon after the absorber with and without carbon
filter.

Figure 3-20 shows the distribution of the
outgoing angle of the accompanying particles
relative to the incident muon direction. This
distribution is very broad primarily as aresult of the
low energy and hence large scattering of these
particles. Because the accompanying particles exit
from the calorimeter very near the muons (within a
few mm), the separation of muons from background
isimproved by providing a 10 cmdrift space before
the muon system. :

If not corrected, the energy loss by the muon in
the material preceding the muon spectrometer will
degrade the resolution. Two separate simulations
were performed [26, 27], and they are inagreement.
Figures 3-21 and 3-22 show, for two values of the
incident muon energy, the energy loss distribution
and fraction of muons losing more than a given
energy in 400 X of lead. It will be important for
this energy to be measured in the calorimeter and
added to the muon momentum measurement in the
toroid spectrometer to obtain the best possible mass
resolution.
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Figure 3-20 Outgoing angle of particles accompanying
the muon relative to the incident direction.
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Figure 3-21 Energy loss of 100 and 1000 GeV muons
in PbiScintillator calorimeter.
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3.4.2 Rates and Pattern Recognition

The two issues that must be considered for
robustness of the muon system are (1) whether the
baseline limited streamer tubes stand the particle
flux; and (2) if the accompanying flux of hadronic
and EM debris obscure muon tracks.

The maximum count rate in the first muon
chambers is in the forward regions, where rates
reach 91 tracks (muon plus event background) per
second per cm?at luminosities of 10* cm? s'. For
standard cell sizes of 2.5 cm this translates to 228
Hz/cm of wire. Limited streamer tubes have been
operated reliably at rates over 250 Hz/cm with no
significant effect on pulse height and have been run
up to 1000 Hz/cm. There is considerable margin
once the rates are better established, because if
operation with standard cell size is questionable, it
can be reduced in the small regions near n = 2.5.
Limited streamer tubes with cell sizes down to 0.4
cm have been successfully operated [28].

Totest the robustness of the muon systemin the
face of the hadronic and electromagnetic
backgrounds, two severe cases were studied: very
highpr heavy-top events having energeticjets close
t0 a muon trajectory, and a very heavy Z’ decaying
to muons that may radiate. Despite the fact that
many of the muons are accompanied by extra
tracks, detailed analysis shows that most muons
can be cleanly reconstructed.

Two hundred top (250 GeV mass) events were
generated with the pr (jet) > 1 TeV/c, and with at
least one semileptonic b decay to a muon. The
probability for the secondary particles from the
hadronic punchthrough to accompany the real muon
hits at the first muon detector after the calorimeter
is large for these high-py jets. A total of 107 out of
217 muons from b or ¢ decays had at least one
secondary particle caused by hadronic
punchthrough or muon radiation inacone of R=1
around the muon. The worst event among these is
shown in Fig. 3-23. Eight drift planes in the bend
view before the air-core toroid are shown. Each
superlayer station provides two space points with a
single-track resolution of 200 pm in the bending
plane and 1 cmin the nonbend plane. The minimum

distance between the first measuring station and
the calorimetry is 10 cm. The physical cell size is
2.5 cm. With 2.5 mm double-hit resolution
electronics, an effective cell size of 1 cm2 is assumed
for the purpose of pattern recognition. Defining a
clean cell as a cell hit only by a single track, only 3
out of 217 muon tracks are completely overlapped
by other tracks, and the majority of the tracks (199)
are free of any overlap.
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Figure 3-23 Muon track (vertical at 0) coming out of
thecalorimeter accompanied by the secondary particles
resulting from hadronic punchthroughormuonradiation
in a 250 GeV high-prtop event.

One hundred 4 TeV Z’ events were generated,
each decaying to a pair of muons. A total of 90
muons had at least one secondary particle caused
by muonradiation. The worst eventamong these is
showninFig. 3-24. Only 12 out of 200 muon tracks
are completely overlapped by other tracks, and 164
tracks are free of any overlap.

In summary, for high-py top events, 1.4% of the
muons from b or ¢ decay with py > 10 GeV/c were
lost because of the presence of the secondary
particles from hadronic punchthrough and muon
radiation, while 91.7% of them had 8 of 8 clean hits.
For very high mass Z’ events, 6% of the muons
were completely lost because of the presence of the
secondary particles from muon radiation while
82% of them had 8 of 8 clean hits. Table 3-3
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summarizes the muon track-finding efficiencies
for the events discussed above.
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Figure 3-24 Muon track (vertical at0) coming out ofthe
calorimeter accompanied by the secondary particles
resulting from muon radiation ina 4 TeV Z’event.

the luminosity increases, the tolerance can be
tightened, resulting in a higher pr cut, to keep down
the trigger rate.

The trigger design considered for EMPACT
makes useof measurements after the toroid. Forthe
muon baseline design, the detectors are drift cells of
size 2.5 cm. The outer two layers of cells are
separated by 3 m. From a hit in the first layer, one
can determine the cell in the second layer that
would be hit by a straight track pointing back to the
interaction region. Tables 3-4 and 3-5 show the
corresponding pr for a track hitting the second
layer DIFF cells away from this cell. Also shown
is the cross section for producing particles in the
muon system that satisfy the trigger requirement,
including sources from prompt muons, decays, and
punchthrough particles, but not including spray
from the beam pipe. Further simulation study is
underway to consider the rate of occupancy of
nearby cells.

Table 34 Probability and cross section for a muon of
Py to satisfy various DIFF< n conditions in the central

Table 3-3  The track-finding efficiencies are ,
ized for the muons from the b or ¢ decays in250 region.
Summarize , y DIFF | Pt(10% off) | Pt(90% ef) o ()
GeV high-pr top events and in 4 TeV Z’ events. The <1 ” "y 0.008
corresponding values are also shown for the case with <2 16 24 6 08
no double hit capability (i. e. 2.5 cm cell size) and for <3 13 17 0.2
two different requirements of a good muon track. <4 1 15 0.3
Cell Size 8 Good Hits 4 (Super Layer 2) <5 9.5 13 0.5
Required Good Hits <6 8.5 1.5 0.7
25cm z 75.5% 85.0% <7 8 105 0.8
t 87.6% 94.0 % <8 7 10 1.1
icm* z 82.0% 92.0%
! 91.7% 96.8% Table 3-5 Probability and cross section for a muon of

* Effective cell size with double hit electronics

Py to satisfy various DIFF< n conditions in the end

region.
3.4.3 First-Level Muon Trigger gD":F Pt (10% eff) | Pt (90% eff) o(ub)
The magnetic properties of air-core toroids <1 29 35 0.02
result in a simple triggering scheme, because the <2 14 19 0.2
magnetic bend is almostindependent of polar angle <3 10.5 14.5 0.5
for constant py. Because hadrons are filtered by <4 8.5 11.5 1.2

the calorimeter and low-py muons are swept away
by the toroid, the trigger will simply require tracks
after the toroid to point back to the interaction
region within a certain tolerance. The tolerance
determines the effective py cut of the trigger. As

The first-level muon trigger is formed by the
coincidence of a hit in the first layer with all hits in
the second layer with a certain DIFF value. By
changing DIFF, one can change the trigger level.
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Ataluminosity of 1033 cm-2s-! the first-level muon
trigger can easily be kept under 10* Hz. At a
luminosity of 1034cm-2s-1 the first-level triggerrate
can still be kept under 104 Hz with DIFF < 5 and 3
in the central and end regions respectively. These
values correspond to prcuts of around 11 and 12.5
GeV in these regions. The first-level muon trigger
is flexible and robust.

3.4.4 Muon System Performance

System performance was explored using the
current track parameter program developed for the
EEo0I[29]. In addition to the general behaviorof the
momentum resolution, two specific indices of the
performance of the system were used fordescoping
and robustness studies:

» The mass resolution for muon decays of Z%’s
resulting from the decay of a heavy (800 GeV)
Higgs,

» Theinvariant massresolution for aheavy multi-
TeV Z’ decaying to muons.

The first involves muons typically in the 100—
300 GeV region and probes the low-energy
performance of the system, while the second
involves muons in the 500-5000 GeV region and
monitors the high-energy behavior of the system.

These quantities had been studied for the
preparation of the EEol, and results were presented
for a range of possible magnets including the EEol
baseline. Separation of the first two superlayers,
which in the EEol design for the central toroid were
collected into one compact group, tends to improve
theresolution and mitigates the effect of decreasing
the depth of the field region [30)]. In addition to the
spacing between the first two superlayers, the
parameters that were varied in these studies were:
[31]

1) The maximum field in the central and end
toroids;

2) The thickness of the central and end toroids;

3) The outer radius of the end toroid;

4) The separation of the two superlayers before
and after the toroids;

5) The cell size in the muon detectors.

The new baseline system presented in this Lol
was arrived at by balancing the figure of merit
indices against pattern recognition performance,
robustness, and cost. The important changes in the
system parameters that emerged are:

1) Inthe end toroid, the maximum field has been
decreased from 4.5 T to 3.5 T and the thickness
decreased from 4.0 m to 3.5 m;

2) The thickness of the central toroid has been
decreased from 3.0 m to 2.0 m;

3) The cell size of the muon detectors has been
increased from 2.0cm to 2.5 cm;

4) The number of layers in the first superlayer
after the toroids has been decreased from 16 to
12;

5) The number of nonbend plane layers after the
toroids has been halved;

6) The two superlayers before the central toroid
have been separated and moved further away
from the calorimeter;

7) Space point measurement has been added in
the superlayers using strip readout in
conjunction with the wire readout to assist in
pattern recognition and track identification.

Figures 3-25 and 3-26 show the momentum
resolution of the EEol system and the current
baseline.

To investigate the response of the system in
the event of a failure of the first superlayer to
provide a useful or unambiguous track, studies
were made of the performance with an inefficient
firstlayer. The momentum resolution of the system
in the case of complete failure of the first superlayer
is shown in Fig. 3-27.

The effects of random misalignment or
uncompensated displacements of detector wires
within a detector layer or of a whole group of
detectorlayers has been discussed in detail [ 32, 33].
In Figs. 3-25, 3-26, and 3-27 the effects of random
misalignments for the the wires within a superlayer
(o), and for the superlayers with respect to each
other (Ggxr), of S0and 25 umrespectively have been
included.
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Figure 3-25 Momentum resolutionfor the EEol baseline
muon system.
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Figure 3-27 Momentum resolution for the Lol baseline

missing signal from superlayer No. 1.

In Table 3-6 the mass resolution for the Z%'s
froman 0.8 TeV Higgsis listed for the EEol system,
the new Lol baseline, and several other cases of
interest.

Table 3-6 Z° massresolutionfor 0.8 TeV Higgsmass for
various conditions.

dMM (%) Conditions
1- | 230+0.13 | Eol Parameters
2- | 297+0.17 | Descoped System Parameters (Lol)

3. [ 340+ 020 | Lol - Missing 1st Superlayer
4| 316120.18 | Lol 0y = 100um; 0 gy= S0um
5-1 3.07+£0.18 | Lol ¢ y=400 um; Including Azimuthal
Variation Of Coil Structure
6- | 6.7810.40 | Lol - Missing 1st and 2nd Superlayers;
Cy= 400 um
7- | 8.3610.49 | Iron Core Toroid - 1.8 Tesla,

2m Thick Barrel; 3m Thick Ends

In general, the mass resolution is worse by 30—
50% for the new baseline because of the need to
reduce costs. However, the system has been made
more robust. The high-energy resolution is mainly
limited by the measuring system (i.e., by the single-
point resolution, the number of detector layers, the
separations between the superlayers, the quality of
the alignment, etc.) while at low energies the
limitationis primarily caused by multiple scattering.
The degradation in the high-energy performance
can be partially overcome if a measurement of the
event vertex can be made with sufficient precision.
This effectively gives another measurement of the
trajectory at the event vertex with a corresponding
large lever arm. In Fig. 3-28 the variation of the
momentum resolution at4.1 TeV with the precision
of the vertex determination is given. It is clear that
a vertex determination in the several hundred um
region will improve the resolution significantly.
Recent beam tests of the straw TRD systems obtain
angular resolutions consistent with 400 um vertex
precision [34, 35]. InFig. 3-29 the effecton the Z'
mass resolution of the imposition of various vertex
constraintsis shown. The 100um curve corresponds
to the improvement one could get with a high-
quality pixel vertex detector.

In Fig. 3-30 the momentum resolution of the
downscoped system including the 400 um vertex
constraint is given. This figure, rather than
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Fig. 3-26, represents the true baseline resolution for
the muon system.

The most stringent test of robustness of the
muon system occurs if the first two superlayers fail.
In that event there still exists a point-line
measurement of the tracks with the inclusion of the
vertex measurement. Figure 3-31 shows the
momentum resolution of the system without
superlayers 1 and 2, using only the vertex
measurement with resolution 400 pm before the
toroid. Entry 7 in Table 3-6 gives the effect on the
Z%mass resolution and the curve in Fig. 3-29 shows
the effect on Z’ mass resolution. It is clear that

while performance of the system is significantly
degraded at low energies the high-energy behavior
is essentially retained. Because it is the highest
momentum muons that are most likely to occlude
their own tracks, this provides a significant
demonstration of the overall robustness.

Figure 3-32 summarizes some of the effects on
the momentumresolution that have beendiscussed
in this section for 500 GeV muons.
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4.0 TRACKING AND PARTICLE
IDENTIFICATION

41 INTRODUCTION

Tracking in EMPACT/TEXAS has two primary
functions: to observe the event topology-charged
particle multiplicity and primary vertices and to
provide particle identification capability. These
functions are supplemental to the primary goals of
the study of electrons and jets by high-performance
calorimetry and of muons in the air-core toroid
system. Particle identification goals are the
separation of photons from electrons and from
neutral pions, the separation of electrons from other
charged particles and from photon conversions,
and possibly the identification of high-momentum
tracks in a transition radiation detector (TRD).
Leptons will be key to much of the most exciting
SSC physics, and this detector is designed for
optimal lepton performance.

The optimization of the tracking and particle
identification system will be done by selecting
fromarange ofproventechnologies. Where detector
systems have redundant or complementary
capabilities, trade studies will assess the capability
of the combined tracking and calorimetry systems
to deliver the required tracking efficiency and
resolution, particle identification, and calorimetric
energy resolution. Tracking system components
under consideration include a TRD, silicon vertex
detectors, gaseous pixel detectors, tracking by
scintillating fibers or by scintillator-filled capillary
tubes, a preshower detector of lead and either
scintillating fibers or capillaries, and pads of either
silicon or scintillator.

4.2 DESCOPING OF THE TRACKING

SYSTEMS
The goal indescoping is toreduce the cost of the
tracking and particle identification system while
maintaining performance. Several possible
approaches are shown, and the current concept
should be recognized as afirst cut at optimizing the
tracking systems.

The present baseline tracking concept does not
include a vertex detector. This represents a

significant loss of capability because this system
provided the ability to observe secondary vertices
and to tag low-momentum particles by their
scattering, as well as redundant particle
identification and improvement of high muon
resolution[1]. Theazimuthal tracking functionality
of the vertex system has been integrated into the
preshower detector as discussed below. Interest in
a vertex detector is still high; R&D will be pursued
and costand performance effectiveness rcevaluated
during the full system optimization.

The number of channels in the TRD has been
reduced by 25% to approximately 290 000. The
coverage has been reduced fromn <3 ton < 2.5,
and redundancy in the various sections on the TRD
alsoreduced. Refinement of mechanical issuesand
costs will be required before specifying an optimal
system. In particular,developmentof aninexpensive
mechanical design looks encouraging. However,
to meet the required reduction it may be necessary
either to increase the straw size by approximately
7%, from 4 mm to 4.3 mm, or to reduce the number
of straw layers traversed by a particle from 48 to44.
Detailed study and simulations will be required to
evaluate these alternatives.

Azimuthal tracking capability has been modified
andintegrated withthe TRD/tracker. Pad detectors,
either silicon or scintillator, tile the front face of the
TRD and form a projective structure matched to the
calorimeter towers. QOutboard of the TRD an
integrated tracker and preshower detector provides
measurement of track position in r-¢ and detailed
information on electromagnetic shower
development. A second layer of pad detectors
following the preshower detector measures the
energy flow entering the calorimeter. Adequacy of
this overall design for pattern recognition will be
studied by simulating the integrated systems.

4.3 BASELINE DESIGN

We have devised a baseline system specification
for the tracking and particle identification system
that meets the descoping goals with minimal
sacrifice of detector capabilities. The design is
shown in Fig. 4-1.
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Figure 4-1 Side and beam views of tracking/particle identification system (dimensions in cm).

A tracking TRD and an integrated azimuthal
tracker and preshower detector are sandwiched by
layers of pad detectors that projectively match with
the calorimeter towers.

The front pads mounted on the face of the TRD/
tracker detectors may be silicon, with 300 pm of
active material plus wiring and support structure
totaling less than 1% X,. Alternatively, these
detectors could be 4 mm thick scintillator pads with
embedded wavelength-shifting fiber coupled to
clear fiber for readout. These plastic pads plus
supports and packaging have approximately the
same thickness in radiation lengths as the silicon
devices. The padsin frontof the TRD,in conjunction
with pads just before the calorimeter, define roads
to guide pattern recognition. The front pads also
identify photon conversions and multiple particle
pileup. The pads preceding the calorimeter provide
a measurement of the energy flowing into the
calorimeter, allowing effectively complete
correction for energy deposition in the preshower
detector and preserving excellent calorimeter

resolution. There are 15 000 pads per layer in the
fiber calorimeter option and 31 000 pads per layer
in the LAr option (due to the finer segmentation).
The tracking transition radiation detector is
based on azimuthally oriented proportional straws
embedded in polyethylene foam that provides
mechanical support and is the radiator in which
particles with high Lorentz y will emit transition
radiation. The straws will detect the passage of
ionizing particles and the x-ray transition radiation.
This detector provides highly redundant tracking in
the r-z plane [2]. The design in Fig. 4-1 is based on
modules that provide complete coverage ton =2.5.
The modules form a series of stacked octagonal
prisms. The modules on each side of the interaction
region project to a point displaced from the origin
by 20 cm, which is 4 ¢ in the event vertex
distribution. This avoids potential problems where
tracks can slip through the interfaces between
modules. This design incorporates approximately
290000 channels. The performance of the prototype
TRD/tracker has been measured in beam tests.
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Based on the test results the TRD/tracker has
been estimated to have resolution of approximately
400 pm on the z position of a track at the entrance
tothe calorimeter. This provides rejection capability
against false electron candidates caused by overlap
of EM showers and low momentum hadrons. The
resolution of the z position of a track extrapolated
back to the beam line is approximately 400 pm/
sin2(0). The vertex position, defined by several
tracks, is known with better than 400 pm precision.
This vertex resolution increases the lever arm for
the input track to the muon system and thereby
increases the precision of the muon momentum
measurement at high momenta.

By measuring the transition radiation yield, the
TRD/tracker rejects low-momentum pions with a
rejection power better than 10-2 while maintaining
90% efficiency for electrons. It also identifies
photon conversions and Dalitz pairs with high
efficiency. The test results have been used to study
simulations of the TRD. The measured energy loss
distributions versus impact parameter of the track
(with respect to the straw center) were input to the
Monte Carlosimulation. The x-ray yields calculated
in the Monte Carlo were checked against the test
distributions.

Figure 4-2 plots the resulting hadron rejection
power versus momentum, including the effects of
overlap events as well as a high pr events. The
performance meets TRD design goals. Simulation
of performance at higher luminosity is in progress.
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Figure 4-2 TRD pion rejection vs momentum from
Monte Carlo including test results.

Outside the TRD/trackeris a preshowerdetector
and azimuthal tracker. This concept has been
studiedinseveral variations using scintillating fibers
[3], silicondetectors [4], scintillator-filled capillary
tubes [5], or silicon pads [6,7]). For evaluation
purposes, a system consisting of a 3 Xp thick
structure of 1 mm diameter scintillating fibers and
lead is being considered. A cross section is shown
schematically in Fig. 4-3.

Itconsists of a triple layer of axial fibers followed
by three superlayers of fibers interleaved with lead.
Each superlayer consists of three double layers of
fibers that run axially and at +15° and -15° stereo
angles, providing pattern recognition power and
longitudinal position information. Two X of lead
follow the first superlayer and one Xp of lead
follows the second superlayer. A superlayer of
fibers measures a track in the r-¢ plane with
precision of order 200 um and in the r-z plane with
precision of order 1 mm, complementing the coarse
azimuthal measurement and more precise r-z
measurements of tracks in the TRD. The tracking
triple layer and the first superlayer together can
track particles back to the beam line with typically
1 cmuncertainty in the transverse position. In this
conceptual design, the barrel preshower detector
fibers are split at the midplane so that each barrel
fiber covers An ~ 1.5 and each end cap fiber covers
An ~ 1.0. There are 36 000 fibers in each half-
barrel superlayer and 32 000 fibers in each end cap
superlayer; the triple layer counts as half a
superlayer. The total fiber count is approximately
476 000.

The preshower detector recognizes false
electron candidates that arise from the accidental
overlap of charged particles and electromagnetic
showers within the shower position resolution of
the calorimeter. The resolution on shower origin
has been studied in similar preshower detector
tests. Resolution of better than 200 um on shower
position has been obtained [3]. Matchup of shower
position and track position with this precision
provides a high level of overlaps rejection that is
largely independent of and complementary to the
rejection power supplied by the transition radiation.

4-3



0.3 mm Silicon Pad

Radiator Structure:
2 mm Support
11.2/5.6 mm Pb
2 mm Support

—
Low Mass
Structure
16 mm

2.7 mm Suppont, Wiring
e { 2 mm Support Structure

Superlayer

-15°

l 1 mm Fibers:

axial

.

———Triple Layer of axial
1 mm fibers

!

Particle Direction

Figure 4-3 Details of the preshower detector/azimuthal Tracker.

The preshower detector contributes to the study
of the two-photon decay of the light Higgs in two
ways: (1) by providing a measurement of the
electromagnetic shower position that, when
combined with the position measurement in the
calorimeter, can help reconstruct the event vertex
and allow reconstruction of the two-photon mass
and (2) by helping reject the n® background.

Shower positionresolution of 1 mmis expected
for isolated showers in the electromagnetic
calorimeter. With a measurement less than the
200 pm level in each stereo view in the preshower
detector and a lever arm of order 20 cm between the
measurements in the preshower detector and the
calorimeter, photon origin at the beam line can be
reconstructed with a precision of 0.5 cm, which
would contribute to reconstruction of Higgs decay
candidates. The rejection of nt0’s is accomplished
by observing the origin and development of
electromagnetic showers; cuts on moments of the
longitudinal and transverse energy distribution
provide some discrimination power between
showers of a single photon and the two photons of
a7, A detailed EGS Monte Carlo simulation of the

preshower detector rejection of t0°s will be used to
optimize the design of the preshower detector [8].

Integration of the pad layers, the TRD/tracker,
andthe preshower detectoris notoptimized. System
optimization will require analysis of correlations
and redundancy of the various components. A
guiding principlein the systemdesign isto minimize
deleterious impact of systems on one another, while
maintaining the highest level of complementary
and redundant capabilities.

44 ELECTRONICS

4.4.1 Transition Radiation Detector
Readout

Because of the large number of channels and
high channel density, VLSI circuits will be
developed to meet the TRD/tracker electronics
requirements. Inone concept, the signal processing
for each channel proceeds through a preamp and
shaper to digitization in two bits; this feeds a digital
pipeline, which in turn feeds trigger processors and
readout modules. The layout sketched in Fig. 4-4
is being considered for design purposes.

44
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Figure 4-4 TRD electronics schematic.

The preamp is located at the straw end. A low-
mass cable of order 10 m long carries signals to the
shaper, digitizing circuit, pipeline, and processors,
which are located in crates atthe detector periphery.

The “cable-out” approachis a conventional and
conservative design for which reliable costing can
be done. The major challenge is to manage the
cable plant. Available cabling is almost adequate
for the task. With 30-gauge twisted pair, a gap of
approximately 3 cm at 90 cm radius between the
barrel and endcap preshower detectors would be
required to bring out the TRD/tracker cables [9].
The thickness of this bundle is less than 0.5 Xo; most
of the bulk is insulation. The design shown in Fig.
4-1 has an 8 cm gap between the barrel and end cap
preshower detectors, sufficient to accommodate
the TRD/tracker cabling and the optical fibers from
the end cap preshower detector. Developing a
custom cable is a straightforward option should
commercial products prove too thick.

An attractive alternative to the conservative
“cable-out” approach is to put the digitization and
pipelinecircuitsonthe chamber, giving performance
advantages and minimizing cable plant. Another
appealing alternative is to read out the proportional
straws with optical modulators. In this approach,
the proportional straw is attached directly to an
electro-optic structure that drives an optical fiber
running to the outside of the detector. This offers
alow-mass compactsolution tothe cabling problem.
4.4.2 Readout of the Preshower
Detector and Azimuthal Tracker

A number of approaches to the readout of the
preshower detector are being considered. Given
the large number of channels in these devices, it is
important to develop a highly integrated and
multiplexed readout to reduce system costs. In
Europe and the USSR, systems using high-speed
CCDs are under development for readout of a large
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number of imaging elements [10]. With
optoelectronic delay and fast clear (1 ps), sucha
device can run at input event rates up to a 100 kHz,
Readout times of order 1 ms are expected. Work is
in progress to study the feasibility of this approach
in the SSC environment. The separator tab
preceding this section has a color image taken with
a CCD system, showing the light from a minimum
ionizing particle traversing an array of 30 uminner
diameter liquid scintillator-filled glass capillary
tubes [11]. System resolution is quite impressive.

Asimilarapproachtoa highly integratedreadout
is a hybrid silicon detector/PMT such as the “pixie
tube[12]. Animage intensifier stage is combined
with a pixelized solid-state detector [13].
Photoelectrons are accelerated through a potential
difference of order 10 kV and impinge on a pixel
array of PIN silicon diodes, each with local
intelligence. Single photoelectrons are estimated
to give a signal 10 times the noise of the pixel. This
highly integrated readout is fast, data-driven,
automatically sparse, and has a linearresponse with
excellent noise performance. Prospects for a very
low per-channel cost make this technology
especially important to pursue. Development isin
progress in cooperation with industry [14].

Another technology under study applies
avalanche photodiodes (APD) to the readout of
tracking elements. These devices have some
desirable characteristics, including high quantum
efficiency and fast response time [15]. When
operated in Geiger mode they are sensitive to single
photons and produce signals of order 20 mV with
no amplifier required. Alternatively, they can be
operated in a linear response mode. The block
diagram for such a system is similar to that shown
inFig. 4-4, and the per-channel cost is comparable.
Work is in progress to develop arrays of APDs and
to explore operation in the Geiger mode [16].



4.5 R&D RESULTS

4.5.1 TRD Prototype Beam Test Results

A straw tube TRD was tested this past June and
July in the X35 test beam of the SPS at CERN. An
event display is shown on the separator tab for this
section. The detector consists of 4 TR modules
each containing 20 x 3 straw tubes. The straw tubes
are made of 64 um thick polycarbonate and are
placed in holes drilled in a polyethylene foam
block that acts as the radiator. The foam has a
density of 59 kg/m3 and an average wall thickness
of 5 um. Previous tests of this foam shows an x-ray
yield 85% of a regular stack of foils. The gas used
in the straw tubes for most of the testing was
50% Xe, 50% CO,. Later runs were made with a
LeCroy 9424 digital scope connected to one channel
just after a special, very fast preamp. The recorded
waveform has been used to study the effect of the
shaping amplifier.

Analysis of the data is in progress[17, 18]. The
yield of high-threshold hits per straw traversal is
shown in Fig. 4-5.
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Figure 4-5 Probability of high-threshold hits vs
Lorentz gamma.

Monte Carlo simulations of this detector
configuration are in progress in an attempt to
understand the TR x-ray yield and pionrejection for
isolated tracks. These data are being used to tune
the Monte Carlo program that simulates the full

central TRD/tracker. Preliminary results show
good correlation with earlier Monte Carlo results,
as discussed in Section 4.3.

Tracking performance of the device was studied
by comparing measurements of line fit slopes and
intercepts, using the hits in even-number and odd-
numbered columns separately. The results (Fig.
4-6) demonstrate track slope determination to a
mrad and intercept determination to better than half
amm. The SSC detector performance should be at
least this good per track, and multiple tracks can be
used to define the vertex z position with even more
precision. Asdiscussedin Sect. 3.4.4, measurement
of the vertex position to a precision of 400 pm
dramatically improves the precision of muon
momentum-measurement at high momentum.
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Figure 4-6 TRD angular and projected position
resolution from beam tests.

Waveforms from the test beamn were digitized
at400 MHz andrecorded. We have used these data
to emulate the performance that would be achieved
in readout electronics with different integration
times. The results of one study are shown in
Fig. 4-7. For integration times of order 10 ns, a
factor of 2.5 improvement in two-pion rejection is
seen in comparison with performance at longer
integration times. This work will be an important
input into the design of the next prototype tests
scheduled for the coming summer. Detailed
understanding of pulse shaping is required for
prediction of TRD performance at the high
occupancies associated with operation at high
luminosity.
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Figure 4-7 Two-pion rejection in TRD vs effective
integration time.

4.5.2 Mechanics of TRD Construction

Some progress has been made in the
development of alternative construction techniques
for the TRD proportional chamber array. It is
advantageous from several points of view—
mechanical complexity, assembly time, cost—to
simplify the structure and eliminate the straws.
Progress has been made in developing molded
polyethylene structures. Half cylinders are molded
into the foam, and an aluminum coating is vacuum
deposited by standard industrial process. The foam
is the transition radiator and provides structure for
the entire detector. The aluminization provides
both a continuous cathode surface and a barrier
against xenon permeation into the foam. A sketch
of the foam structure is shown in Fig. 4-8.

Circuit boards are glued to the ends of the
molding in a manner that permits open stringing. In
mass production, stringing could be done by robotic
equipment that places wires at high speeds—15
meters/minute—and can servowire placement with
optical sensors to meet the accuracy required [19].

A prototype of such a proportional detector has
been built. Performance measured withradioactive
sources is comparable to what is achieved with
straw proportional chambers. While the good

performance is very encouraging, much additional
work remains to be done; it will be important to
verify the beam performance of such a device and
to study the uniformity achievable in mass
production.

Figure 4-8 Molded polyethylene foam structure for
strawless TRD design.

453 Preshower Beam Test Results

A fine-grained scintillating fiber preshower
detector has been built and tested ina beam of pions
and electrons[3]. Thedetectorhad eightsuperlayers
separated by 1/4 X lead sheets; the super layers
consisted of pairs of fibers at 0, +15, and -15
degrees fromaxial, asdiscussed in Sect. 4.3. Shower
centroid resolution was measured by comparing
the centroid position in the fourth superlayer with
the prediction from a line fit to the centroids in the
other superlayers; this gave a resolution of better
than 200 um. Analysis of testresults has shown that
sampling later in the shower development
contributes most to particle identification and
shower position resolution, and that samples early
in the shower development contribute less. The
layout shown in Fig. 4-3 as a baseline preshower
detector design is based on these testresults and the
results from Monte Carlo studies of several
alternatives [7, 20]. Optimization will be pursued
by both additional beam tests and continuing Monte
Carlo studies.
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Performance of a Pixel Vertex
Detector

We have studied the possible performance of a
pixel vertex detector [21], that incorporates three
layers of pixel detectors [22], with 6000 cm? of
detectors. The high-resolution tracking capability
of this detector in both azimuthal and longitudinal
directions allows reconstruction of primary and
secondary vertices and improvement of momentum
measurement precision at high momentum. Low-
momentum tracks can be tagged, by observation of
their scattering in the several percent of radiation
lengths in the detectors, and eliminated from
consideration in finding secondary vertices. It was
found that particles under 1 GeV/c could be rejected
with greater than 95% efficiency, while particles
with momentum above 10 GeV/c were retained
with greater than 97% efficiency. This taggingalso
aids in rejection of nt/y overlaps as a source of false
electron candidates, providing a functionality
redundant with the TRD in this respect.

454

4.6 PRINCIPAL R&D EFFORTS

The technical developments needed to realize
the tracking technologies are challenging. Principal
areas for futher R&D follow.

Transition Radiation Detector:

e Study performance of a 1200 channel
prototype scheduled for the coming summer.
The tests will consider the importance of
pulse shaping and integrating times, and the
pattern recognition and particleidentification
capabilities of a detector of realistic scale.

» Development of manufacturing techniques
and designs for mass production of radiator
and detector assemblies.

» Study of optical modulators for readout of
proportional signals, offering an elegant
solution to the readout of densely packed
channels.

Preshower Detector:

 Development of readout technologies for
scintillating fibers s crucial to the viability of
the fiber approach. The pixie tube readout

offers high capacity and low per-channel
costs and needs to be pursued with vigor.
Development of techniques for high-speed
operation of CCD-based systems should be
continued, with application toboth thereadout
of scintillating fibers and scintillator-filled
capillaries. Fast clearing is of special
importance there. Development of APDs
with multiple device packaging is important
for tracking applications (Geiger operation)
and as an alternative readout for preshower
fibers.

» The silicon detector preshower technique
should be pursued [23]. The good
detector resolution and straightforward
manufacturability of this approach make it
appealing; developmentoflow-cost detectors
and pad structures is important.

Vertex Detector:

» Research during the coming year will include
collaboration in prototype tests of pixel
devices; development of mechanical designs;
and study of pattern recognition, tracking,
and vertex finding. We hope to find a way to
include this detector within the constraints of
the budget limitations. The vertex detector
adds to the scope of the physics that can be
achieved and provides redundancy for the

other systems.
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5.0 ELECTRONICS,
DATA ACQUISITION,
AND COMPUTING

5.1 FRONT-END ELECTRONICS

Electronic designs considered thus far have
been based on current technology to provide a basis
for cost estimation [1]). The conservative choice of
technology assumes aminimum amount of circuitry
will be detector mounted. Moreover, the designs
assume circuit densities (channels per board) no
greater than those of today’s commercial products.
These choices are not final, but are intended to
provide a standard against which advanced
technology designs can be evaluated.

Although the performance of the reference
designs meets our requirements, new technologies
may provide better performance at considerably
reduced costs. A number of promising options
exist, but it is too early to judge their technical
feasibility and ultimate cost with confidence.

R&D options currently under study include
placing the complete front-end (preamp through
readout) on the detector [2], the use of electro-optic
modulators [3,4], and the use of superconducting
electronics [5].

The payoff from on-detector mounting will be
greatest for the central tracker because the number
of cables that must penetrate the detector will be
vastly reduced. This approach may also prove
advantageous for the calorimeter and muon detector
electronics, where cabling and connector cost
reductions may be realized. This gain, however,
must be weighed against the simplicity of
conventional rack mounting, which leaves the
readout electronics concentrated in a small number
of easily accessible locations, rather than distributed
over the detector. Because the gains associated
with on-detector mounting are greatest for the
central tracking system and because this system
will probably not participate in the Level 1 trigger,
the development of on-detector electronics for the
central tracker will be given highest priority.

The suitability of electro-optic modulators to
the readout of SSC detectors is currently being
investigated [3,4]. In this technique, externally
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generated laser light is piped into the detector
through single-mode fiber-optic light guides, each
of which services several channels. The light is
split and modulated on a channel-by-channel basis
by detector-mounted electro-optic modulators,
driven by the electrical signals from the detector
preamplifiers. The individually modulated signals
are brought out on multimode fibers to externally
mounted photodetectors. This technology has
several advantages: high dynamic range, a high
bandwidth, very low power dissipation at the
detector, and a low mass compact solution to the
cabling problem by using optical fiber to carry data
to the outside. Recent results [5] indicate electro-
optic modulators may be sensitive enough to allow
direct connection to the detector’s electrical outputs
without the need for preamplifiers. Once again, the
potential advantages are largest for the central
tracking systems. Because the area required per
fiber is a small fraction of a mm?2, cabling for the
entire central detector can be reduced to a fiber
bundle of only a few hundred cm2. Finally, if the
signals are carried on spatially coherent fiber
bundles, triggering via optical pattern recognition
may also be possible [3]. It remains to be
demonstrated that reasonable per-channel costs
can be achieved for large-scale systems [4].

Josephson junction devices may also play arole
in the front-end and trigger electronics. They are
inherently low power and radiation hard. One
disadvantage is the need to interface both the
mechanical connections (normally at 4 K) and the
logic levels to the standard room-temperature
devices. A combination 10-bit 100-MHz ADCand
a 1 ps digital pipeline, consuming less than 1 mW
of power per channel, has already been developed
[61.

The current program will examine and evaluate
these options.
5.2 LEVEL 1 AND LEVEL 2 TRIGGERS
Adescription of the Level 1 and Level 2 triggers
can be found in the EEol. Additional information
on the first layers of the Level 1 trigger for the
calorimeter and the muon systems can be found in
Sect. 2.0 and Sect. 3.0 of this document.



5.3 READOUT AND THE LEVEL 3
RANCH

Level 2 will produce between 100 and
1000 events per second, each several MBytes in
size. The readout system must therefore be able to
transfer data to Level 3 at rates approaching
10GBytes/sec. Level 3 must provide an additional
event rejection factor of 100 before the data are
sent to mass storage and monitoring programs
using a large farm (ranch) of parallel processors.

The long timeframe before SSC operation and
the very rapid escalation of the power of computer
components make it difficult to design and cost a
Level 3 systemin any detail. The current explosion
insilicon-based RISC processors will likely continue
as gallium arsenide (GaAs), and perhaps
superconducting electronics technologies come to
fruition.

GaAs technology has in fact already matured to
the point where digital VLSI ICs can be produced
as a matter of routine. For example, working
microprocessors have been produced for use in
spacecraft control systems [7]. Part of this system
is shown on the separator tabpreceding this section.
This processor, which is capable of running atclock
speeds of 200 MHz, replaces a conventional
processor and provides an 8-fold increase in speed
while requiring less than one tenth the space. The
problems faced in satellites are similar to the SSC
detectors: enormous amounts of input data from
varied sensors and a limited bandwidth on the
satellite downlink to Earth.

The design problems presented by the readout
and Level 3 system are well matched to the
capabilities of digital GaAs technology. GaAs
circuits have been fabricated at densities in excess
of 50 000 FETs per chip, have been operated over
an extended temperature range (-55 to +125°C),
and have survived radiation exposures greater than
60 Mrad. The design work for the satellite processor
can be extended to the Level 3ranch. Although the
current version is 16 bits, there is no difficulty in
expanding the design to 32 bits. Nonproprietary
Ada and C compilers are currently available and a
FORTRAN compileris being developed. Software
developed for the earlier satellite microcomputers

can be ported to the new digital GaAs processor
without changes.

The speed advantages of GaAs may be even
more important for readout and event building
where flexibility of operating some circuit paths at
speeds greater than 1 GHz may prove crucial.
Figure 5-1 shows a generalized architecture of a
single CPU in the Level 3 ranch. The figure
indicates that a set of high-pincount GaAs VLSI
microcontroller devices receive the incoming data
stream. In the satellite application, such devices
were used to perform complex arithmetic operations
such as channel-to-channel correlations and
threshold detection. Analogous functions in a
system designed for event readout (data
sparsification, gain correction, etc.) will offload
processing requirements from the CPU ranch.
Figure 5-1 also shows that a special integrated
circuit will be developed to interface the GaAs
processor to FASTBUS or any other required
network. This will ensure that each processor can
be loaded in “broadcast” mode, and that the
processing capabilities of the CPU farm can be
enhanced simply by adding additional units. This
interface also allows downloading of events from
the mass storage device for extended offline

analysis.
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Figure 5-1 Generalized architecture of a CPU in the
Level 3 ranch.
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Josephson junction technology may also be
employed in the readout and Level 3 ranch. A
128 x 128 crossbar switch capable of 2 Gbit/sec
operation could considerably simplify the readout
andisbeingdeveloped [5]. Alsounderdevelopment
is a 2-GFLOPS wafer-scale integration RISC
Processor.

5.4 ELECTRONICS COSTS

Detailed breakdowns of the front-end electronics
costs and a description of the estimation methods
can be foundin Sect. 7.0. In view of the difficulties
inherent in estimating costs of the more advanced
technology options, the cost estimates are based on
conservative and conventional designs where
experience permits reliable estimates. New
technologies will not be employed unless they are
at least equally cost effective, thus the numbers
resulting from this approach are upper bounds.
Conservative design assumptions lead to
conservative cost estimates,

For reasons previously stated, it is difficult to
determine the cost of the Level 3 ranch with
precision. The assumption of 75K MIPS at
$100 per MIPS is already very close to being
satisfied by commercially available RISC-based
processors. Extrapolating price performance trends
of the past 5 years would, in fact, result in
considerably lower costs per MIPS.

The total cost of signal handling, starting at the
detector elements and extending through to the
Level 3 ranch, is approximately $100 per channel
when averaged over all channels.

5.5 OFFLINE COMPUTING

5.5.1 Management

The large task of defining the future directionin
offline computing has already begun. The code
includes simulation, pattern recognition, offline
reconstruction, and the online system. To deliver
the necessary software in time will require
management of manpower resources, computing
hardware, and the enforcement of some minimal
set of standards to which all code must adhere to
achieve compatibility.
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Software system managers for the various areas
of code have been appointed: online, tracking and
pattern recognition, calorimeter simulation, and
reconstruction, etc. These people will be based at
various U.S. institutions; in each case there will be
a corresponding Soviet representative so that
physicists in the USSR can coordinate activities.

5.5.2 Central Group

The collaboration is already at the point at
which a central library of offline code needs to be
maintained in a systematic manner. As soon as
possible after the approval of the project, such a
central code library should be established at the
SSCL, using the new UNIX computing resources
available in early 1991. The library will be updated
with new versions of application code developed
by physicists and programmers elsewhere, and
periodically new “releases” will be made to the
collaboration as a whole. Preliminary discussions
have been held on how such a code distribution
system might be arranged.

Atleastone full-time programmer will beneeded
to update the library and perform the releases. In
addition, the central collaboration computing group
should be inresidence at the SSCL. This group will
be responsible for structural (framework) aspects
of the code. Low-level routines (utilities to read
event files, unpack banks, and so forth) will be
independent of the high-level routines, (jet-finding
algorithms, etc.) so that either may evolve without
major dislocation to the other.

The central group will initially consist of
3-5 programmers and 2-3 physicists, steadily
increasing over the course of the project to
20-30 programmers and 10-15 physicists. There
will be an overall software coordinator responsible
for ensuring that the experiment has access to al
the software systems that it needs to function
adequately. This person will be resident at the
SSCL as part of the collaboration’s central
computing group. The SSCL should provide
adequate office space for these people, and a
computer system tailored to program development,
including a workstation for each person and several
GBytes of disk storage accessible from all stations.



5.5.3 Standards

To take full advantage of new hardware
technology and to expedite the development and
maintainability of software will require the
establishment and enforcement of a set of well-
thought-out software standards. These standards
have been defined and are embodied to a large
extent in the simulation code already written.
Standard event formats, common blocks, and
subroutine naming conventions will be defined as
soon as possible, so that programs can be slotted
together in a modular manner.

Codes will be developed in a machine-
independent way, allowing full advantage of the
computing resources that are spread over a variety
of operating systems: VMS, UNIX, VM, Cray
UNICOS, etc. Machine-independent code will
also facilitate the migration of offline reconstruction
and Monte Carlo programs to the Level 3 ranch,
allowing that powerful system to be fully utilized.

5.5.4 Networking

Offline computing is one area in which large
contributions are expected to be made from
physicists “at home” in their universities and
laboratories, andnotatthe SSCL. The effectiveness
of this mode of operation is determined by the
quality of networking available between member
institutions.

Networking must provide the following
facilities:

Distribution of project documentation and
mail;

Access to central program libraries;
Database-read operations from remotely
running programs;

Cooperative software development and
analysis projects;

Bulk data transmission (DSTs, engineering
CAD files, etc);

Task-to-task communication.

Within the U.S. existing ESnet connections
among collaborating institutions, and between them
and the SSCL, are of reasonably high standard (a
number are T1 lines), and an effective
communication tool at present. Nonetheless, a
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carefulreview of network needs mustbe undertaken
as bandwidth requirements undoubtedly rise.

One way to enhance connectivity among the
institutions is to form an advanced engineering
design network for the SSC with the assistance of
the Texas National Research Laboratory
Commission [8]. This calls for a high-bandwidth
network based on ESnet for the distribution of
engineering and simulation data that would
encompass a number of EMPACT/TEXAS
institutions (but be available for general SSC
detector use).

Among Soviet institutions, connectivity is, at
present, of a much lower standard, although an
internet link to CERN was established last month.
It is hoped this will change by 1993 with the
inception of a project centered at Moscow State
University known as “Radio MSU.” This is a
digital star network with 2 Mbps bandwidth that
will transparently link local area networks at
high-energy physics centers. Communication
between the USSR and U.S. can presently be made
through land lines from the Moscow IAS center to
CERN, but this link is not very reliable and speed
is limited to 4800 bps. A satellite link is the
preferred option, and the possibilities are being
worked on at this time by JINR (Dubna).
Discussions have been held with the Swiss PTT
about creating a link from Dubna to CERN using
two channels on an INTELSAT VA-F10
communications satellite. The procedural problems
seem to have been overcome and restrictions on
the export of communications equipment are no
longer a hindrance. Currently, progress is governed
by availability of funds. Initiation of a satellite link
to Dubna for general high-energy community use
has been proposed and financial assistance from
the SSCL is requested. The cost is estimated to be
$80 000 startup and $80 000 per year for the link
via CERN; it may prove simplerto locate a suitable
ground station within the U.S. instead of using
CERN.



5.5.5 Offline Computing Hardware

Computing hardware requirements for the short
term will be focused on code development, physics
simulation, and engineering design.

Institutional facilities and the central group
system at the SSCL described above will be used
for code development. Physics simulation over the
next few years, will be run primarily using ISAJET
and GEANT (or programs of similar complexity).
Typical events will take approximately
130 MIPS-minutes to generate based on the current
program. Large eventrecords are anticipated: The
size should be similar to D@ sizes where full Monte
Carlo events are 2 MBytes each. Three types of
simulation runs are foreseen:

Physicist Runs—500-1000 events on a
workstation, with the aim of simulating some
particular signal of interest. This would take
2 to 5 days on a 20 MIPS machine and fill
1-2 GBytes of storage (ora single 8 mmtape). This
type of system will be available at mostcollaborating
institutions.

Production Runs—10° events generated in
about 8 weeks, with the aim of providing a large
sample of events for development of filtering
algorithms. This will require 160 MIPS (probably
eight dedicated 20 MIPS nodes in a cluster), and
four 1 GByte disks for staging and would write two
8 mm tapes per day for a total of 100 tapes. This
type of system should be available at a number of
the larger collaborating institutions.

Background Runs—10° events generated in
about 8 weeks, with the aim of providing a very
large sample of events to study rare backgrounds
(e.g., calorimeterresolution fluctuations giving large
missing transverse energy signals). This will require
1600 MIPS of CPU, 40 GBytes of staging storage,
and write 20 tapes per day. This is only feasible at
the SSCL using the new 5000 MIPS computer
acquisition and would need a full-time data aide to
handle bookkeeping tasks and tape handling. SSCL
is requested to be prepared to support this level of
use of the facility by the collaboration.

An analysis of computing needs for the D@
upgradeindicatesa need for an offline reconstruction
capacity of about 5000 MIPS for the anticipated

recording rate of 10 events/second. In addition, if
one assumes that comparable Monte Carlo statistics
(108 events/year) will be needed once running, the
total required offline capacity will approach
25 000 MIPS for EMPACT/TEXAS. Some of this
capacity can be provided by the Level 3 ranch, but
because that system will not be available while data
is being taken, a substantial (10 000 MIPS) system
dedicated to offline analysis will be needed.
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6.0 PHYSICS

6.1. INTRODUCTION

It is known from unitarity bounds on weak
cross sections that there is new- physics at mass
scales < 1 TeV. This new physics may only be a
minimal Higgs boson of the standard model, or it
may include more unexpected phenomena such as
supersymmetry, quark compositeness, nonminimal
Higgs doublets, new gauge bosons, or possibilities
as yet unimagined. Whatever discoveries await us,
the signatures are sure to be formed from combi-
nations of the familiar quanta of the standard model:
jets (quarks and gluons), electrons, muons, photons,
W and Z bosons, and noninteracting particles
(neutrinos, light supersymmetric particles) that are
measured as missing transverse energy. None of
these quanta can be neglected, because in many
cases the signatures for new particles involve
combinations of them. Therefore, EMPACT/
TEXAS has been optimized with precision mea-
surement of all these quanta firmly in mind. This
balanced approach to electron, muon, jet, and
missing-pr decay modes augurs well for our ability
todetectunknown and unexpected processes, while
our high rate capability enables us to operate at
higher than the design luminosity and thus to detect
rare processes.

6.2. SIMULATION TOOLS

The simulation of physics processes requires
two stages: event generation, in which the physics
of a given interaction process is modeled; and
simulation of the detector response. We have used
the standard ISAJET [1] and PYTHIA [2] programs
to generate pp events at the SSC. We have begun
the modeling of the detector using GEANT, and
some of the studies described below use the full
rigor of this approach. We have made modifications
to GEANT to increase the speed by parametrizing
the low-energy tails of showers [3]. In many cases
itis notnecessary to use such a detailed simulation,
and the detector resolutions are putin by smearing
the particle momenta and direction according to the
calculated resolutions.
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This collaboration’s simulation studies have
been innovative in the use of a 3-D “CAD system”
engineering model for physics purposes [4], taking
advantage of the very detailed and faithful 3-D
representation of the detector to estimate the
calorimeter resolution as a function of incident
particle energy and direction by tracing rays through
the model.

The TRD/tracker system has a dedicated
simulation package that uses results from 1990
beam tests at CERN. This does full geometrical
and physics simulation and includes dE/dx losses
and x-ray production mechanisms that are not
supported by GEANT.

In the analyses presented here, events have
been generated withIS AJET unless otherwise stated.
The calorimeter segmentation is taken as AN = A¢
=0.05 with resolutions from the CAD model forthe
central and end cap calorimeters and the transition
between thematm ~ 1.5. This approachdoesnot yet
give good results in the 1| ~ 3 transition from end
cap to forward calorimeters, because of the
complicated shower development in
nonhomogeneous materials. Though this region
represents only a small loss of acceptance for jets,
it potentially dominates the missing pr resolution.
Therefore, a full GEANT simulation has been run
for single particles in this region to determine the
resolution for study of missing pr signatures and
backgrounds [5].

Generally, jet finding is done using a cone
algorithm similar to that of UA1 with a cone size

AR = ./An2+ A¢2 < 0.7. Muonresolutions given
by parametrizations calculated for the muon system
have been used.

As explained in the EEol, development is
continuing both on an overall GEANT-based
simulation package (integrating the TRD and muon
systems) and on simulation based on a 3-D CAD
model. In the long term, these two approaches will
converge in a project [6] to develop a CAD-to-
GEANT geometry converter. Future GEANT
versions will include a more CAD-like geometrical
system [7] facilitating this development.



6.2. PHYSICS QUESTIONS

The guidelines for Lol preparation requested
that the detector capabilities for certain physics
processes be explained. The responses to these
requests follow.

6.3.1 Higgs Boson
Describe the capabilities of the proposed de-
tector for searching for a standard model Higgs in
the following mass regions:
80 < My < 180 GeV

My ~ 200 GeV

My ~ 400 GeV

My ~ 800 GeV

The Higgs search will be approached in various
ways depending on the Higgs mass. ForMy>2 Mz
the preferred mode is H = ZZ— I*I-I1*|~(I=eor
w). This can be extended somewhat below 2 Mz
using the off-shell decay H — ZZ*, but for most of
the intermediate mass range, 80 < My < 150 GeV,
the rare decay H — yy will be used [8]. A high-
resolution electromagnetic calorimeter design has

been adopted for this purpose.
6.3.1.1  Search for Intermediate Mass
HiggsviaH — yy

This is the most promising channel to discover
the Higgs for 80 <My <150GeV, and measurement
of the H — vy branching ratio is important to
understand electroweak symmetry breaking [9].
The signalis a pair of isolated high-pr photons; good
energy resolution is required because of the high
background of QCD vy events. There is also an
enormous background of QCD jets that must be
rejected through isolation cuts, but recent
measurements at LEP indicate that this is indeed
possible[10]. Because the yybranchingratioisquite
small, running athigh luminosity may be important.

Our simulation of H — vy is based on ISAJET
with the detector simulation described earlier [11].
The production is dominated by gg fusion through
top quark loops. The ISAJET +yy branching ratio
has beenincreased by a factor of two to account for

the O(ats) QCD corrections, which reduce the bb
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decays, and the background process gg — vy [12]
has been added.

Thetotal cross sections for the Higgs signal and
the QCD Yy background are about 160 fb and
1.1x 103 pbrespectively forpry2 10GeV/cand My
=M;=140GeV. Inour analysis the following cuts
have been made:

E-pyz 20 GeV,
My <25,
My, 2 80 GeV,
| cos 8,1 0.7,

where 6-,* is the angle of a photonin the Yy restframe.
These cuts reduce the signal to 70 fb and the
background to 45 pb.

The remaining background rejection must come
from the mass resolution. The EM calorimeter is
planned to have a resolution AE/E = 7.5%/NE &
0.5%, giving a yy mass resolution of less than 1%
within the mass range of interest. The other
important contribution to the mass resolution is the
determination of the vertex position. If thereisonly
one interaction within the bunch crossing, the TRD
tracker gives the vertex to within 400 um, a
negligible error. If there are afew vertices, choosing
the highest multiplicity vertex as the H — yyone is
usually correct.

At a luminosity of 1034 cmr2sec™1, there are
typically 15 minimum bias vertices. Therefore,
even if the tracking is still functional, one needs to
determine the vertex from the photons themselves.
The imaging preradiator and EM calorimeter have
position resolutions of about 0.3 mm and 1.0 mm
respectively. This results in a vertex position
determination with ¢ = 4.8 mm for the 90% of the
events that have at least one photon in the central
calorimeter; the resolution is poor if both photons
are in the end calorimeter. The resulting mass
resolution is shown in Table 6-1. Evidently the
vertex resolution of ~5 mm from the photons will
notdegrade the Higgs massresolution significantly.
This vertex determination is also useful at lower
luminosities to separate multiple vertices.

Figure 6-1(a) shows the resulting two-photon
mass spectrum with signals at 90, 110, 130,and 155



GeV/c2 for one SSC year. The vertex pointing
smearing is 5 mm, and the efficiencies for the
vertex selection and photon selection (€,=0.85) are
included. The background subtracted spectrum is
shown in Fig.6-1(b).

Table 6-1 Mass resolution in GeV for H — vy.

Mass & =04 mm &=5mm &=5cm
80 0.7 0.80 1.66
90 0.83 0.85 1.85

100 0.91 0.94 2.05
110 1.01 1.03 2.29
120 1.06 1.11 2.47
130 1.12 117 2.63
140 1.18 1.21 2.88
150 1.24 1.29 3.13
155 1.27 1.31 3.19
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Figure 6-1 Invariant-mass distributions of photonpairs
at an integrated luminosity of 1 040cm—2 for (a) signal
(gg = H — vy),and background (gg, q7 — vY), (b) with
background subtraction. The event selection is made
withETy >20GeV, 1y <2.5 and[cos 6y* | < 0.7. Also
included are the efficiencies of vertex reconstruction by
a vertex pointing technique and two-photon selection
due to an isolation cut, preradiator cut, etc.

The statistical significance for discovery may

be expressed as SS = NS/ w/NBG , where N is the

number of signal events estimated from the total
number of events minus the number of background
events (Npg) in a window of 320 555. A summary
of this study is given in Table 6-2.

Table 6-2 Significance of H — yy.

Mass Ng Ng SS A (BR)
80 280 1.9 x 104 2.0 49%
90 320 1.4x10* 2.7 37%

100 375 1.0 x 10* 3.7 28%
110 427 7.7x103 4.9 21%
120 472 56x10° 6.3 17%
130 500 4.1x10° 7.8 14%
140 486 3.0x10° 8.9 12%
150 401 2.1x10° 8.7 13%
155 314 1.9x10° 7.3 15%

Assuming a statistical significance SS > 5 is
required for discovery, a Higgs in the mass region
between about 110 and 155 GeV, will be found
with an integrated luminosity of 10?0 cm™2. With
an integrated luminosity of 104! cm~2and a vertex
resolution of 0.5 cm, the reach extends down to
80 GeV. It must be recognized, however, that the
signal-to-background ratio is very small.

If H — vyyis discovered, it will be important to
measure the branching ratio to verify the model.
The statistical error in the rate for H — Yy is given

by o(Ng)/Ng=+/Ng+Ngg/Ng and is shown
in Table 6-2. Clearly, high luminosity is necessary
to make even a relatively modest 5-10%
measurement of the branching ratio.

The isolated vy trigger rate is caculated to be
170 Hz after Level 1 and 7 Hz after Level 2, which
should be quite manageable. This issue and others
including the QCD jet background and the effect of
pileup are discussed in detail elsewhere [12].

Search for Intermediate Mass
Higgs viaqq—> WH - Iv yy

The low end of the intermediate mass range, 70
GeV/c2 <My < 100 GeV, is very difficult, even at
high luminosity. The process q@ — W H may be
useful here [13]. The final state to be tagged is

6.3.1.2
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W = I v with | = e, Y, with the observation of an

associated H — yydecay. The event rate has been

calculated and is expected to be about 1 fb at the

SSC. The principal background will be the standard

model process q@ — W vy. The background from

misidentified electrons has not yet been studied.
Proposed cuts in the final state are:

Ery Er, 220 GeV

After the cuts, a large fraction of the signal events
remains. The cross sections for My = 70, 100, and
130 GeV are estimated to be 0.45, 0.6, and 0.5 fb,
respectively, and ~9 fb for the background events
[13]. The selection efficiencies for photon, lepton,
and neutrino are assumed to be &y=0.85, &, =0.85,
and ey = 0.90, giving a total efficiency e,? & ey =
0.55. Theestimate foreyis based on CDF experience
with W + jets events.

Figure 6-2 shows the M,, distribution for the
signals (Myg =70, 100, and 130 GeV) and the
background at an integrated luminosity of 104!
cm2. The mass peaks for low mass Higgs are
clearly seen. The statistical significance is
calculated in the same manner as in Table 6-2 with

the results given in Table 6-3.
50 T
[ Signal (70, 100, 130 GeV/c®) + BG
~, 40 At 100 7!
N t  o/E = 7%/VE + 0.5%
(4] L
S 30f
o s
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T 20f
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Figure 6-2 Invariant-mass distributions of photon
pairs with AEIE = 7%/VE & 0.5% at an integrated
Iuminosity of 1041 cm=2 for g —»WH — Iv yy(Mp =
70, 100, 130 GeV) and the standard model background
(9@ — W7yy). The event selection is made with ET},
ETy> 20 GeV, i, ny<2J5. The selection efficiencies
for photon, lepton, and neutrino are also included.
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Table 6-3 Significance of HW — yylv.

Branching
. Ratio
(GeV/c2) (10SSCyr) (10 SSCyr) (10SSCyr) (10 SSC yr)
70 24 16 6.0 26%
100 32 13 8.9 21%
130 26 10 8.2 23%

These results should be compared with those in
Table 6-2. Although the cross section is small, the
smaller background actually improves the statistical
significance at low My.

Figure 6-3 summarizes the discovery potential
forHiggs in bothH —yyand HW —yylv channels.
With an integrated luminosity of ~4 x 1040 cm2
the entire range My > 80 GeV can be covered.
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Figure6-3 Integrated luminosity requiredfor discovery
of H — yy(solid) and HW —» yylv(dashed) as afunction
of MK, requiring 256 and 2 10 events.

6313 H-HZZ' - I (I=zeorp)

For 150 <My < 180 GeV, we can search for the
Higgs in the channel H —» ZZ*— I+I-1*]-(I=eor
1) 14]. ISAJET was used to generate 1000 events
forMy=150GeV in the 4¢,4}1, and eepiyl channels.
Theleptonmomenta were smeared with the standard
electron and muon resolutions.

Four charged leptons are required with pr> 5
GeV, p>6 GeV, and N <2.5. Atleast two of the
leptons must have pt > 20 GeV to allow a trigger.
Two of the leptons must form a good Z having
| My — Mz| < 10 GeV and the correct charge for
muons. The other pair of leptons must have a mass
between 10 GeV and 70 GeV. Finally, the leptons



must be isolated, with Er < 10 GeV in a cone
AR = 0.3. Figure 6-4 shows the H — 4/ signal and
the Z9bb background for the AR = 0.3 isolation cut.
Within the Monte Carlo statistics all the background
is eliminated for the AR = 0.4 isolation cut. About
40 events are expected for an integrated luminosity
of 1040 cm2. The statistics are quite limited, but
the lack of background makes this an attractive
channel for discovery of the Higgs in this mass
range.
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Figure 64 Reconstructed for H — ll mass and
bb background for AR = 0.3 isolation cut.

6314 H-SZZ-BlIHI(=eorp)

For Higgs masses in excess of 200 GeV, the
“gold-plated” channels H = ZZ— [+~ ¥~ (I=¢
or ) are accessible. The discussion here primarily
concerns the muon channel, because the electron
resolution is certain to be good, and electron
identification is not a serious problem with this
well-constrained decay topology.

Samples of events for Higgs masses of 200,
400, 600, and 800 GeV were generated using
ISAJET. The events were analyzed using the
muon momentum resolution function described in
Section 3.3, with the cuts pry >5 GeV,n, <2.5,
and prz>50GeV. The combinations of
oppositely charged pairs were chosen that gave
masses closest to the Z9, giving the Z° mass
distribution shown in Fig. 6-5. This figure also
shows the Z0 mass for H5ZZ—4e, assuming

AE/E =17.5%/VE ©0.5%. Good resolution is
important to ensure good acceptance for Z’s in the
presence of high-mass dimuon backgrounds,
especially if high-luminosity operation degrades

information normally available from tracking or
calorimetry [15].

Figure 6-6 shows thereconstructed 4yt invariant
mass for Higgs decays and the ZZ continuum
background for Higgs masses of 400 and 600 GeV.

The mass resolution can be improved somewhat
by using a constrained fit, as shown in Fig. 6-7 and
discussed in detail elsewhere [16).

For high pr muons, one might sometimes lose
the hit information in the first superlayer of muon
chambers caused by muon bremsstrahlung or
radiation in the calorimeter. If this happens, the
Z9% — py resolution is only degraded from 2.4 GeV
to 2.8 GeV.

8r T T T T
f  My=400 GeV

el
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[N
T
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T
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Figure 6-5 Reconstructed Z mass from from Higgs

decay (a) ee pairs measured inthe EM calorimeter and
(b) ppt pairs measured in the air core toroid system.

6315 H-ZZ - Ittt

The rate for 4¢, 44, and 2e2t signatures is very
small for heavy Higgs masses, at least for the
standard machine luminosity. Events in which one
Z decays to T+t~ can also be reconstructed. This
gives a factor of two increase in the potental
number of signal events.
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Figure 6-7 Reconstructed 4. mass from 400 GeV
Higgs decay using a constrained fit, with background
muonpairsfromtt production.Vertical scaleis events
for 1090 cm—2 integrated luminosity.

The 1 decay products always include a v, and
possibly other neutrinos that escape detection.
However, the neutrino directions follow closely
that of the parent T, so their momenta can be deduced
from the missing transverse momentum vector,
which in a hermetic detector can be quite accurately
measured. There are two neutrino energies to
determine, and two components of missing Et
measured, enabling in general an unconstrained
fit.

Only two sources of Z0tt events were
considered: the Higgs events and the qq — ZZ
continuum. Because T’s could be identified from
W decays at the SPS collider, it seems likely that
the background for t’s will be very small at the
very high pr’s of interest here.

ISAJET was used to generate 1000 events
H 5ZZ - ptu~trt for My = 600 and 800 GeV.
The T decay products and other particles were
simulated in a simple calorimeter. Jets withn <3
were then found using a cone algorithm with
AR = 0.2, because the T gives a narrow jet. A jet
mass cut, M;<4 GeV, wasimposed, and 70% of the
Etin AR = 0.5 was required to be within AR =0.1.
If more than two jets passed these cuts, the two with
the lowest second moment of energy flow around
the jet axes were used. For Tt masses with
| Mz — Mz | <15GeV, the Tt mass was constrained
to the Z9 mass and the Tl mass wasreconstructed.
As shown in Fig. 6-8, the signal is clearly seen
above the background for both 600 and 800 GeV
Higgs.

6316 H-HZZ-SHI v

The Higgs may also be discovered through the
channels in which one Z decays to electrons or
muons and the other to neutrinos. These channels
have a factor of six more potential signal events
than the four charged-lepton modes. The technique
involves detecting the Z — vv through missing Et
in the event. If the missing Et resolution of the
calorimeter is not excellent, there will be a large
background from QCD Z + jets events where the
jets are mismeasured, leading to a false Et signal.
Therefore, it is important how well our calorimeter
performs as a missing Et detector. This channel is
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Figure 6-8 uutt invariant mass distributions
from Higgs and q@ — ZZ. (a) My = 600 GeV,
(b) My = 800 GeV.

one of the most demanding in that regard, so it has
beenused as a principal benchmark for hermeticity.

The forward calorimeter coverage is split
between end caps and forward calorimeter. Thisis
done because previous studies [17] have indicated
that to have sufficient missing Er sensitivity, the
calorimeter T coverage must extend up tomn ~ 5.
This is not possible without going quite far
downstream. If, for example, the end cap
calorimeter were simply closed down to the beam,
showers around 1 > 4 would lose energy into the
beam pipe because of the transverse shower size
and the ET uncertainty would be too large to attempt
this search. Introduction of a forward calorimeter,
however, necessitates a transition at  ~ 3.
Figure 6-9 indicates the potential problem
introduced by such a transition: showers can leak
out of the sides of the “cone,” leading to
mismeasured Er.

TTIIT
1111 é
T

T =

T

T

1 —

TI11

Figure 6-9 GEANT simulation of a single hadron
shower in the end cap and forward calorimeter
transition region.

Though it is visually dramatic, this leakage
does not seriously compromise the hermeticity of
the detector. To show this, GEANT was used to
compile a library of showers in the region
2.5<n <3.5. Then QCD Z + jets events were
examined using this shower library to simulate the
response of tracks in this region and the standard
resolutions elsewhere. The resulting missing Er
distribution is shown in Fig. 6-10. Above about
50 GeV, the missing Et mismeasurement is
dominated by the decay of heavy quarks to neutrinos
in the jets accompanying the Z. This sets a natural
scale below which it is clearly not worthwhile to
push the detector performance. With then =3
transition, the calorimeter measures Et at this level.

Two other options have been investigated for
the n =3 transition, which are sketched inFig. 6-11:
an “inverse cone” and a cylindrical tube. These
both spread the transition over a larger range of
rapidity, while not creating such an extreme prob-
lem at exactly | = 3. For both of these cases, the
missing Et distribution is indistinguishable from
that for the standard cone. The projective cone
minimizes the N region over which the problem
occurs and so probably simplifies the vetoing of
bad events.

6-7
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(dashed).

a) b)
Figure 6-11 Alternative geometries for the end cap and
forward calorimeter transition: (a) standard cone, (b)
inverse cone, and (c) cylinder. Only half the detector is

shown. (Not to Scale.)

c)

ISAJET was used to simulate the signal from
H — ZZ — 11~ vv with Higgs masses of 400,
600, and 800 GeV, and background events were
generated from two sources: QCD Z + jets, and
continuum Z pair production with ZZ — [*+]~ vv.,
Event selection was done by requiring two leptons
within 1 < 2.5, reconstructed to the Z mass within
10 GeV. For events satisfying this requirement,
the unbalanced pr of the Z reconstructed from the
lepton pair was plotted. For Higgs decays this
shows a Jacobian peak up to Mpy/2; for the
background it is a smoothly falling distribution
governed by the Z production kinematics.
Figure 6-12 shows the signals are clearly visible
above the background for the whole range of Higgs
masses considered [5].
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Therefore, the H — ZZ — [+~ vv channels
seem to offer a good way of extending our reach to
higher Higgs masses than are accessible at standard
luminosity with the four charged-lepton Higgs
decays. At an integrated luminosity of 1040 cm~2,
there will be ~500 events above background for
My =400 GeV, ~200 for Mg = 600 GeV, and ~80
for My = 800 GeV.

6.3.1.7 H—-ZZ - HIjj

Finally, H — ZZ — I*1~qq with one Z hadronic
decay may be reconstructed, giving a potential
factor of 24 more signal statistics than the four
charged-leptonmodes. This decay has been studied
[18], and at high Higgs mass it can be reconstructed
with reasonable efficiency. It provides an additional
channel to study the heavy (My ~ 800 GeV) Higgs.

Thedetector was simulated as described earlier.
Isolated leptons (£ ET < 5 GeV in AR =0.2) were
assumed to have perfect angular measurement,
while their momenta were treated by the resolution
of the calorimeter or the muon system. Events were
selected by requiring two isolated muons with

Prup > 200 GeV, My —Mz|<5GeV.

Jets were reconstructed by a simple cone
algorithm with iteration of the cone axis. Jets with
pr > 50 GeV were found with a cone of AR = 0.2
and a minimum cell Etpin =1 GeV. One and only
one pair of jets was required satisfying

Prji > 250 GeV,
AR;;< 1.0,
| &5 — Oy | > 100 degrees.

The mass of the pair was calculated by summing
energy vectors withina cone of AR =0.7 around the
axis defined by the vector sum of the two jets, and
acut was made at| M;j—Mz| <8 GeV. Finally, the
extra Et in a larger cone of AR = 1.0 was required
to be less than 5%, to assure that the Z is isolated.

The production cross section of a standard
H — "1™ qq is 0.068 pb at My = 800 GeV. After
the cuts, about 130 signal events are expected with
1040 ¢cm~2 luminosity. Including the ee channel

would give a total of 260 events assuming the same
efficiency.

Thedominantbackgroundis single Z production
through the Drell-Yan process. The total cross
section of pp production at the Z mass with pr
greater than 200 GeV is about 13 pb. The accepted
background events have a cross section of 0.04 pb
in the muon channel alone, giving a signal-to-
background ratio of 0.33. Because the Higgs hasa
large width at such a high mass, the signal does not
exhibit itself as a bump, but as an excess of events
within the mass window.

Part of the Higgs cross section is produced by
WW fusion (Fig. 6-13), which leads to forward jets.
Requiring at least one additional jet with pr > 50
GeV and 1 > 2.5 improves the signal-to-background
by a factor of 1.25, while retaining 36% of the
signal. The M;; distribution after this cutis shown
in Fig. 6-14.

jot

Figure 6-13 Feynman graphfor WW — H, showing the
Jorward quark jets.
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Figure 6-14 Myy,jj distribution of signal plus back-
ground (solid) and the background only (dash).

Itis a reconstructed Z from the jet-jet mass that
really separates the signal from the background.
Figure 6-15 shows the jet-jet mass distribution for



events with 600 < My j; < 1000 GeV without the
Mjj = Mz cut. There is a statistically significant
excess of events at Mz. The signal-to-background
ratio may perhaps be improved further by using the
fact that Z’s from the Higgs are longitudinally
polarized and so have a sinZ 6* decay distribution,
whereas the background is mainly transverse with
a (1 + cos? 6*) distribution.
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Figure 6-15 Mjjdistribution of signalplus background
(solid) and background only (dash).

6.3.1.8 Summary

The capability of the detector to discover the
Higgs in various mass ranges using the decay
channels described above is summarized in
Fig. 6-16, covering the entire mass range
70 <My < 800 GeV.

Decay
mode

H-oyy

HW slvyy
ZZ* >4
ZZ-41
Z-ll
ZZ->llvw
ZZ-lljij

Ns

Luminosity (SSC years)

Figure 6-16 Approximate mass reach for Higgs
discovery invarious decay modeswith the EMPACT/
TEXAS detector.

6.3.2 Top Quark

Assume a top quark with a mass of 250 GeV.
Howisitdiscoveredinthedetector? Howaccurately
could the mass be measured? Can its decay
properties be determined? For example, if the top
decays to a charged Higgs withamass of 150 GeV,
at what branching ratio level can this process be
detected?
6.3.2.1 Top Events with Isolated ey
Signature

In this channel, top events should be identified
from the decay chain:

t—= Wb, W=l
t->wWhb Woh

with one e and one [ to eliminate the Drell-Yan
background. The basic event selection criteria
require oneisolated electron and oneisolated muon
with pr > 30 GeV and at least two jets with
Pr1 > 50 GeV, pr2>30GeV. Thenthe background
from W pair production and Z — T+t~ decays is at
the 1% level.

In this decay mode, the best way to measure the
top mass is to reconstruct the lepton-jet mass [19].
Figure 6-17 shows the lepton-jet invariant mass for
jets containing a nonisolated muonasa btag. The
solid line shows M; =250 GeV and the dashed line
M; = 200 GeV. After one SSC year, the top mass
could be determined by fitting these invariant
masses to a level fixed by systematic errors alone.
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Figure 6-17 Lepton-jet invariant mass, where the
Jjet has a nonisolated muon associated with it.
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Because the distribution itself is wide, the effect of
the resolution is minimal. Similar results have
been obtained from the invariant mass distributions
for the lepton-jet mass with the highest pr jet, and
from the lepton-lepton mass with one isolated and
one nonisolated lepton.
6.32.2 Top Mass Reconstruction from
Hadronic Decays

While the et decays are very clean, they do not
allow direct reconstruction of the top mass. Direct
reconstruction is possible for the decay chain:

t >Wb, Woki(=eW
t->wWbh, Woqq

Thekey is tofind the two jets fromthe W. Requiring
high pr and looking for nearby jets reduces the
combinatorial background [19]. Events were
selected by requiring one isolated lepton with
Pr > 30 GeV. Jets were found with a jet cone size
R = 0.3; a minimum cell ET, min=1 GeV; and a
minimum jet pr, min = 40 GeV. A jet pair was
selected if:

Prjj > 200 GeV.
ARjj <1.0
| §j; — ¢: | > 100 degrees;

The mass of the pair was calculated by summing
energy vectors in a cone of R =0.7 and with the axis
defined by the vector sum of the two jets. The pair
closest to My was selected. The extra Erinalarger
cone of R = 1.0 was required to be less than 5%, to
assure that the W was relatively isolated. Jet pairs
with mass within | Mj; — Mw [ < 15 GeV were then
used, with the jet closest to the reconstructed W
being selected as the b-jet candidate. This tends to
be true when the top has high pr so that the W and
b stay close. With no other selection on the b-jet, a
peak at the top mass can already be seen at this
stage.

To clean up the signal, the separation between
the W and the closest jet was required to have
AR <2. The pr of the reconstructed top was
required to be greater than 300 GeV. These

additional cuts gave the mass distribution shown in
Fig. 6-18. The broad background from misidentified
W and b is reduced.
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Figure 6-18 Mass of two close jets of events with only
one pair of jets and with isolation cut.

The only background considered so far has
been single W production in association with QCD
radiation. The isolated muon comes from W — pv
decay. The accepted events are also shown in Fig,
6-19. The background in the signal region is at the
level of 3%.
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Figure 6-19 W-jet invariant mass after cuts.
250 GeV top (solid), W + jets (dash).

Because the background does not seem to be
overwhelming, the worsening of the calorimeter
resolution by pileup noise and transverse shower
development, which this simulation does not
include, will probably not degrade measurement
of the top mass in this decay mode.
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6.3.2.3  Search for t = H*b Decays

If there exists a charged Higgs lighter than the
t, say M;=250 GeV and Myx* = 150 GeV, then the
decay t — H*b can be significant. For H* — 1t+v,
such decays can be observed by triggering on a
conventional decay,  — I~ vb, and measuring the
relative rates for e, |, and single-prong hadronic ©
decays of the associated t. This test is limited by
systematics. If the ratio can be determined to 10%,
as seems reasonable, then sensitivity will be

B(t—->H*b)BH* -1t V)=1%

Itis possible, although not theoretically favored,
that the H* — c¥ decay might be dominant. In this
case, it is possible to trigger as before and
reconstruct the H* — jet-jet decay in a manner
similar to the W — jet-jet reconstruction. Figure
6-20 shows the resulting distribution for a
10% t — H*b branching ratio with a 100% H* —
¢S decay. Evidently this would be readily
detectable; the sensitivity is estimated to be a
product branching ratio of a few percent.
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Figure 6-20 Jet-jet massfort — H*b, H¥ — ¥

6.3.3 Jet Energy Resolution
Demonstrate the jet energy resolution as a
measure of the calorimetry performance of the
proposed detector by studying the decays:
— jet + jet
Z’>jet + jet, Mz’=1TeV

If afixed-cone algorithm with aradius AR isused
to find the jets, then the cones will generally be
separate if the momentum of the Z%or Z’ is somewhat
below M/tan(AR) but will overlap at higher
momenta. In the intermediate regime, the decay
can be considered as one jet or two. The Z mass
resolution and shift will be affected by fragmentation
and shower fluctuations. Also, for a fraction of Z
decays, a hard gluon radiated by one of the quarks
may appear as a well-defined third jet or miss the
cone cut. While the former can be recognized, the
latter leads to lost energy.

ISAJET was used to produce a sample of 5000
Z%’s with a mass of exactly 91 GeV and 5000 Z'
with a mass of 1000 * 1 GeV [20]. For each event,
the particles from the Z% or Z’ were boosted to the
rest frame and then reboosted to the desired
momentum. The remaining particles in the event,
and any neutrinos, were ignored. Undecayed
particles were converted to hadronic energy and
muons were assumed to give 3 GeV of hadronic
energy. Each momentum vector was re-aimed to
the center of the correct calorimeter tower.

GEANT with full shower simulation was used
to calculate the difference between the particle and
the shower centroid. Typical distributions from
this investigation are shown in Fig. 6-21. These
were used to determine a transverse offset to be
applied to each track.
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Figure 6-21 Transverse position smearing of 10 GeV
pions in EMPACTI/TEXAS lead-LAr calorimeter from

GEANT.
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Energy smearing wasdone using the appropriate
calorimeter resolutions for SPACAL, for LAr, and
for the LAr CAD model augmented by the energy
crossover in the 1 = 3 region from GEANT [5].

Figure 6-22 shows the SPACAL and LAr CAD
mass distributions for the ZO at rest obtained by
summing all hit cells.
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Figure 6-22 Z° — jjresolutions summing all hit cells.
(a) SPACAL. (b) LAr CAD model.

A fixed-cone jet algorithm with AR = 0.7 was
then applied. Nojet splitting or variation of AR were
attempted. Figure 6-23 shows the resulting mass
distribution. A cone of AR = (.9 reduces the tails
by more than a factor of two, but this large cone
would probably include too much energy from the
underlying event and from pileup. Figure 6-24
shows the corresponding plots fora 1 TeV Z’ .
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Figure 6-23 Z° — jj resolutions for AR = 0.7 cone
clustering. (a) SPACAL. (b) LAr CAD model.

Z%and Z’ mass resolutions were calculated from
the simulations. When the mass curve was

asymmetric, the resolution was determined from
FWHM/2.36; otherwise the data in the peak were
fit to a Gaussian. The results are summarized in
Table 6-4.
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Figure 6-24 Z’— jj resolutions for AR = 0.7 cone
clustering. (a) SPACAL. (b) LAr CAD model.

Table 6-4 Z9,Z’— jet + jetmasses and resolutions.

P Perfect | SPACAL LAr LAr
(GeV) Calorim Param Param CAD
Z9- ], no clustering
0 91.0 91.0 91.0 88.5
14.5 4.5 3.0
50 91.0 90.8 0.8 89.5
4.4 4.4 3.0
100 91.0 90.8 90.8 89.0
+3.8 +3.8 13.0
200 91.0 91.0 91.0 88.8
+3.4 3.4 +23
500 91.0 92.0 92.0 89.0
_:1:3.0 _ +3.0 2.5
Z%5jj, AR = 0.7 cone
83.0 82.0 82.0 81.0
0 4.2 16.8 5.9 +5.9
84.5 833 83.3 82.0
50 +3.8 16.1 16.1 +5.1
86.3 86.0 86.0 84.8
100 3.2 5.1 +5.1 4.4
91.0 91.7 91.7 89.0
200 +1.4 +3.5 +3.5 +3.4
90.0 90.3 90.3 89.2
500 +1.0 +3.6 3.6 25
Z— jj, no clustering
1000 990 990 980
0 119 119 +16
1000 990 990 980
1000 _ 122 +19 115
Z'-jj, AR = 0.7 cone
990 990 990 980
0 13 +19 119 +19
990 990 990 980
1000 +15 122 +22 +18
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Then-¢ segmentation of .07 x.07 hasnegligible
effect on the masses or widths; the same is true for
the transverse shower smearing, even with a lead
calorimeter at a radius of 1 meter. Both effects
primarily smear the hadron direction but not the
energy, and the particles with the largest smearing
tend to be those of lowest energy. Calorimeter
energy resolution directly affects the mass
resolution. The parameterized LAr and SPACAL
distributions are indistinguishable. The CAD
parameterization gives a slightly narrower width at
all Z% and Z’' momenta because it assumes a slightly
betterintrinsicresolution. Italso shows amass shift
because it includes losses resulting from material
andpunchthrough. The massresolutionisdegraded
by the fixed-cone jet algorithm, especially for low
momentumn Z° ’s. Carefully tuning of the jetalgorithm
will be essential for a real analysis.

6.3.4 Lepton Detection ;

Demonstrate the acceptance and resolution
(notthe ability to run at extremely high luminosities)
of the lepton detector by a study of a Z‘'with a mass
of 4 TeV. Show a measurement of mass and
asymmetry for 1000 produced Z°’ — e*e-, putu-,
1T~ each.

A new neutral gauge boson Z’ of mass 4 TeV
has been simulated [21] using PYTHIA.
Appropriate couplings of the Z’ to fermions have
been added for various Z' models. Note that,
depending on the Z’ model, the assumed 1000 Z" —
pp events would require 5 to 10 years at 1040
cm2 per year. This search would obviously benefit
from a luminosity well above the standard 1033
cm2 571,

634.1 Z' —-pup

The geometrical acceptance for Z' — pHu-
decays is 88% for the rapidity coverage n <2.5.

There is essentially no real background to this
process. Drell- Yan production of dileptons through
a virtual photon or Z° is about five orders of
magnitude below the peak.

Figure 6-25 shows the dimuon mass distribution
with a vertex-constrained muon momentum fit.

200 ——T——— "]
- Mg EMPACT
AT M(Z')=4 TeV

Events/50 GeV

M(up) (TeV)
Figure 6-25 Mass spectrum for 1000 Z’—> py events

for a4 TeV Z’mass.

Because the resolution exceeds the natural width of
the Z’, the data have been fit with a Gaussian on a
smooth continuum, giving ¢ =383 GeV, 0r9.6% of
Mz.. Multiple scattering, muon detector resolution,
and detector misalignments have been included.
The average momentum resolution of all the muons
for the entire detector is 14%. Without using the
vertex constraint, Mz- has ¢ =495 GeV.

For these high-energy muons, energy loss in
the calorimeter must be considered. This has been
simulated using GEANT. Although typical muon
energy losses are O(50 GeV), there are occasional
large energy losses from hard interactions. Because
the muons are isolated, the measured energy in the
calorimeter can be recombined with the muon
momentum measurement. But some energy is lost
because it is deposited in inactive elements. For
less than 1% of the events, a muon will lose over
20% of its energy in inactive elements, exceeding
the average muon momentum measurement error
(14%). Such events have been excluded. For the
remaining events, the effect of energy loss is small
compared to the momentumresolution. The overall
efficiency in the muon channel is about 87%.

Tracking inefficiency (about 6%) resulting
from muonradiation is discussedin Sect. 3.4.2 and
isnotincluded here. For 1000 total Z' — py events,
the error on Mgz would be about

AM = 383 GeV /+/870 = 13 GeV, or 0.3%.
For this experiment the forward-backward
asymmetry is measured using muons. For pp
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collisions, it is an odd function of the Z’ rapidity.
While it would be possible to fit to the expected
distributions, little sensitivity is lost by folding the
distribution and then integrating over rapidity.
Therefore the asymmetry Apg isdefined as follows:
let y. be the rapidities of the final state muons, p<.
Thenify, +y->0

+ O(y->y )=-oly-<y,)
Apg=App = o(y->y )+o(y_-<y,)

while for y, + y- < 0, Apg = —Apg*, Table 6-5
summarizes Arg for various models and gives the
statistical error, AApg, expected for 1000 L events.
Allmuons in our 1000-event sample were measured
with the correct charge.

Table 6-5 Arg and width for Z’ in various models.

Model AFB A FB TtAT (GeV)
E6, 6= 90° -0.14+£0.03 48+13
E6, 6= 128° -0.31£0.04 38+1.1
Alt. L-R symm. -0.22+ 0.04 60+1.8
6342 Z'—>ete

Because of the superior energy resolution for
electrons, the Z’ mass and width are best measured
inthee*e~channel. Atsuch high energies, only the
0.5% constantterm inthe energy resolution matters.
Figure 6-26 shows the expected M. distribution for
1000 events. There is essentially no difference
between this distribution and the generated one.
We have fit to a Breit-Wigner resonance function
plus a smooth continuum. The error on the mass is
AMz=2.8GeV or0.07%. The value of I 7 ismodel
dependent and is given in Table 6-5 along with the
measurement error for the 1000 Z' — ee sample.

Athigh luminosity not only the mass and width
but also the couplings of a 4 TeV Z’ could be
measured. The cross section and asymmetry will,
in general, be different in the off-peak region than
in the resonance region. Because of its excellent
mass resolution for electron and muon channels,
the detector is well-suited for these studies.

100
C EMPACT
M(Z) = 4 TeV

Events/20 GeV

i 3. o 4.0 -
M(ee) (TeV)

Figure 6-26 Mass spectrum for 1000 Z’ — ee events
fora4TeVZ:

6343 Z’— 1™t mode

For Z' — 7z there are at least two neutrinos.
Because the v’s will be almost back-to-back, their
momenta cannot be determined from the missing
pr, For tdecaysinto three prongs, the v, momentum
is softer, and it is possible to see a peak in the
visible p,. The three-prong jets will be detected
using the TRD tracker. A one-prong jet will be
required on the other side to eliminate any QCD
background.

ISAJET was used to generate 1000 Z' — 1t
events with Mz’ = 4 TeV, and the TRD response
was simulated. For the three-prong decays, the
three tracks are typically inside a single row of
straws, but the multiplicity can be determined from
the pulse height distribution, as indicated in Table
6-6. The three-prong jet is called an isolated
“heavily ionizing” or “twice minimum ionizing”
track in the TRD; the one-prong recoil is called an
isolated “electron,” which may be areal e or a high-
pp % or L. From 1000 Tt decays a signal of 244
events is obtained with one three-prong and one
one-prong decay, and 156 of these pass the TRD
cuts. Figure 6-27 shows that the reconstructed
three-prong jet E_. is degraded from that of the ©
because of the missing neutrino energy; butthere is
a clear signal around py ~ 1 TeV.

The background to this distribution would be
from Drell-Yan Tt events, which have a very small
cross section compared to the Z’, and from QCD
jetsin therange p. ~ 1 TeV. One of the jets would
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have tofragment into a very-high-momentumsingle
charged pion, while the other would have to appear
like a three-prong T decay. This gives a negligible
background. ‘

Assuming that the TRD performance is well
understood, lepton universality in the ratio
B(Z' - tt)/B(Z’ — up) will be tested with a
precision determined by the Tt statistics, i.e.,+ 8%
from 1000 Z’ decays into each mode.

Table 6-6 Detectionof Z’— Tt using the TRD tracker.

Found As t—3Charged | t— 1 Charged
Heavily lonizing 40% 2%
"Electrons" 20% 80%

2 xmin. lonizing 40% 13%
Min. lonizing 0% 5%
F 1 T T T
[
15 ~ .
2
« ,
0 r 4
w10 ~ -
| .
< - -
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ET(GeV/c)

Figure 6-27 Reconstructed ET distribution for three
charged particle t jets found in the TRD tracker.

6.4. ADDITIONAL PHYSICS STUDIES

In addition to the questions posed by the PAC,
other studies have been performed that illuminate
particular physics strengths of the detector. The
good hermeticity of the calorimeter enables missing-
pt signals of supersymmetric particles to be seen,
and the excellent hadron calorimetry enables jet
energy measurements at high pr and a search for
quark substructure to be made.

6.4.1 Supersymmetry

Supersymmetric (SUSY) particles are produced
in pairs: 8,89, qq. q ¥, or g y. This analysis
[22] concentrates on the g g channel in the minimal
SUSY model [23], partly because it has the largest
cross section, and partly because its signatures are
most affected by the existence of cascade decays
among the four neutral color-singlet superparticles

%%, i=1-4, and two charged ones 3 ¥;, i=1-2.
These cascade decays give complicated events
with missing pr, jets, leptons, W and Z bosons, and
even light Higgs bosons [24].

6.4.1.1 Large Missing Et Signature

Gluino masses of 220, 300, 750, and 1500 GeV
were considered, each with one or two choices for
the other parameters in the minimal SUSY model.
Some of these cases were studied previously [25],
while others are consistent with recent CDF and
LEP limits [26].

About 25% of the gg events have at least one
gluino that decays directly to %9, giving large
missing pr. The major backgrounds are fromheavy
quarks (top in particular) and from gauge boson at
high pr. Samples of about 3500 events for each of
the masses were generated using ISAJET, including
all decays. The events were analyzed in a simple
calorimeter simulation with the CAD model
resolution, and jets were found using a cone
algorithm with AR = 0.7. Samples of 4000 Z°
decaying to neutrinos and 15 000 QCD events
containing either a lepton with pr,> 50 GeV ora
neutrino with pr, > 100 GeV were generated and
analyzed in the same way.

The minimal set of cuts requires at least four
jets with pr > 50 GeV and a transverse sphericity S
greater than 0.2. Stronger cuts can be applied
requiring large pr jets and large Eymiss, but these
discriminate against lower mass gluinos.

Figure 6-28 shows the missing transverse
energy, Ey™iss, and the p**t distributions for the 750
GeV gluino with the cuts described. pfutis defined
to be the momentum out of the plane formed by the
transverse sphericity direction and the beam
direction. The solid curve shows the gluino
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distribution. The dashed curve shows the same
distribution from QCD-produced heavy quark
background events. The QCD background at low
E;miss or pP8t is underestimated because at least 100
GeV of neutrino energy was required during the
generation. The dot-dashed curve shows the
distribution forthe backgrounds fromZ — vvevents.
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Figure 6-28 E{™5S and pPW distributions for
M 7= 750 GeV.

The signal-to-background ratios were found
[22] to be 5:1 for the 220 GeV gluino with Epmiss >
200 GeV; 3.5:1 for the 300 GeV gluino with Epmiss
> 100 GeV; and 4:1 for the 750 GeV gluino with
Emiss > 300 GeV. For the 1500 GeV gluino it was
difficult to establish a signal-to-background ratio
because not enough background events were
generated at very large pr, but the signal would be
at Eymiss > 1 TeV.

If a large Ey™iss signal were present in the data,
the four-jet and two-jet masses could be used to
determine the gluino mass. In Fig. 6-29 the
transverse mass Mrcalculated from the four largest
Erjetsplus the missing pris shown forthe 300GeV
and 750 GeV gluinos, using only events with Emiss
exceeding the cut values stated above. These
distributions are clearly sensitive to the gluino
mass. At present, the background statistics for the
higher mass cases are quite poor, but it is not likely
that they will significantly alter the shape of the
signal distributions.

025 T
—_ L m = 300 GeV ]
> L
& 0.20f
(=] [
8 L
9 0.15]
,D 9
c r
= 0.10:
g [
) 0.05:
0.00k
0 2000 4000 6000 8000 10000
Four Jet Mass, GeV
0.0015 .,....,...;go.c.;.v.,.. ~
i m = e ]
= 1 |
(]
o [ ]
S o.0010} .
o L 4
~ | i
£
5 L p
= 0.0005 - -
T I ]
(=]
©
1 -
0.0000! LAl
0 2000 4000 8000 8000 10000

Four Jet Mass, GeV

Figure6-29 Effectivemass of4 highestpr jetsandthe
missing pr . The dashed curve is the background.

The two-jet mass formed from the jet with the
largest Et and the closest of the next three largest
Er jets in AR can also be used to determine the
gluinomass. These two jets are likely to belong to
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the same gluino, and the peaks of the distributions
shift in proportion to the gluino mass [22].

6.4.1.2 Dilepton Signatures for Gluinos

The primary signature for gluino production is
large missing Er. Additional signatures are the
presence of same-sign dileptons or Z0 decays in the
events with large missing Er. The same-sign
dilepton signature, which arises from the Majorana
nature of gluinos, is particularly interesting.

The gluino event samples were generated [22]
using ISAJET, and events having at least two
leptons with pr > 20 GeV were selected. The
number of events per year are indicated in
Table 6-7 with various cuts. Electrons and muons
have been summed to improve the Monte Carlo
statistics. Most of the leptons have 1} < 2.5. The
Pt > 20 GeV cut is severe for 220 GeV gluinos. If
itwerereducedto 5 GeV, the rate would increase by
almost an order of magnitude.

Table 6-7 Gluino events peryearfor dileptonselections
and 1 cuts

For Gluino Mass
Selection 220 750 1500 | 3000
all 38x10%]| 1.8x105| 5600 | 69.3
allm<25)| 3.0x106| 1.7x105| 5400 | 684
alllike sign | 1.2x 106 | 6.8x104| 2200 | 27.9
< 2.5) ‘

It is expected that the leptons from the gluino
decays will be isolated, with ET <5 GeV in a cone
AR = 0.1 surrounding the lepton. Only isolated
leptons are used because this significantly reduces
the heavy quark background.

Various effective mass distributions have been
suggested to determine the mass of the gluino [25].
One of these, Moy, is the effective mass of the two
highest pr leptons, the four highest pr jets, and the
missing pr. This “gg system mass” is shown in
Fig. 6-30 for gluino masses of 220 GeV, 750 GeV,
and 1500 GeVrespectively. Clearly thisdistribution
is sensitive to the gluino mass, peaking at roughly
twice the gluino mass.
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Figure 6-30 Effective mass of 2 highest pr leptons, 4
highest pr jets, and the missing prfor gluino events for
M = 200 GeV (solid), M = 750 GeV (dashed), and
M=1500 GeV (dot-dashed).

6.4.2 Limits on Quark Compositeness

The composite nature of quarks would show up
as a deviation from the standard QCD cross section
for jets at high pr. The systematic errors in jet
energy measurements include uncertainties in the
underlying event and in leakage outside the cone.
There are also uncertainties in the parton
distributions, but it is expected that additional
knowledge will be gained fromHERA and fromthe
SSCitself.

Figure 6-31 shows the signals forcompositeness
scales A = 5, 10, and 20 TeV and the QCD cross
section with MRS Set B [27] parton distributions.
The effect of choosing the EHLQ Set 1 structure
function is shown. This is an extreme example of
current uncertainty, because EHLQ 1 is no longer
favored, but it does set a scale for the experimental
effects described below.

A previous study [28] concluded that the
calorimeter should have | e/h - 1| <0.1. However,
it assumed that the calorimeter would be calibrated
at 10 GeV, which is inappropriate for SSC jets in
the multi-TeVrange. Forthe presentstudy [29], the
GFLASH [30] simulation was used to calculate the
7% content of hadronic showers on an event-by-
event basis. The response to hadrons was then
simulated as the sum of a purely hadronic
component, Ey,g, and a purely electromagnetic
component, Een,.
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Figure 6-31 Compositeness signalsfor A= 5, 10,and
20TeV and the QCD expectation. The effect of parton
distributions is shown for MRS Set B vs EHLQ Set 1.

I 1
4000 5000

Figure 6-32 shows the average response to
hadrons as a function of incident energy for two
different calorimeter intrinsic e/h values. The
response has been calibrated at 100 GeV. These
curves are consistent with the analytic estimates of
Groom [31]. An intrinsic e/h = 1.00 (not shown)
gives a constant average response equal to unity,
but would have a finite resolution.
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Figure6-32 Average calorimeterresponseas afunction
of incident hadron energy for various values of elh.

ISAJET was used to generate QCD jet events.
Jets were found using a cone algorithm with AR =
0.7.

The resulting jet cross section is shown in Fig.
6-33(a) for different values of intrinsic e/h and two
different calibration points. Fig. 6-33(b) shows the
same cross sections relative to the QCD expectations
with e/h =1.00. The largest deviations from QCD
are for the low-energy calibration point (10 GeV).
Fig. 6-32indicates that low-energy calibration shifts
the response to all higher incident energies upward.
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Figure 6-33 (a)Jet cross section for various values of
e/h and calibration points (see text.) (b) Same cross
sections normalized to QCD with elh = 1.00.
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In conclusion, the calorimeter e/h does not

seem very important for compositeness searches,
provided the calibration is made at high energy.
Either the LAr or SPACAL design proposed should
be capable of determining compositeness limits
up to scales A ~ 15 TeV and beyond if systematic
effects are understood.
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7.0 COST, SCHEDULE, AND
MANAGEMENT

7.1  INTRODUCTION

The EMPACT/TEXAS collaboration has
worked closely with the Physics Research Division
of the SSCL to arrive at a clear, consistent approach
todetermine the cost of the detector systemdescribed
in this LoI. The collaboration has adhered to the
cost-estimating guidelines provided by the SSCL,
and thus presents costs segregated into the distinct
categories of detector, EDI/QA, services and
equipment, facilities, computing, contingency, and
escalation.

We have performed bottoms-up estimations of
nominal costs based on adetailed work-breakdown
structure (WBS) consistent with the overall SSC
project WBS, and have used SSCL- provided labor
rates inour nominal cost estimations. We have also
made conservative determinations of contingencies
based on quantitative estimations of the risks caused
by technical, cost, and schedule considerations for
ecach WBS eclement that, taken together with the
nominal costs, provides areliable upperlimit on the
cost of the detector system. The nominal costs—
with contingencies—are then escalated according
to SSCL guidelines and presented along with an
experiment design, fabrication, installation, and
commissioning schedule consistent with the overall
SSC project schedule. We conclude with a
discussion of the management structure and
institutional responsibilities for the period that
encompasses preparation of the proposal and
beyond.

Eol BASELINE METHODS
As detailed in Sect. 8 of the EEol, the cost
estimate categories included detector, engineering,
facilities,and R&D. A WBS with a mix of bottoms-
up estimation (primarily for the calorimeter options
and toroids) and parametric analysis (e.g., use of
average cost per pound for finished material or a
completed system) were used, and the derived costs
were considered to be quite conservative. Given
that the EEol focused on physics goals and optimal
performance, and included a wide variety of

7.2

technology options, it would have been premature
to attempt a detailed determination of contingencies
orescalation. One of the primary points made in the
EEol was that a series of iterations would be
employed by the collaboration to trade off physics
performance, engineering feasibility, and cost
considerations in arriving at the optimum system.
In addition, it was assumed that detailed cost and
program guidelines would be forthcoming from the
SSCL. Indeed, the collaboration views the Lol as
being consistent with the iterative process described
in the EEol.

EVOLUTION OF THE EMPACT/

TEXAS DETECTOR
The detector described in this Lol is clearly
based on the system presented in the EEol, albeit
with a number of significant changes and
improvements. These differences can be grouped
into three categories, based on the motivation for
making the change or improvement:

73

Modifications of physics scope, caused by the
merger of the EMPACT, TEXAS, and 1034
groups;

Design improvements that yield a better
performance-to-cost ratio;

Descoping to reduce costs.

1

2)
3)

In addition, significant improvements in our
understanding of costs and contingencies have
resulted from more detailed breakdowns of the
elements that comprise detector subsystems (e.g.,
detailed examination of cryogenic service
requirements), as well as improvements in
understanding of component (e.g., electronics) and
support equipment (e.g., test beam calibration)
costs.

Table 7-1 summarizes for each of the above
categories, the changes and improvements made to
each subsystem that have a significant cost impact.



Table 7-1 Changes and improvements made in developing the EMPACT/TEXAS detector.

Modifications of Design
Physics Scope Improvements D ping
Tracking Scintillating Fiber Imaging Elimination of Vertex
Preradiator with Silicon Pads Detector
(LAr and SPACAL) Reductionin TRD
Channel Count (25%)
Calorimetry Fine Sampling EM Calorimetry | Increased Size of Individual |  Reduction In Number of EM
(LAr and SPACAL) Modules (LAr and SPACAL) Longitudinal Segments
Use of Lead Eutectic and
Decreased Scintiilator/Lead ::'c;;a;;d Agi :S' Diameter
Ratio (SPACAL)
Use of Lead Absorber (LAr)
Muon System Barrel Toroid inner Radius Redesigned Muon System Reduce End Toroid Length
increased to 5.15 Meters in and Field
Order Tp Remove Badial Reduction in Number of
Constraint on Calorimeter Muon Channels (20%)
Suppont Structure Redesign of Detector
Support Bridges
7.4 Lol COST ESTIMATE METHODS items. Continuous contact with the SSCL has

The process by which the detector cost estimates
and contingencies were arrived at is described in
detail below.

7.4.1 Detailed Work Breakdown
Structure

A detailed WBS has been developed for
accumulating detector cost estimates [1]. This
WABS is based on existing detectors (D@ and SLD)
and has been expanded to include SSC specific

Table 7-2 Example of the EMPACT/TEXAS WBS.

resulted in a WBS fully integrated with the SSCL
project WBS and currently breaks down to nine
levels. There are approximately 550 WBS elements
included in the current WBS structure. Table 7-2
shows a partial cut away view of the WBS.

7.4.2 Bottoms-Up Estimates

The nominal cost of a subsystem is built from
the cost estimates of components, processes, and
units of labor. With the use of computer-aided

WBS WBS Total
Number Level Program Element EDVQA M&S ($k)

5.2.1.2b 4 SPACAL 17,642 68,435 86,078
52.1.2.1 5 Central Calorimeter 8,630 28,604 37,234
521.21.1 6 Ring 1 3,846 3,439 7.284
52.1.21.1.1 7 Assemble Towers 675 675
52.1.21.1.2 7 Tower Assembiies 2,764 2,764
5.2.1.2.1.1.2.1 8 Lead (Eutectic 158) 1,672 1,672
5.2.1.2.1.1.2.2 8 Fiber (3 mm) 305 305
52.1.2.1.1.23 8 Fiber (0.5 mm) 434 434
5.2.1.2.1.1.24 8 Photomultipliers 200 200
521.2.1.1.25 8 Tower End Fittings 154 154
5.2.1.2.1.2 6 Ring 2 2,587 2,587
5.2.1.2.1.2.1 7 Assemble Towers 506 506
5212122 7 Tower Assemblies 2,081 2,081
5.2.1.2.1.2.2.1 8 Lead (Eutectic 158) ———
P e ———




engineering (CAE) models and the WBS, the
subsystems are broken down to individual
components. Information from the engineering
models such as weights, materials, specifications,
tolerances, dimensions, quantities, drawing counts,
etc. is used for developing engineering and material
requirements. This information is then used to
obtain material estimates from vendors.

Labor estimates are developed largely from
detailed manufacturing estimates. Manufacturing
plansareused foroutlining the tasks to be performed
for assembly (e.g., of the toroids and calorimeter).
Industrial engineers then determine the machine
and labor hours required for each task. This
information is organized into spreadsheets for
compilation of costs by the EMPACT/TEXAS cost
model. We note that all estimates are first done in
FY1990 dollars, and later escalated according to
the schedule.

743 Cost Model

To facilitate the cost-estimating process, a
computerized cost model [1] is employed. This
spreadsheet-based tool is invaluable for estimating
costs for various detector design configurations in
a short time period, providing valuable information
for decision making. For each WBS item, the
model includes cost parametrics, bottoms-up cost
estimates, analogies to historical detectors, and
other pertinent information that relate cost to
physics performance. The utility of the cost model
is apparent when the effects of design improvements
or descoping options are rapidly evaluated. The
cost model contains the following data concerning
labor rates and EDI/QA.

7.43.1 Labor Rates—To standardize the
detector cost estimates, labor rates provided by the
SSCL have been incorporated into the cost model
for determining nominal costs. SSCL-provided
rates include those for work done at SSCL by
SSCL employees or local “job shop” labor, as well
as rates for large and small industrial vendors of
high-technology products or services such as
superconducting magnet design and fabrication.
The latter rates were used, for example, in

estimating costs of calorimeter and toroid design
and fabrication. Standard industrial factors (where
not provided by SSCL) are applied to the base rates
for overhead, and general and administrative
service. SSCL-provided job shop and contractor
labor rates are used for assembly and installation
activities.

7.43.2 EDVQA—EDI/QA asdefinedby SSCL
for the Lol covers the following activities (1)
preliminary design; (2) final design of systems; (3)
procurement of components; (4) manufacture of
components (planning and quality assurance); and
(5) installation planning, supervision, checkout,
and test. For this Lol, we include in EDI/QA the
costs of engineering, technical oversight, and QA
associated with the tasks listed above.

7.4.4 Risk Analyses and Contingency
Determination

A contingency is the quantitative expression of
the technical, cost, and schedule risks that are
associated with each WBS element. The better one
understands the technical challenges, the detailed
elements of a subsystem, and the unit labor and
component costs, the better one should be able to
fix the nominal cost and the smaller the associated
contingency. A large contingency can result from
asignificanttechnical concern (e.g., the manufacture
of radiation-hard scintillating fibers); a cost concern
(e.g.,uncertainty inlaborrates); a scheduleconcern
(e.g., manufacturing capacity); or any combination
thereof.

A considerable effort has been expended to
perform risk analyses and contingency
determination in amanner consistent withthe SSCL
guidelines.

One begins with quantitative analysis of cost,
technical, and schedule risks at the lowest level
estimated (lowest WBS element). The risk is
arrived at by the use of engineering and program
experience and judgement, historical data, and
vendor information, and quantified by the scale
given in Table 7-3. Higher risk factors are given to
WBS elements where, for example, the design
approaches the state of the art or where the cost



Table 7-3 Technical cost, and schedule risk factor definitions.

Risk

Existing Technoiogy

Factor Technical Cost Schedule
Existing Design Off-the-Shelf or
1 and Off-the-Shelf H/W Catalog Iitem
Minor Modifications to Vendor Quote from No Schedule impact
2 an Existing Design Established Drawings of Any Other item
Extensive Modifications Vendor Quote with Some
3 to an Existing Design Design Sketches
4 New Design, within In-house Estimate for item 2:5&3:;‘;';:?:
Established Product Line within Current Product Line Subsystem ltem
New Design, Different from In-house Estimate for ltern with
6 Established Product Line; Minimal Company Experience

but Related to Existing Capabilities

New Design, Requires Some
8 R&D Development but Does Not
Advance State-of-the-Art

in-House Estimate for litem with
Minimal Company Experience
and Minimal in-House Capability

Delays Completion
of Critical Path
Subsystem item

New Design, Development

Tops-Down Estimate from

10 of New Technology Which

Advances State-of-the-Art Analogous Programs
15 New Design Way Beyond Engineering

the Current State-of-the-Art Judgement

estimate is arrived at without a reliable vendor
quote.

Foreach assigned risk factor, a weightisapplied
based on the severity of the risk, as described in
Table 7-4. For example, a technical risk that affects
design and manufacturing warrants a 4% weight,
while a risk that affects only design is weighted by
2%. Similarly, a cost risk that is determined to
result from uncertainty in material and labor costs
warrants a 2% weight, while risk caused only by
labor rate or material cost uncertainty is weighted
by 1%. The resulting possible contingency ranges
are from 5% to 98%. For example, vendor quotes
from a completed drawing for a new design with
minimum schedule effect would result in a
contingency value of 12% (i.e., 2 x 4% technical +
1 x 2% cost + 2% schedule), a realistic value for a
component at this level. Contingency
determinations for each WBS element have been
made [1].

Large cost versus risk assignments for WBS
elements result from two rather distinct causes. A

large contingency occurs when specific -cost
concerns are identified, for example, the cost of
radiation-hard scintillating fiber or the exact number
of steps (and thus the cost) of manufacturing a
calorimeter module. Alternatively, large
contingencies also occur in the few cases where
nominal costs are calculated by simply scaling
existing systems. In this latter manner, a large
contingency can in fact be associated with a
“low-tech” system such as support equipment or
cooling.

The total contingency for thedetectorisarrived
at by multiplying the derived risk percentage by the
nominal cost for each WBS item and summing the
resultant costs. The total (upper limit) cost is then
the total nominal cost plus the total contingency.

It should be emphasized that summation of
contingencies calculated in the above manner
assumes a worst-case scenario at all levels.
Historically, one can expect that, for some systems
savings will accrue because of optimization,
advances in technology and price breaks. The
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Table 7-4 Technical, cost, and schedule weights for

contingency determination.
Risk Minimum [Maximum | Range
Technical Weights
2% (Design or 1 15 2%-30%
Manutacturing)
4% (Design & 1 15 4%-60%
Manufacturing)
Cost Weights
1% (Material Cost 1 15 1%-15%
or Labor Rate)
2% (Material Cost 1 15 | 2%-30%
& Labor Rate)
Schedule Weight
1% 2 8 2%-8%
5%-98%

detector cost plus contingency calculated in the
manner described above is in fact an upper limit on
the detector system cost.

7.5 EMPACT/TEXAS COST AND
CONTINGENCY ESTIMATES
7.5.1 Major Subsystem Nominal Costs

Particular attention has been paid to the three
areas—calorimetry, toroids, and electronics—that
compose 75% of the total cost. We discuss these
below. Costdetails of other subsystems are available

(1.

7.5.1.1 Toroids—The engineering feasibility of
superconducting toroidal magnet systems is not an
issue, given the history of magnetic confinement
fusion. The real focus is on the question of cost
effectiveness. To this end, we have undertaken
detailed cost studies of the engineering designs
discussed in Section 3.0. The nominal costs and
associated contingencies presented in this Lol for
the toroid system reflect a robust design that
incorporates the most conservative features of three
independent design and cost studies performed by
Grumman Corporation, General Dynamics
Corporation, and Ansaldo Componenti. For
consistency, final labor costs were determined using

rates provided by the SSCL as representative of
large commercial superconducting magnet
designers and fabricators. Confidence inthe design
and cost estimates are strengthened by the fact that
together, Grumman, General Dynamics, and
Ansaldo have an unparalleled wealth of experience
in the design and fabrication of large
superconducting magnetsin a very cost-competitive
environment.

7.5.1.2 Calorimetry—Cost estimates for
calorimetry are based on thorough engineering
designs, adetailed WBS, and careful manufacturing
and assembly plans. The LAr calorimeter system
design is based on extensive work done by Martin
Marietta [2]. For SPACAL, independent designs
and cost estimates were made by Martin Marietta
and the Francis Stark Draper Laboratories, and
included examination of a number of module
manufacturing scenarios tominimize assembly steps
and labor [3]. These designs are described in this
Lol and supporting EMPACT/TEXAS Notes.

For both systems, care has been taken toinclude
the cost of support systems, including cryogenic
services, handling and assembly equipment, and in
situ and test beam calibration. :

7.5.1.3 Electronics—Electronics is clearly a
major component of the overall cost of the detector,
and is too often dealt with by a broad-brush
“average” costs per channel. To reinforce
confidence in the nominal cost and contingency
estimates, we present here the basis for our
electronics costs in some detail. These costs are
based on studies with LeCroy Corporation of the
actual costs of selected commercial products used
in high-energy physics experiments [4]. As such,
they represent the costs of well-understood
technologies, butdo not take intoaccount reductions
in cost that may arise from new but unproven
methods [4].

The design philosophy adopted for the detector
electronics is conventional and conservative. The
intent of this choice is not to restrict the design of
the final system, butrather to increase the reliability
of the electronics cost estimates. Also, the costing



approach is designed to facilitate consistent cost
estimation for a variety of circuits in the absence of
detailed circuit designs. In this model, generic
costs are determined for the design and manufacture
of custom integrated circuits and printed circuit
boards. These generic costs are based onrecentand
ongoing projects.

Table 7-5 summarizes the costs associated with
custom integrated circuits (IC). The development
componentincludesafeasibility study,design work,
and prototyping. The difference in costs between
ICs of high and low complexity reflects the higher
design and prototyping costs associated with a
more complex design. The production costs forICs
include manufacturing, testing, and packaging.

Table 7-5 also shows costs for printed circuit
boards (PCB). Complex boards are FASTBUS-
sized (40 x 40 cm?) that typically accommodate 128
readout (ADC or TDC)channels. A typical example
of a simple board is a chamber-mounted
preamplifier-discriminator card housing 16
channels. The production costs, which are per unit,
exclude the cost of the custom ICs but include
standard components, automated assembly,
automated testing, and the boards themselves. The
production costs for complex and simple boards are
consistent withan approximately size-independent
figure of $12.50 per square inch.

Table 7-5 Generic development Iproduction costs
Jor integrated circuits and printed circuit boards.

Generic Electronics Cost Data | Complex Simple
IC Development $395k $260k
IC Production (per Unit) $10-16 $10-16
PCB Development $285k $110k
PCB Production (per Unit) $3.1k $240

Finally, each readout circuit board is assessed
an additional $900.00 slot charge, reflecting the
cost of the crate mechanics, low-voltage power
supplies, and cooling. With the above numbers,
plus figures for miscellaneous items such as
high- voltage power supplies, cables, and system
installation and testing, the task of cost estimation
reduces todetermining the number of channelsof a
given design that can be accommodated per IC or
PCB.

Table 7-6 summarizes the costs by subsystem.
The large system-to-system variation in high-
voltage power supply costs per channel reflects the
variation in the number of channels per supply
module.

Table 7-6 Costs of front-end electronics for the TRD
Tracker, LAr calorimeter system, SPACAL, and the
muon chamber system.

TRD R&D ($k) | EDVQA ($k)| Mig/Channel
High Voltage $0 $80 $1.33
Amplifier $184 $184 $17.00
Cable $0 $80 $5.50
ADC or TDC $441 $277 $29.91
Total $625 $621 $53.74

| LAr Calorimeter R&D ($k) | EDVQA ($k)| Mig/Channel
Preamp $301 $91 $25.00
Cable $0 $80 $5.50
High Voltage $0 $80 $0.23

| ADC $441 $277 $64.00
Total $742 _$528 $94.73
SPACAL RaD ($k) |EDVQA ($k)| Mfg/Channel
High Voltage $220 $143 $51.80
ADC $441 $277 $64.00
Cable $0 $80 $20.00

| Total $661 $500 $135.80
Muon System R&D ($k) | EDVQA ($k)| Mig/Channel
Preamp $0 $80 $1.33
Cable $184 $184 $17.00
High Voltage $0 $80 $5.50
ADC $441 $277 $33.00
Total $625 $621 $56.83

7.5.2 Contingency Determinations

Table 7-7 gives examples of the numerical risk
assignments for detector materials and services
activities. A similar approach is taken for EDI/QA
risk assignments. These tables are based on the
WBS and employ the method presented in the
previous section. Complete tables of risk
assignments for each element of the WBS are
available [1].

7.5.3 Cost and Contingency Tables

Table 7-8 presents the top-level WBS
breakdown of costs and contingencies. Tables 7-9
through 7-16 give the second-level WBS
breakdowns in 1990 dollars for each subsystem,
including nominal cost and contingency

7-6



Table 7-7 Example of risk assignments for manufacturing contingency analysis.

Materlals and Services Contingency Analysis
WBS WBS Program Element Tech | Cost | Tech | Cost | Sched | Composite| M&S w/
Number Level Wt i wt| % | % % Risk % | Contingency
5.2.1.2a 4 | Liquid Argon Calorimetry 21.2% 80,321
5.2.1.2.1 5 Central Calorimeter 19.5% 31,000
5.2.1.21.1 6 Central Vacuum Vessel | 4 3| 2% | 2% 2% 16.0% 179
52.1.2.1.2 6 Central Argon Vessel 4 3 2% | 2% 2% 16.0% 2,090
5.2.1.2.1.3 6 Feedthroughs 8 10| 2% | 2% 2% 38.0% 1,818
52.1.214 6 Support Tube 4 4 2% | 2% 2% 18.0% 1,644
5.2.1.2.1.5 6 Cooling Coils 4 10| 2% | 2% | 2% 30.0% 138
52.1.2.1.6 6 Cooling Piping 4 10| 2% | 2% 2% 30.0% 164
5.2.1.2.1.7 6 Insulation 2 2| 2% | 2% 2% 10.0% 1
5.2.1.2.1.8 6 Support Tube Support 4 4| 2%| 2% | 2% | 18.0% 1,122
5.2.1.2.1.9 6 Modules 17.4% 20,505
5.2.1.2.1.9.1 7 1 - End Outer 14.8% 2,503
5.2.1.2.1.9.1.1 8 Absorber Material 3 2% | 1% 4% 11.0% 580
6.2.1.2.1.9.1.2 8 G-10 Boards 4 2% | 1% 4% 16.0% 697
5.2.1.2.1.9.1.3 8 Manufacturing Labor 16.0% 1,226
52.1.2.1.9.1.3.1 9 Channel 4 6 2% | 1% 2% 16.0% 13
5.2.1.2.1.9.1.3.2 9 Plate 4 6 2% | 1% 2% 16.0% 7
521219133 | © Strongback 4 6 | 2% 1% | 2% | 16.0% 16
52.1.2.1.9.1.34 9 End Cap J_ 4 (<] 2% | Aok | sk
5012510412t o I
assignments. The breakdown of costs and 7.6.2 Escalated Costs

contingencies (also in FY90 dollars) to lower WBS
levels, as well as the SSCL provided costs for
facilities and computing, can be found in Ref. 1.

7.6 SCHEDULE AND ESCALATED
COSTS
7.6.1 Schedule

Figure 7-1 presents a first-level schedule for the
development, design, engineering, fabrication, and
installation of the detector consistent with the most
recent overall SSCL project schedule (i.e.,
commissioning in March 1999). This schedule is
the basis for the funding profiles presented below.

Figure 7-2 shows the key events and milestones
in the 1991-92 timeframe with particular emphasis
on the process by which major technology choices
will be made. This“critical path” tothe choices that
define the final configuration of the detector is
based oniterative physics performance/engineering
feasibility and cost tradeoff approach emphasized
in the EEol (see, in particular, Figure 8-3) and on
the inside cover of the divider for this section.

Figures 7-3(a) and (b) show the funding profiles
and total expenditures per year in FY90 dollars and
then-year dollars, respectively. Then-year dollars
are calculated according to the escalation factors
provided by the SSCL.

Weemphasize the significantamount of funding
necessary in the 1991-92 timeframe to perform the
development and engineering required to make
technology choices, particularly regarding
calorimetry. With adequate initial-phase funding
we can assure the completion of the detector system
by March 1999.



Table 7-8 EMPACTI/TEXAS cost and contingency summary.

WBS Costs In 1980 $k Contingency Total

Number Detector System Detector | EDI/QA Total Value w/ Contingency
5.2.1.1 Tracking
5.2.1.1.1 Preshower Detector 5,096 1,100 6,195 33.4% ' 8,262
5.2.1.1.2a Tracking Pads (LAr) 1,458 219 1,677 27.5% 2,138
5.2.1.1.2b Tracking Pads (SPACAL) 1,463 219 1,682 27.6% 2,146
5.2.1.1.3 TRD 11,370 1,252 12,622 20.1% 15,163
5.2.1.2 Calorimetery '
5.2.1.2a LAr Option
5.2.1.2.1,2 Central + Ends 49,834 16,250 66,085 19.3% 78,857
5.2.1.2.3 Forward 9,870 2,052 11,922 28.6% 15,335
5.2.1.2.4 Cryogenic System 4,122 3,684 7,806 12.6% 8,788
5.2.1.2b SPACAL Option
52.1.2.1,2 Central + Ends 55,344 15,789 71,133 31.5% 93,557
52123 Forward 13,091 1,853 14,945 32.5% 19,803
5.2.1.3 Torolds
5.2.1.3.1 Central 50,215 4,237 54,452 25.8% 68,515
52.1.3.2 Ends 53,381 4,530 57,911 23.0% 71,257
5.2.1.3.3 Dump Protection System 1,900 240 2.140" 16.0% 2,482
5.2.1.3.4 Cryogenic System 9,437 1,009, 10,446 14.8% 11,990
5.2.1.4 Muon Detectors
5.2.1.4.1 Detectors 28,575 4,286 32,861 35.8% 44,613
5.2.1.4.2 Gas System 1,650 24 1,898 21.5% 2,305
52.1.4.3 Alignment and Positioning 6,550 1,100] 7,65 13.7% 8,699
5.2.15 Signal Handling
5.2.1.5.1 Front End Electronics
5.2.1.5.1.1 Preshower Detector 2,086 2,295 26.0% 2,891
5.2.1.5.1.2a Tracking Pads (LAr) 3,332 3,665 26.0% 4,618
5.2.1.5.1.2b Tracking Pads (SPACAL) 1,612 1,773 26.0% 2,235]
5.2.1.5.1.3 TRD 15,477 16,098 20.7% 19,424
5.2.1.5.14a LAr Calorimeter 11,398 11,926 22.2% 14,569
5.2.1.5.1.4b SPACAL 3,730 4,23 18.4% 5,009
5.2.15.15 Muon Detectors 23,318 23,939 10.5% 26,456
5.2.1.5.2 Trigger and Event Building 16,280, 18,10 15.6% 20,915
5.2.1.53 Data Acquisition 2,144 2,358 24.0% 2,924
5.2.1.54,5 Control/Monitoring Systems 2,700 2,970 24.0% 3,683
5.2.1.6 Support Structure 4,161 4417  19.8% 5,293
5.2.1.7 Project/SSC interface
5.21.7.1 Power and Electrical 5 59 13.8% 681
521.7.2 Compressed Air System 24 26 29.1% 348
5.2.1.73,4 Detector Specific Cooling 26! 29 29.1% 382
5.2.1.7.5 Fixtures/Handling Eq. 4,240 1,093 5,333 30.4% 6,952
5.2.1.7.6 Safety Systems 41 41 45 32.7% 605
5.21.7.7,8 Counting House 5 273 82 26.7% 1,048
5.2.1.7.9 Cable Handler _1,217] 243 1,46 28.3% 1,874
5.2.1.8 Calibration in Test Beam
5.2.1.8a LAr Option 2,602 260 2,86 20.1% 3.43&L
5.2.1.8b SPACAL Option 1,687 169 1,856 _29.5% 2,403
5.2.1.9 Detector Installation 12,091 1,687 13,778  23.4% 16,997
5.2.1.10 lnte_g_ratlon/Managemem 18!350 2,667 21,01 20.3% 25,274
5.2.1a Total LAr Option 354,871 51,457 406,32 22.3% 496,776
5.2.1b Total SPACAL Option 349,182 46,823  396,005| 24.8% 494,185
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Table 7-9 Tracking system costs and contingencies.

Table 7-12 Muon system costs and contingencies.

Table 7-11 SPACAL costs and contingencies.

Nominal | Cont Cost w/
SPACAL Cost ($k) | Value |Cont($k)
Tower Assembly 19,108 29.3% 24,702
Lead 14,815 32.0% 19,556
Fiber 5,347 50.3% 8,037
Photomultipliers 2,646] 34.0% 3,546
Tower End Fittings 2,301 26.0% 2,900
Calorimeter Assy & Test 6,170] 204% 7,430
Support Structure 3,807 16.5% 4,436
Tooling/Test Equipment 16,939 35.5% 22,950
Forward Calorimeter 14,945| 32.5% 19,803
Total 86,078 31.7% 113,360

Nominal | Cont Costw/ Nominal | Cont Costw/

Tracking Cost ($k) | Value | Cont ($k) Muon System Cost ($k) | Value | Cont($k)
Preshower Detector 6,195 33.4% 8,262 Conductor Structure 47,611 30.0% 61,804
Tracking Pads (LAr) 1,677 27.5% 2,138 Superconducting Winding 5,287f 10.0% 5816
Tracking Pads (SPACAL) 1,682 27.6% 2,146 Superconductor 26,705 30.0% 34,717
TRD Dewar 9,794 16.0% 11,361
Straws 11,520 20.0% 13,824 Insulation 2,747 30.0% 3,571
Radiators 86| 21.8% 105 Feedthroughs 2,866 16.0% 3,325
Support Frame 36l  21.8% 44 Assy of 5-degree Coils 9,904 10.0% 10,894
Cables 4201 21.4% 510 Assy of 45-degree Coils 7,449 10.0% 8,194
Gas Routing 180| 21.4% 219 Dump Protection System 2,140| 16.0% 2,482
Thermal System 180 21.4% 219 Cryogenic System 10,446 14.8% 11,990
Gas System 200 21.7% 243 MI.JOI'\ Detectors o 32,861 35.8% 44,613
Total (SPACAL Option) 20500 24.7%|  25571]  [SasSystem 1,898] 21.5% 2305
Total 167,358 25.4% 209,861
Table 7-10 LAr costs and contingencies. Table 7-13 Signal handling costs and contingencies.

Nominal | Cont Costw/ Nominal | Cont Costw/

LAr Calorimeter Cost ($k) | Value | Cont ($k) | Signal Handling Cost ($k) { Value | Cont ($k)
Modules 39,443| 17.9% 46,497 Preshower Detector 2,205( 26.0% 2,891
Argon/Vacuum Vessels 6,314 151% 7,266 Tracking Pads (LAr) 3,665( 26.0% 4,618
Feedthroughs 3870| 354% 5,240 Tracking Pads (SPACAL) 1,773  26.0% 2,235
Cooling Coils/Piping 2,894 17.3% 3,395 TRD 16,008 20.7% 19,424
Support Tube 2902 17.2% 3,402 Calorimeter (LAr) 11,926 22.2% 14,569
Assembly & Test 6561| 188% 7,795 Calorimeter (SPACAL) 4,230 18.4% 5,009
Tooling/Test Equipment 4099 28.3% 5,260 Muon Detector 23939 10.5% 26,456
Forward Calorimeter 1,922| 286% 15,335 Trigger and Event Building|  18,100| 15.6% 20,915
Cryogenic Systems 7806 126% 8,788 Data Acquisition 2,358 24.0% 2,924
Total 85813] 200%| 102,979 Control/Monitoring Sys 2070|  24.0% 3,683
Total (LAr Option) 81,350 17.4% 95,480
Total (SPACAL Option) 71,762 16.4% 83,536

Table 7-14 Detector support structure and SSC

interface costs and contingencies.
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Nominal Cont Cost w/
Support Structure Cost ($k) | Value | Cont($k)
Overhead Support Sys 4,280 19.7% 5,121
End Toroids Roller Sys 137]  25.5% 172
Total 44171 19.8% 5,293

Nominal Cont Costw/
SSC Interface Cost ($k) | Value | Cont ($k)
Power and Electrical 598 13.8% 681
Compressed Air System 269 29.1% 348
Nonconventional Cooling 254 29.1% 328
HVAC Control 42| 29.1% 54
Fixtures/Handling Eq 5333 30.4% 6,952
Safety Systems 456| 32.7% 605
Counting House 646 26.2% 815
Fixed Counting Area Eq 181 28.4% 232
Cabie Handler 1,460 28.3% 1,874
Total 9,240 28.7% 11,889




Table 7-15 Test beam calibration costs and

contingencies.
Nominal | Cont Cost w/

Calibration Cost ($k) | Value | Cont ($k)
LAr

Cryostat 700 16.0% 812

Modules 1,093 18.1% 1,292

Electronics 409 22.0% 499

Fixtures 440| 31.8% 580

Test Labor 220 16.0% 255
SPACAL .

Towers 932 34.7% 1,255

Electronics 264 184% 313

Fixtures 440 31.8% 580

Test Labor 220] 16.0% 255
Total (LAr Option) 2,862 20.1% 3,438
Total (SPACAL Option) 1,856 29.5% 2,403

Table 7-16 Detector installation, integration, and
management costs and contingencies.

Nominal Cont Costw/
Installation Cost($k) | Value | Cont($k)
Tracker 331 29.4% 428
Calorimeter 1,116| 27.9% 1,428
Signal Handling 2,181 25.7% 2,741
Muon Detectors 706 29.4% 913
Trigger 429| 29.4% 555
Toroids 7.384| 19.5% 8,821
Data Acquisition 66| 29.4% 86
Monitoring System 136 29.4% 175
Detector Sys C/O & Test 1430 29.4% 1,850
Total 13,7781 23.4% 16,997
Integration and Nominal | Cont Cost w/
Management Cost($k) | Value | Cont($k)
Sys Engr & Integration 12,315] 20.3% 14,809
Project Management 2,486 20.3% 2,989
int & Mgmt Travel 1,015 20.3% 1,221
Admin Services & Supt 5,201 20.3% 6,255
Total 21017} 20.3% 25,274
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7.7 MANAGEMENT
7.7.1 Collaboration and Project
Management

The EMPACT/TEXAS collaboration is a group
of scientists with similar physics interests who
believe that the detector proposed is the best way
to pursue SSC physics. At the same time we
recognize that the detector is an enormous high-
technology project that must be designed,
fabricated, assembled, and commissioned before
experimentation can begin. The first step is to
develop a sound, credible proposal. To this end,
we propose an organization for 1991-92 timeframe
and beyond, that relies on sound scientificdirection,
experienced engineering, strong project
management, and clear fiscal oversight. This
organization is shown in Fig. 7-4. The composition
of the Collaboration Council, Scientific Policy
Committee, and Technical Advisory Committee is
described in Sect. 9 of the EEol, as is the method of
adding new institutions. We focus here on the
project organization.

There are three features of the project
organization shown in Fig. 7-4 that merit some
elaboration. First, a project manager and support
staff are assumed to be employees of the SSCL.
This structure provides clearlines of SSCL project,
fiscal, and contractual authority over the industrial
members of the EMPACT/TEXAS team. Second,
there are U.S. and Soviet physics coordinators for
each subsystem. This recognizes the major Soviet
contribution to EMPACT/TEXAS and assures good
communication and efficient use of all resources.
Third, the detector project as a whole has a chief
engineer and each subsystem has a lead engineer.
~ Theseengineers have been integrally involved from
the Eol stage, understand the issues that drive the
technology choices that must be made, and have the
confidence of the collaboration.

The anticipated areas of interest and
responsibility for collaborating institutions are listed
in Table 7-17. The majority of theseinstitutions are
also participating in the detector R&D and
simulation activities. It should be noted, however,

that responsibilities are expected to evolve over the
project lifetime, and that the collaboration as a
whole, and each institution in particular, is
committed to doing whatever is necessary to make

EMPACT/TEXAS a success.

7.7.2 Post Lol Activities

The scope and schedule of the undertaking
proposed here requires that we move decisively to
the next stage. In December 1990 and January
1991, we will initiate the following specific actions
to provide the logistical infrastructure for
management and funding of the EMPACT/TEXAS
project.

1) Select, in conjunction with the SSCL, a project
manager and key project support personnel. In
addition, we will establish SSCL—EMPACT/
TEXAS interfaces and liaisons for safety, quality
assurance, planning, contracts, finance, and
cost control.

2) Negotiate funding for R&D, engineering, and
proposal preparation with the SSCL. The fund
requests presented in the EEol and TEol will,
along with SSCL overall project schedule and
funding considerations, form the basis for these
negotiations.

3) Continue the development of critical-path
facilities requirements and designs via the
establishment of a standing joint EMPACT/
TEXAS—SSCL Facility Design Group.

4) Hold afull collaboration meeting (Jan. 24-26 at
SSCL) to formalize and coordinate all
EMPACT/TEXAS proposal activitiecsandR&D
responsibilities.

5) Submit a formal plan to Soviet authorities for
commitment of contributions to EMPACT/
TEXAS.

6) Negotiate Memoranda of Understanding and/
or contracts between the collaboration, SSCL,
and all participating institutions.
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Figure 7-4 EMPACTITEXAS organization for the proposal preparation period, the project manager and project
support personnel (including cost control and contracts) are assumed to be SSCL employees.
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Tatle 7-17 EMPACTITEXAS member institutions and associated responsibilities.

Institution

Calorimetry

Muon

Toroid

Tracking

Trigger/DAQ

Simulation

Integration

~Moscow State Unlversny Dubna
zNanjing:University :

New York Umvers’fy

Unlversdade Estadual ae S

“Universidade de Sao Paulo.

7 nwersny'of Washington

[ College of William and.Mary.
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