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This report presenta a concepinal deaign of & large eolenoid datector for studying physics at the
88C. The parsmeters and nators of the detector hova bean ¢hozen based on pressnt eatimotea of
what is required to allow the stody of heavy quorke, supersymmetry, heovy Higoo partleles, WW
scattering at large invariant maczes, now W and Z bosons, and very lorge momentum tranefer
parton-parten scotiering. Simply stated, the goal is to obtaio optimum detection and idontificas
tion of clectrona, muons, neutrinos, jets, W' and Z'a over o large rapidity region, The primory
region of interest extends over £3 unite of rapidity, although the calorimetry must extend to +5.5
units if cptimal mizsing energy resolotion is to bs obtained. A magnetic fold was incorporated
becanso ¢f the impartance of identifying the oigno of the charge for both electrons and muons
a4d becanse of the added possibility of identifying r Ieptons and ascondary vertices. In addition,
the existence of & magnetic feld may prove usefol for stedying new physics procezses abous which
we curreatly have oo knowledge. Siuce hermeticity of tha calorimetry is extremely important,
the entira eentral and endcap cnlarimeters wern located inside the solennid. This docs not ot the
moment eeem Lo prodnce significant problera {although maoy izsnes remain to be resolved) and
in fact lands to s very effective muon detects; in the cantral region.

1. Introduction

The main motivation for the SSC ia the expectation that new physics in the form
»f new heavy particles, such aa Higgs bosons, pupersymmetric porticles, heavy fermions,
heavy W’s or Z's, or con nasite particles, will be dizcovered in the TeV mass range. Such
particles would be praduced in the central rapidity region and would decay to high-pr
electrons, muons, or jets, often in events with lorge missing transverse energy {E7) due
to undetectable neutrines.

The Large Solenoid Detector Group has gtudied a large 47 detector in a solenoidal
magnetic field from two aspects:

1. Detector characteristics needad to fook for the new physics

2. Improvements on the design of & large 4r solenoidal detector over previous Jesigns
11-3].

Qur large tolenoid detector wos conceived as being built with more-or-less “conven-
tional” technelogy, although in practice such a detector would require a great deal of
research and development to build, particularly for the calorimetry and electronico. Such
5 detector must be capable of operating at the SSC design luminosity of 10%? em—%s!,
We also considered operation at lower and higher luminosities. The detector characteris-
ticg ave & .y the desire to detect and identify jots, electrons, muons, and neutrinos
%3l _.ng momentum). Particular emphasis is placed on the identification of elec-
.ons ond muons; backgreunds should be reduced to o level that is small compared to
the rate for prompt real leptons. Since rates for interesting events will be small and the
background processes complex, high priority was also given to the determination of the
sign of the clectric charge for both electrons and m.uons.
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2. Calorimetry
¢ Missing Er > 100 GeV
¢ Hermelticity crucial!
In] < 5.5 (~ 0.5%)
¢ Eilectromagnetic: og/E = (0.10 to 0.15)/VE + 1%
e Hodronic: oz /E = 0.50/VE + 2%
« Electromagnetic Anp x 8¢ segmentation: 0.02 x 0.02 — 0.93 x 0.03
# Hadronit 45 X A sezmentation: 0.08 x 0.0g

3. Tracling
e in[<26-3
® opr/Pr ~ 0.3 - 0.5 pr (TeV/c)
o Mostly isolated tracks
s Useful to check missing energy
4. Microvertex Detector
& Useful to tag &'s and 7's

Probably the most difficult reguirements to meet ore thosoe for an intermediate-mass
Higgs decaying into 65 or r*r~. For this physics one needs to tag b'z or r's using o
microvertex detector at the design Juminosity of 10° con~%3~'. In addition, this group
wants to identify electrans in b jets,

3. Overview of Detector

In an effort to meet the physits requirements, we paid speciol attention to optimiz-
ing tracking and calorimetry together. The outer radius for tracking wos reduced from
the Snowmass 86 valoe in order to allow for ot least 10 interaction lengths of hermetic
compensating calorimetry entirely inside the magnet coil. In addition, we added inter-
mediate tracking to cover 1.2 < |7] < 3. The iron flux return was then available for
use in the central muon detactor. We discussed ways o optimize electron identification,
passibly including transition radiation detectors, eapscially in the forward regions. We
studied the mensurement of muon momentum for muons in the centra} region by using
only the bending angle measured just outside the cail and with central tracking included.
We nlso discussed how such a large solencid detector might operate at o high luminosity
of 10* cm~%"!. The new design for a large solenoid detector is shown schematically
in Figs. 1{a) ang 2. Model A from the DCMAP report |2] is shown for comparison in
Fig. 1{b). The new improved version has chrunk in outer radius from 10.5 m to 7.6 m.
The detector components ore described in detail in the following sections.




To accompiish electron identification and charge aign determination, tracking in the
presence of a magnetic field is required In the inner volume surrounded by the calarimeter.
In addition, there are mony other motivations for tracking. -Our summary of tlie moat
important reasons includes:

1. Identification of electrons.

Saparation of multiple interactions within the same bunch crossing.
Matching electrons, tnuona, and jots to the correct vertex.

Llectron charge sign determination.

Improving ¢/7 separation.

Identification of secondary vertices.

Identification of r leptons.

{nvariant mass or momentum cuts.

@ m M oe e s owow

Establishing the credibility of new phyaica and providing redundancy.

We note that items 4-9 require & mognetic fluld. While some of the items are of a higher
priority than the others, we are convinced that a great deal of flexibility and power for
addressing the physics issues is lost if a mognetic Seld ia nol incorporsted.

There are additional arguments that may be given, ¢.g., that with a magnetic field one
can verify calorimeter measurements and improve the hermneticity of the overall detector
if it is not possible to build » “crochless” calorimeter. However, we do not give these
srguments as large a weight since it is our goal to provide good charged particle tracking
withoul compromising compensating and hermetic calorimetry,

2. Phyeics Requirermnents

We met with members of the Physics Parametrization Groups on Heavy Higgs, Inter-
mediate Mass Higgs, Nonstandard Higgs, Supersymmetry, Heavy Quorks and Leptons,
New W' and z's, and Jets and Compositeness |4). From these discumsions and from
the sumnmary talks of these groups the physics reguirements for detectors which will look
for high-pr physics at the 55C were determined. V.'¢ ghould keep in mind that the new
physics actually found at the 38C may be comething other than what woo expected, The
Parametrization Groups provided models in terms of our present understanding of what
physics the detectors should be able to deal with.

The basic requirements can be summarized an follows:
1. Electron and Muon !dentification

o inl < 2.5— 3 (5 for muons)

o Sian of charge to 0.5 — 1 TeV/c

o c,.u; 0 rejection at least 1073

& Mostly isolated tracks



DISCLAIMER

This report wos prepared as an account of work sposcored by an ogency of the
Uaitcd States Government. Neither the United States Government gor any sgency
thereof, nor any of their employees, makes any warranty, express or implied, or
cesumes any legal liability or responsibility for the accuracy, complstencss, or uce-
fulness of any information, apparatus, product, or process discleced, or represents
that its use would not infringe privately owned rights. Reference hercin to any spe-
cific commercial product, process, or service by trade name, tredemark, manufoc-
turer, or otherwise does not necessarily constitute or imply its endorcemsnt, recom-
mendation, or favoring by the United States Government ar any agency thercof.
The views and opinions of authors cxpressed herein do oot pecessorily state or
reflect those of the United States Government or any agency thereof,
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4.1. Mognet Design

As iz chown in Fig. 1{a), the coil extends from a radiug of 4.1 m to 4.6 m. The
magnetic field inside the coil is 2 Tesla providing over 8 Teslo-meters of magnetic analysia
for exiting mucns. The first layer of muon tracking chambers, extending from 4.6 m to
8.1 m, i Just outside the coil. This tracking chamber is used to measure the angle of
the exiting mucn very tccurately in order to be utilized as the pr cutoff for the Level }
myuon trigger and as the primary momentum measurement for high energy (> 1 TeV/¢)
muens. The steel Aux retum, extending from 5.1 m to 7.1 m, is located onteid- she & ¢
layer of muon tracking chambars. The caleulated magnetic fleld in this steel is 1.5 Tes)a.
The outer Jayer of muon tracking chambers, extending from 7.1 m to 7.6 m, is located
autside the flux return. The angle mensurement in this layer will be uced in the Levei
1 or Level 2 muoen trigger to point back to the interaction vertex and ns a redundant
momentum Measurement since the finx return has 3 Tesla-meters of magnetie analysis
capability. An end view of the detector is shown in Fig. 2.
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Fig. 2. End view of the Large Solenaid Detector.
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Fig. 1. (a) Schemati¢ view of the Large Solencld Detector. (b) Model A fram
Reference 2.

4. Magnet

The decision to locate all of the calorimetry inside the solenoid coil has profonnd
cansequences on {he solencid coil. The coil must be large (8.7 m x 16 m in thio case) and
must be able to carry o Jarge weight inaide the bore (5000 tona). However, restrictions
on the thickness of the coil can be relaxed because the coll wili no longer interfere with
the energy measurement of affect the e/ signal ratio. Muon trocking chombers can be
located just outside the toil because there is sufficient nbasrber t¢ reduce the hadron
shower. The flux retyrn ean now be utilized not only for flux return but for muwon
identification and a redundant momentum measurement of the muon s well.
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Table 1. Parameters of the Solenoid Module

Length

Diameter (inner fouter)

Coil Length

Cureent

Central Field

Winding
Number of Layers
Total turns of winding

Stored Energy

Cryestat: He Vessel
Material
Wal) Thickness (inner/outer)
Length

Conductor

Weight

Cold Massz

Temperature rise for 125 MJ

1.7Tm
8.2m/9.2 m
128 m

5000 A
20T

U]
642
125 MJ

SUS 304N
3.5em/2.5cm
l1.4m
AMY-type

56 x 107 Kg

33 x 10° Kg
75°K from 4.2°K

Since the coil is now outside the calorimeter, one is no longer constrained to build
& “thin” so’enoid such &3 is currently nsed in CDF or the LEP detectors. A moare con-
servative thick design is chasen. The conductor chosen here is the AMY-type conductor
|8], eross section shown in Fig. 4 and parameters listed in Table IIL. The AMY conductor
is made of hard copper and has an allowable strass of about 20 kg/mm?. A stainless
stee! support structure can be used to reduce the conductor thickness. A detailed cross
section of the liquid helium cryostat and the superconducting coil is shown in Fig. 5. The
posl boiling method of ecoling is used. Both the cryostat and vacuum chamber are made
of stainless steel. The magnet is cryostable, but for safety reasons is designed to allow

quenches to oceur.

Tahble 111. Parameters of the AMY Conductor

Superconductor Nb-46.6 wt%% Ti
Crass Section 9.8 x 10.2 mm?®
Strand Diameter 1.35 mm
Number of Strands 7
Number of Filaments (30 ymo} per strand 1025
Critical Current:

At 44T (4.2°K) 11760 A

At 6.0 T {4.2°K) 8610 A




The parameters ¢f the solenoid are given in Table 1. Because of the large size, it ia
proposed tha! the aolencid be constructed in several modules,

Table I. Main Parameters of the Super Solenoid

Bure Dismeter 8.2 metera

Total Length 16 meters

Central Field 2 Tesla

Number of Modules 8

Free Spoce Between Adjacent Modules | 0.34 meters

Total Stored Energy 1 Gigaloule

Overall Inductance 80 Hentiea

Total Weight 450 x 107 Kilograms

Another advantage of building the colenoid in several modules is that the free space
between the separate modules ¢an be uszed for aupport structure to carry the weight of
the calorimeter and as an exit path for signal cables if accessary.

A cross section of one of the solenoid modules is ahown in Fig. 3 and the parameters
of the module are given in Table 11,

Julgs ¥WaLuum Vesuel R
—
He Cryosigt
AT %00 mm
Cant
-
a0 mm
ARe Vazuum Yesso
! 1780 mm ~l
Y
© 1700 mm MEITAN

Fig. 3. Cross section of the solenoid moduje.



4.3. Doteetor Assembly

A magnet this Iarge in not aasembled o o single ohjoct. Hoving already divided the
o}l into geveral modules, there is no reason not to divide the flux return na well. A
pozsible cut in at # = 4 m and another at z = 8 m. The ring of the octagonal fux
veturn is assembled 22 a single object, 4 m in length, 15 m wide and 15 m high. This
forms the maln stroctural element of the centrn) detector and has s weight of almost
2500 metric tons. Two of the magnet modules nre annembled together with additional
structural sypport »= = single unit having aufficient strength both to hold the modules
themselves with their aasociated magnetic forces and to support the calorimeter which
will gubsequently be inserted. This unit is incerted into the flux return ring and literally
hung from it by means of bolted connections which center the magnet modules, space
them off the ring, and allow space for the muon tracking chambers. These connections
will take up approximately half of the azimuthel area allowing the muon chambers io be
inserted and aligned through the remaining gapa. This process is repeated four times to
produce the entire barrel of the cantral detector. The two endcaps are solid steel and are
assembled separately. The endcaps when ecsembled each weigh almost 3400 metric tons.

The central ealorimeter :neanwhile has been assembled as o separate object. The
detalls of how this calorimeter is mated to the soleroid/fux return are dependent upen
the calorimeter technology chosen. I the calorimpeter is made of uranium-liquid argon,
the number of cryostats would probably be kept to o minimum in order to minirnize
hermeticity problems. One paasible chaice is to cut it ot 80°. This would give only two
erycstiats each ‘~eighing approximately 2500 tons. Ench cryoatat would be mated to two
of the solenoid /Bux return ringa. If the calorimeter is made with either lead-scintillating
fiber technology or lead-TMS technology, the calorimeter would probably be divided into
four pieces, two barrels each weighing 1425 tonn and two endcaps weighing 1075 tons
cach. Each of these pieces would then be mated with one of the solenoid/fux return
rings.

After the calorimeter is inserted into the golenoid/flux return rings, the entire
salenaid/fux return/calorimeterfendcap combination is assembled on the beam line to
form the final central detector. If the experimental area ¢onaists of an assembly atea and
b separate collision hall, the Sux return/solenoid werk would be done in the coilision hall
and the calorimeter work would be done in the assembly area. If the experimental area
consists of only the collision area, the flux return/solencid work would be done at one
end and the calorimeter work would be dene ot the other end. Since the detector has
besn cut up into more ar lesa manageable pieces (< 7500 tons), assembly of complete
goctions in an nasembly orea and subsequent movement into Lthe collision area is not ruled
out entirely if required by the cchedule.

10
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major contribution to spatial resolution is alighment erzors and these may be less acvere
over a amaller radius. In addition, we have assumed a 2 T magnetic field instend of the
1.5 T used in the Snowmass 86 report. This gives = momentun resalution of 0.54pr
{TeV/c) for the 104 measurements assumed in cur central tracker beyond a radinz of
60 em. I one uses the constraint that particles come from the intersction region the
momentum resolution is improved to 0.26pp. The momentum resolution is improved by
about the same factor for particles which come fram decays of long-lived particles if =
microvertex detector is used at amall radius.

The tracking detector design iz divided into centra! tracking ( In| < 1.2) and inter-
mediate tracking (1.2 $ |5] < 2.5). The central tracking chambers are assumed to have
an inner radius of 40 cm. We do not expect the inner layers ai radii less than 50 ¢m to
survive at the design luminosity, but we also do not expect the 8SC to begin operation at
the full design luminosity. The inner layers can be removed or turned off when they are
overwhelmed by the increased luminosity. Straw tube chambers are a natural candidate
for » small cell design. The straws can be made small enough. They confine the gense
wires to their own cell in case f breakage. They do not require & multitude of field wires
resulting in large forces on the endplates. They provide mechanical support 5o that the
chambers can be self-supporting. They provide a much better method of support than
in conventienal drift chambera for the long sense wires in order to achieve electrostatic
stobility. They can be pressurized to give beiter spatial resolution,

The central tracking system is assumed to be built of straw tubes of radii from 2
te 3.5 mm parallel or nearly parellel to the beamn direction using a design similar to
that given in Reference 12. The straws are made of aluminized polyester film {Mylar) oz
polycarbonate {Lexan) with wall thicknesses of about 30 pm. The straws are assumed to
be at atmospheric pressure. Eight layers of straws are glued together to form superlayera,
as shown in Fig. 6. Within each superlayer the layera are staggered by half the cell
width in order to allow hits from out-of-time bunch crossings to be rejected and resolve
left-right ambiguities as illustrated in Fig. 7. By dividing the chamber into eight-straw-
thick superlayers we can obtain locelly identifiable track segments with a high level of
redundancy. Every other superlayer is emall-angle stereo (~ 3°) in order to measure the
coordinate along the wire. Azimutha! cathode pad or strip readout is needed for bunch
nssignment since the propagation time along the wires is 16 na for the outer layers. It
iz also usaful to help in reducing stereo ambiguities. Cathode pad readout is included
on the outer layers of the superlayers. There are 15 superiayers in all for a total of 120
measurements. The total number of cells iy 122,368. The total number of radiation
lengths is 8% for a particle traversing the central tracking chambers at 80°, as shown in
Table IV. Thirteen superlayers are located at radij larger than 50 cm and are expected to

be operaisle at the design luminesity. The central tracking system geometry is summarized
in Table V.

The limiting factor in the momentum resolution will probably be knowledge of the
relative positioning of the wires. It ia difficult to see how one could use lasers to determine
the alignment of srraw tube chambers or chambera with many wires. One technigue which
cotld be used is mapping the wires with the help of real tracks as has been done in the

12



b. Traocking and Vertex Detector

Tracking and microvertex detectors have been dlstussed rather extensively at previous
workshops [6-10]. At the Snowmass 86 Workshop [7] a rather detailed design for a central
tracking system was cutlined, and we refer to that report for discusaions of radiation
damage, rates, and occupancy. Occupancy was found to be the limiting criterion, and
cell widths were chosen 8o that the occupancy was < 10% (not including bending in the
magnetic field or photon conversions), although even that level may pose difficulties far
pattern recognition.

5.1. Microvertex Detector

We have not worked on a new design for a microvertex detector at this Workshop, but
we assumed that a large solenoid detector might include one. A microvertex detecter will
be useful for tagging b's and r’s, studying heavy quarks, and measuring lifetimes of new
particles. A large solenoid detector ia a natural place to put a microvertex detector since
momentum measurement is needed for interpretation of the microvertex detector data.
Low momentum tracks can acquire large impact parameters due to multiple scattering
and cannot be rejected withoutl accurate momentum measurement, We refer to the
design of Snowmass 86 [6]. Such o device tould be made of eilicon microatrips or pixels.
Al present, & microvertex detector is not considered possible for [uminosities greater than
10%% em™~25~!, but improven ents in radiation-hardened electronics may make operation
at higher luminosities passible by the time the 85C is running.

5.2. Central Tracking

The concepts for central tracking are essentially the same a3 in the Snowmass 86
reports. However, we have reconsidered the requirements for momenturm resolution based
on the physics. We would like to measure the sign of the chatge of elecirons for pr
up to 0.5-1.0 TeV/c. The most severe requirem=nis come from the measurements of
W*W=~ and W-W™ as signs of symmetry breaking at mass scales higher than 1 TeV.
The momentum resolution is given by [11]

Opr  _ 720 [ ()
pr?  \1+5/N \o3¢BL2VN) '

where pr is the transverse momentum of the particle in GeV /e, g is the charge in units
of the electron charge, o, is the spatial resolution in m, B is the magnetic field in Tesla,
L is the track length in m, and N is the number of measurements, assumed to be equally
spaced. We have assumed at the present time 2 relatively uniform distribution of wires
throughout the available volume; however, it is quite possible that the final design might
employ a rather different distribution.

We have assurned that the outer radius for tracking is 1.6 m, as compared with the
2.35 m ysed at Snowmass 86, in order to allow for all of the calorimetry to be inside
the magnet coil. In calculating momentum resolution we have used 150 um spatial
resolution instead of the 200 pm used previously; this is probably reasonable since a

11
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Table JV. Material in the Central Tracking System

Material Thickness | Rodiation Length | Radiation Length
(cm) ] for Material (cm) | (%)
Mylar 1.12 28.7 3.0
Glue 0.062 35.0 0.1
Stainless Steel Wirea| 0.044 176 2.5
Argon 50 17,800 0.3
Ethane 50 32450 0.2
Pads on Mylar 0.15 28.7 0.5
Epoxy Foam 8.0 1,720 0.5
Total 3.5 - 8.0
Table V. Summary o] Central Tracking Parameters
Superlayer| Inner { Module | Half | Straw |Rapidity Cell
Number |Radius} Thickness i Length | Diameter | Range | Occupancy

em) | (em) | {em) | (mm) (%)

1 40 2.7 85.2 3.92 1.50 ©.7

2 4B 2.7 85.2 3.92 1.34 7.3

3 a6 2.7 119.0 3.02 1.50 7.0

4 84 2.7 119.0 3.92 1.38 5.6

5 72 4.1 119.0 5.89 1.28 104

8 80 4.2 170.0 6.04 1.50 11.6

7 88 1.2 170.0 6.17 1.41 10.3

] o 4.3 170.0 6.28 1.34 0.3

& 104 4.4 170.0 8.38 1.27 84

10 112 4.5 238.5 6.47 1.50 9.5

11 120 4.5 258.5 6.55 1.44 8.7

12 128 4.6 238.5 661 1.38 8.0

13 136 4.6 238.5 6.68 1.33 7.4

14 144 46 238.5 6.73 1.28 6.8

15 152 4.7 238.5 6.78 1.23 6.3

5.3. Intermediate Tracking

In order to provide mrmentum measurement for 1.2 5 |n] < 2.5, we have added
tracking in the intermmediste region to take over where the central tzacking ends. The
intermediote tracking extends to +4 m along ihe beam Jine, Charged particles can be
detected up to Jn] < 3.0. The tracking chambers consist of several puperchambers (at
each end of the central tracking chamber), each with pesition measurernents st several
ciosely-spaced = values. We have considered two different designs for these chambets.

14




CLEQ defector. Although spatial resclutions of sbout 0 pm have been: achieved with
straw tube chambers at 3 atmospheres absolute pressure, the problems of aligning the
individual wires could well result i1 an eflfective spatial resolution much larger than 50 pam.
If the alignment problems can be soived, it would be worthwhile to conaider pressurizing

the otraws.

a-87

a927Ad

Fig. 6. Schematic drawing of a sector of a central tracking superlayer.

Fig. 7. Layers of straws in a auperlayer
with straws staggered by hall the ceil
width, A single in-time track (A} will ap-
pear as a series of eight hits on the wires
on alternate sides of the track. The left-
right ambiguity is eusily resolved locally.
I two iracks are very close together (B
and C), they will appear as a wide track to
a single-hit readout; such a situation can
be detected with a x? fit. A track from an
out-of-time bunch crossing ia easily sorted
out because the lelt and right drift times
do not adgd up to the maximum drift time.
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The central and intermediate tracking systems are shown in Fig. 8. The momentum
resolution as a function of polar angle and rapidity is shown in Fig. 9.
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Fig. 8. Schematic view of central and intermediate tracking systems in the Large
Solenoid Detector.
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Fig. 9. Momentum resolution as a function of polar angle and rapidity
in the Large Solenoid Detector for the 13 superlayers at radii > 50 cm
in the central tracking system and intermediate tracking Option A.
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Ortion A. One alterrative is to build planes of parallel wires between self-supporting
plates consisting of 10 um thick Mylar foils sandwiching 2 mm thick plastic foarn sheets.
The coordinate perpendicular to the wires is abtained in the usyal fashion from the drift
time. Altrinate planes are offset by one half-cell 10 permit simple rejection of tracks
from out-of-time bunch crossings. The ancde wires would be every 4 mm, corresponding
te a maximum drift distance of 2 mm and a sensitive tiroe of 3 bunch crossings. The
worst-hit drift cell would have an occcupancy of only 2.1%. (This number should probably
be doubled to sccount for the effects of photon conversions and for low momentum tracks
which curl up In the magnetic field.)

Determination of the distance along the drift wires would be by means of 0.2 x 5 em?
cathode pads resistively chained together with every tenth pad being read out. The
spatial resclution of such a system might be as good as 200 um. The occupancy of a
single pad cell would be less than 1.5% (3% afier correction for photon conversions and
curlers). The pads are arranged s that signals from two face-to-face pads can be locally
correlated 1o depress noise and reduce the number of readout channels.

This design has 13 superchambars, each consisting of two half-meoen modules with
8 anode planes each, on either side of the interaction point for a total of 104 measure-
ments. All the wires in ¢ superchamber are paralle! to each other. The wires in each
superchamber are at angles of 60° or 90° to the wires in nelghboring atperrhambers. This
option has quite low mass. The total thickness of the 13 modules is only about 7% of
a radiation length for perpendicular incidence. It has the advantage of simple refection
of tracks from out-of-time bunch crossings. Local track segment finding for fairly stifi
tracks should also be straightforward and might be useful for triggering putposes. On

the other hand, it requires 64,000 anode wires and 250,000 cathode pad channels to be
read out atl each end.

Option B. A more natural geometry for a detector in a solenoidal field is one with a
high degree of azimuthal symmetry. Such a geometry exists in the CDF forward radial
tracking chambers {13} and in the radisl chambers described by Saxon at La Thuile [9).
These chambers would have radial anede and field wires eeparated by stretched mylar foils
with cathode pads. In order to keep the occupancy below 10%, there must be at least R0D
nzimuthal segments. Each superchamber consists of two sections, each with 6 anodes.
The two halves are offset azimuthelly by one half-zell co that, with information from
5 em wide cathode )ads, tracks from other bunch crossings can easily be rejected, There
are 9 superchambers at each end of the interaction point, resulting in a total of 86,400
anode wires and 146,880 cathode pads 1o be read out. A track passing through the entire
intermediate tracking s3. tern would have 108 measurements. Locel track segment finding
and momentum measurement shouid be straight{lorward. The cathode pad segmentation
is also well matched to the calotimeter segmentation (An = 0.03 at the outer radjus).

Local track segment finding and mementum measurernent should be straightforward
for either option. For example, the simple requirement that a track be radial 1o within
50 mrad can give one a trigger that the pr of the track is greater than aboui 10 GeV/e.
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8. Calorimetry

The conteptunl design of the ealorimetry follows in a fairly straightforward way from
the requirement that one be able to identify efficiently, and with as high a rejection of
backgrounds as is possible, electrons, neutrinos (and other weakly interacting particles),
quarks and gluons, and W’s and Z's. These detection requirements specify the desired
rapidity coverage and calorimeter thickness, t1anaverse and longitudinal eegmentation,
and energy resolution. We flrst dizcuss these general properties of the calorimeter; the
reguired values of the relevant parameters, thoogh not eptimized, are resaonably well un-
derstood. Following that we discuss which types of calerimeter construction, in particular
which kind of absorber and sampling medium, 2re consistent with these goals.

8.1, Thickness

The overall thickness of the calorimeter is set both by the desire to obtain rether good
energy resolution (of order a few per cent) for jeis in the several TeV range and by the
requirement of optimal missing Er fesolution. Extrapolation of existing measurements
indicates thet to contain 88% of the energy of a 1 TeV hadron rzquires a calorimeter
thickness of 12 absorption lengths. Because the leading particle in a jet will have a lop-
gitudinal momentum fraction of order 0.2-0.25, energy resolutions of a few per cent may
be obtained for jets of a few ‘TeV with slightly Jower thickneszes, e.g., 10-11 absorption
lengths (A). It should also be noted that measurements by different groups of the thick-
ness required for containment of 98 or $9% of the energy of a hadron shower are not in
very good agreement with one another [14]. Better measurements will be required before
the thickness can be optimized. In the meantime, ‘we assume a thickness of 10-12 X at
30° and 13-14 A in the forward direction.

As far 2s the thickness of the electramagnetic calorimeter i concerned, Monte Carlo
studies [15] for the 1984 Snowmass Worksheo indicated that even for a« electron of 1 TeV,
26 radiation lengths will contain 98% of the energy; the thickness of the electromagnetic
portion of the calorimeter was therefore taker to be 25 Xjp.

8.2. Segmeatation

The transverse segmentation of the electromagnetic calorimeter is determined both
by the necessity for optimal identification of electrons and by the goal of detecting
W — ¢f. Fine segmentation for electron identification is required to reject backgrounds
from single hadrons and from single hadrons caincident with photons, and to enable rea-
sonable efficienty for identifying an isolated shower in the high multiplicity environment.
While it will be very difficult, if ot impossible, to identify electrons arbitrarily close to a
jet axis, & study [16] in the 1984 Workshop concluded that top quarks with o transverse
momenturn of 500 GeV/¢ could be identified via their semileptonic decays with an effii-
ciency of 82% if the segmentation of the EM calorimeter was 0.02 x 0.02; the efficiency
deteriorated significantly for coarser segmentations. Studies of W — gg decays indicated
that a similar segmentation was required to obtain optimal effective mass resolution if
a small number of longitudinal samples were emploved; good effective mass resolution
for these decays is essential if one is to discriminate effectively against background from
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5.4. Optionn at Lower and Higher Luminosities

The central and intermediate tracking described here is intended to aperate at the
design luminosity of 10 em~%a~1. At a lower luminosity of 10°2 cm~3s~! the detector
could include a microvertex detector and tracking st less than 50 cmo radius. At a high
luminosity of 10°4 em™2s~! we could turn off the tracking and still mesgure muon me-
menta outside the coil, replace the tracking system with absorber, or replace the tracking
system with a new high-rate tracking system. I developments warrant, the tracking
sy.tem could be replaced with a high-resolution silicon microstrip, scintillating fiber, or
pixel device at a later time.

5.5. Electronics Considerations

Drift chamber tracking must be done with low gas gain {~ 2 x 104} in order to
keep chamber lifetime and current draw at manageabjs levely, This means that the
preamplifiers must have low noise. Straw tube chambers with dismeters in the 4 to 7 mm
range probably have no multihit capability because the pulse widths are spproximately
equal to the drift distance divided by the drift velocity. Pols-zero filters are needed to
suppress the 1/¢ tail to at least allow sensitivity in the electronics to hits in the tails of hits
from previous bunch crossings. Fast leading-edge timing, either fiom » threshold, double
threshold, or constant-fraction discriminator, in needed. The time. rexolution should be
< 300 1o 500 ps [with fast gases 1 nz correaponds to 120 am). All of the elactronics
— preamplifiers, pulse shapers, diseriminators, TDCa ar TVCa, track processors to find
irack segments, and digital or analog pipelining — is expected to be located on the
tracking detector in order to reduce the number of cables and processing time. The
implication is that the electronics must have low power dissipation as well as radiation
hardness. Electronics for cathede strips or pads is also needed.

5.6. Computer Simulation

It has not yet been demonstrated that one can zolve the patiern recognition prob-
lems and find tracks in & realistic tracking system for complex S5C events with the added
problems of high occupancy, hits from out-gf-time bunch crosaings, and more than one
event in the same bunch crossing These problems can be addreased by computer simu-
lation of the tracking system. In sddition, such & simulation can be used to study how
many of the tracks can be found and to look at problems caused by photon tonversions
and ineffictencies due to multiple hits in the same cell, A simulation can also be uzed
to determine the detailed design of the tracking system, including number of layers in a
superlayer, how many Jayers of cathode atrips are needed to resolve stereo ambiguities,
cell width, and radial spacing of layers.
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€.3.1. Compensation

Numerous studies have indicated that in order to obtain the goals for energy reso-
lution and sensitivity to missing Ey , the ratio of electron (of photon) response to pion
response, or alternatively the ratio of the resporue to the EM and non-EM componenta
of hadron showers, must be of order 1.0 + 0.1 [20-21]. Several Monte Carle estimates
hagsed on the measured responsea to electrons and charged pions indicate that the en-
ergy resolution of calorimeters constyucted with iron or copper ansorber will be of order
8-11% for 400 GeV jeis due to the fact that the edectron/pion response iy 1.4~1.6 for low
energy particles [22]. In contrast, uraninm and lead calorimeters are estimated to have a
resolution of order 24% under the eame conditions. In addition, the very detailed atudy
of calorimeter performance by Wigmans [21], which includes comparison with many e:-
perimental results, enables one to predict with considerable confidence the ¢/A signal
ratio that will be ubtrined with almost any combination of absurber and active medium.
One of the important conclysions of this study is that while it 1s possible to construct a
compensating calorimeter (e/A signal ratio near 1.0) with iron or copper, the very thick
plates required yield a very peor energy resolution, particularly for electrons. On the
other hand, it is possible to nbtain compensation with excellent energy resolution with
either uranium o ‘zad. Beiaase of the lower cost and ease of bandling, lead is rtrongly
preferred althougl uranium is not completely excluded. Another important conclusion
of this study is that no totally active calorimeter, such as might be constructed out of
hquid seintillater or BaFz, will be compensating. We therefore focus our attention on
sampling calorimeters using lead or uraninum as the absorber.

Calorimeters for which excellent compens2tion has been demonstrated include
uranium-scintillator und lead-s~intillater. In addition, it is anticipated, though not yet
experimentally demonstrated, that one may cbtain excellent compeasation with gilicon or
warm liquid readout {21]. Experirmental results on vranium-Jiquid argon and lead-liquid
argon Indicate e/h = 1.1 and 1.2, respectively, but are not conclusive at the piesent
time {22]|. Theoretically, it is estimated that these compinations will not yield excellent
cornpensation. There is some evidence that wranium-gas calorimeters can achieve com-
pensation, althongh gas sampling has significant other problems as is discussed below.
It should Le noted that the use of uranum does not, in general, allow & denser or more
compact calorimeter than the use of lead; this follows because of the different fractions of
light readout material required in ordez to obtain cornpensation. For example, utanium-
scintillator and lead-scintillator ealorimeters each have an cffective nuclear absoroiion
iength of approximately 20 em. An exception is that silicon readout does allow a denser
calorimeter to be obtained with uranium than with lead.

€.3.2. Sampling Media

We now discuss each of the possible sampling media in the hight of the requirements
on segmentation, 5peed, calibration, and stability.

Scintillator, Scintillators that are relatively radiation hard should, in principle, survive
the radiation from interactions in the central region and perhaps down to angles of 10—
20° [22]. For very small angles the high radiation probably rejuires the use of another
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ordinery processes {17), However, it hos also been demonstrated that good effective mass
resolution for quark-antiquark decays of W's may be obtained with coarser rapidity-phi
gegmentation if a very large number of longitudinal readouts'are employed {18]. We did
not consider this option; such an approach would appear to be moat relevant if one desired
to build a very compact calorimeter in which case the finite shower size prevents one from
obtaining s fine segmentations. The segmentation of 0.02 x 0.02 corresponds to tower
sizes of crder 3 em X 3 ¢m in the central ragion, a size compatible with & determination
of the snower position to an accuracy of order 2-3 mm.

The question of what segmentation is required to obtain optimal electron/pion die-
crimination was addressed both in the 1086 Snowraass Workshop [19] (based primarily
on test results for the CDF Endplug calorimeter) and at this meeting (sce Section 7
below). These studies indicate that ¢/7 rejection ratios of 10™3 may be obtained with
transverse segmentations of a few centimeters and with 3-4 longitudinal segments. Given
these facts, and bearing in mind the desire to keep the number oi elettronics channels
from growing too large, the EM segmentation was assumed to be of order .02 x 0.02 in
the central region and of order 0.03 x 0.03 in the more forward regions of rapidity. In the
very forward region the finite size of the electromagnetic showers renders it pointless to
utilize tower sizes amaller than 1 cm x 1 em. Ik this region the size of the towersin n—¢
then increases. Each EM tower was assumed to be subdivided longitudinally inte three
seclions; a smaller number would compromise the electron/pion discrimination given the
very large range of electron energies of interest (30 GeV ta 2-3 TV} and the concomitant
change in the shower length. An optimization of the segmentation, both longitudinal and

transverse, for electron/pion discrimination will probably require additional atudies in a
test beam.

The segmentation of the hadronic calorimeter In n and ¢ was assumed to be 0.06x0.06.
This corresponds to tower sizes smaller than the typical hadronic shower size (although
“hadronic” showers which are largely electromagnetic will have a narrower core) and very
much smaller than the typical spread of the jet. MNa convincing argument was mads to
go to finer sizes, and the consensus was that this size would probably be adeguate.

In rapidity the calorimeter is assunted to cover |n| < 5.5. Nurmerous studies, bath at
this meeting and at previous workshaps, have emphasized the necessity of coverage over
this interval to minimize the probability of initial state glyon radiation simulating events
with large missing transverse energy.

0.3. Calorimeter Composition

if the thickness and segmentation of the calorimeler geem relatively straightforward,
its compesition is considerably more problematic. Many combinations of absorber (ura-
nium, lead, iron} and sampling technique (scintillator, gus, liquid argon, warm liquid,
silicon) were considered. The basic criteria were that the chosen technology must sup-
port the desired segmentation, must survive tl.e high counting rates and radiation level

{with sufficiently low nolse), and must provide energy resolution of a few per cent at
several TeV as wel] as excellent missing Ep resolution.
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Fig. 10. Schematic design for a lead-scintiliating
fiber calorimeter.

response to be uniform ta 1-2% over the entire calorimeter, {2} the gain will vary with
changes in the temperature and pressure, {3} it is highly unlikely that gas calorimeters
will sustain the instantaneous rate and radiation levels in the forward direction, ard (4)
the very low sampling fraction allaws low energy neutrons scattering from protons to
simulate very large energy depositions {as large as 50 GeV). This latter effect, which has
proven o be a significant problem in scme of the CDF gas calorimeters, covld prezent a
very gericus problem for missing Er measurements. It is possible that this latter effect
can be strongly reduced by designing calorimeters with very low hydrogen content, and
that each of the othes concerns tan be overcome and dealt with in a satisfactory manner.
However, at the moment the problems seem sufficiently difficult and fundamental that
gas calorimetry does not seem a likely candidate for the primary colorimeter aystem.

Liquid Argon. In comparison with scintillator and gas sampling, the use of liguid
argon has a long list of advantages. The uniformity of response, both as a function of
position 2nd as = function of time, is excellent, The goa) of a systematic error of 1% should
be able to be obtained with a modest amount of effort. There is alsa no fundamental
problem with schieving the degree of segmentation required.
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technique, or of a liquid scintillator which is either very radiation hard or which could
be frequently exchanged. A big edvantage of scintillator is the very fast response; signal
collection times of tens of nanoseconda should be achievable. However, because much of
the compensation relies on siow neutrons, It may be necessary to integrate for of order
100 nsa in order to achieve the optimal ¢/ tesponse. It has been suggested that one
oiny be able to achieve optimal compensation at very short collection times by effectively
designing the calorimeter to be overcompensated and then attenuating the compensstion
to the appropriate value with the short nhaping time, but a systematic study of this
approach has not yet been carried out.

Aside from .adiation hardness, the biggest potential problems with scintillator
calorimeters are the issues of calibration uniformity, atability and segmentation. Large
scintillator calorimeters have been bullt which have been calibrated to 1% and exper-
iments have successiully tracked the calibration over years to < 2%. No one has yet
demonstrated the capability to track a large system over several years to an accuracy of
1%, although systems have been implemented which ekould enable one to achisve this
accuracy (23],

1t is difficult, if net impossible, to obtain segmeniations of order 2 em x 2 :m with
the “conventional® construction which uses scintillator platea and wavelengtl shifters.
However, considerable success has been obiained constructing lead cslorimeters with
scintillating fibers as the active medium. This technique should clearly allow very fine
transverse segmentation. It is more difficult to achieve simultaneously the desired lon-
gitudinal segmentation in the EM calorimeter. However, schemes have been suggested
which may aliow one pufficient iongitudinal segmentation to sttain excellent electron iden-
tification, which is the primary criterion. In addition, it is possible that with very fine
transverse segmentation, it may not be necessary to have such fine longitudinal respanse.
Figure 10 presents one design for a lead-scintillating fiber calorimeter which looks very
promising and is described in the contribution of Wigmans to these Proceedings. The im-
portant issues of uniformity, stability, radiation hardness, and e/7 rejection ratia should
be evaluated in the next ¢ouple of years.

Gas Sampling. Calorimeters which employ sampling with wire chambers or propor-
tional tubes, which we will often refer tc simply as gas calorimetry, do enable fine segmen-
tation in both the transverse and .ongitudinal directiona in a simple and straightforward
way {by means of pad reado:..). In addition, such zalorimeters are relatively easy to
construct and reasonably inexpensive, Cracks or dead spaces in the calorimetry occupy
a rather smazll fraction of the volume, although they certalnly exist.

Disadvantages of gas calorimetry include the fact that it is less dense and it yields
puorer energy resolution than liguid ionization or scintillator calorimetry. The gaps be-
tween the absorber plates are typically of order 1 cm, though at least one electromagnetic
calorimeter has been constructed with gaps as small as 5 mm [24]. The energy resolu-
tion is typically 1.5-2 times worse for eleciromagnetic showers and 1.5 times worse for
hadronic showers {for compensating calorimeters). Of greatest concern, however, are
whe facts that (1) it is difficult to maintain the mechanical tolerances required for the
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Warm Liquids. A sampling medium which potentially offers great pramise, although
it iz not without difficulties, is TMS (or a similar warm liguid). It ahould sllow excel-
lent transverse and longitudinal segmentation. As for compgnsation, calculations have
shown that the e/k signal ratio sensitively depends on the récombination properties of
the liquid (Birk’s constant, sse contributed paper by Wigmans), which determine the
calorimeter rasponse to the densely ionizing particles that dominate the non-EM signal.
An evaluation of existing experimental data suggests that Birk’s constant in conaiderably
Iarger than for liquid argen or plastic scintillator (0.04-0.05 g/MeV-cn?), at least for
low fields. Therefore, it may turn out to be difficult to achieve sufficient comnpensation
with [2ad absorber of sccepteble thicknesa, Of course, this remains to be sxperimentally
verified. Dificulties with TMS, as are well known, are tlie flammability, very high purity
required, and relatively low ionization yield at moderate fleld strengths. While the safety
jssue remains to be answered, it haa been suggested that when used together with lead,
rather than uranium as was originally suggested, it should be possible 1o design a safe
systern. Techniques have been demonstrated which allow sufficient purlty to be obtnined
in very small gystems; it remaina to he demonstrated that this purity cen be mointained
over long periods of time in very large systems, While each of thess issues io o significant
technical challenge, there is no a griosi reason why each may not be solved. Perhaps the
ultimate determining factor will be whether & syst=m can be designed which simultane-
ously echieves the desired segmentation, the required purity, and the large drift fields at
a tolerable coat.

There is considerable disagreement at the present time as to whether TMS ia inferior
or superior to liquid argon in terms of signal-to-noise ratic. For fields on the ozder of
15 kV/cen and for shaping times long enough that sl the jonization is collected (several
hundred nanceeconds) liquid argon is clearly superior since the total collected charge/cm
exceeds that for TMS by mote than a factor of five. For very short shaping times (e.g.,
tens of nanoseconds) the situation is subatantially altered since the total "useful® induced
charge is proportional L the peak induced current; in this case the much higher dnift
velocity of TMS, approximately 15 x 10° cm/s at 15 kV/em va. 5 x 16° em/s for liquid
argon, implies that the peak induced current for TMS is nearly 60% that for liquid argon,
if one msaumes the free ionization yields quoted by Gonidec et ol [26). Furthermore, the
signal for TMS increnses rapidly with electric field since the lonization yield and the drift
velacity both increcse on the electric field increnses. Strevink, bosed on o otudy for the
DO expeiiment, estimotes that for fialds in excess of 25 kV/cm, the indused current for
TMS will exceed that for liquid argon [27]. On the ather hand, » comparison by Radekn
(28] concludes that TMS will yield a signal-to-noise ratio about 2/3 that of liquid argon
even for very short shaping times and 25 kV/fem. A significant post of this diserepancy
is probably due to the fact that the ionization yields reported by Gonidet ara more than
50% larger than earlier results reported by Engler and Keim {29].

Even if one assumes the larger values reported by Gonidee, it is important to note
the follawing:

1. It may be difficult to reach shaping times significantly less thon 100 na due to the
copacitance and inductance of connections in o renl calorimeter.
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Drawbacks of the use of Jiquid argon include the fact that one may not be able
to attain excellent compensation, the relatively slow response, and the problema of non-
hermeticity due to the eryosiata. As noted above, the reanita of experimental and theoret-
jcal investigations indicate that with lead or uranium as an sbeorber, such a calorimeter
will yield a ratio of electron to pion respense of order 1.1-1.2, the Jatter value corre-
sponding to lead. While the corresponding energy resolution, typlcally 12-16%/VE for
electrons and 45-56%/VE for hadrons may ultimately be judged to be adequate, it
nppears at the present time that significantly superior results may be obtained using
scintillator, and posaibly TMS.

Considerable study was devoted at the Snowmass 1986 Workshop to the question
of noise and pileup for liguid ergon calosimetess |26). 1t was concluded that the charge
collection times of such s calorimeter would probably be adequate for luminosities of order
10% cm~%s~1. The estimates for noise due to electronics and pileup ate summarized in
Table VI. However, there is no question that a much faster sampling medium is desirable.
It i quite likely that one would add a small fraction of methane to the liguid argon which
would increase the drift velocity by approximately a factar of two.

Table VI. Summary of Capacitance, Equivalent Noise Charge, Equivalent
Noise Energy, Risetime, Event Pileup, and Time Resolution for the Calorime-
ter System {from Reference 25)

Quantity EM Stow EM Faat Hadronic
Pad Capacitance 0.25 nF 2.8 nF 51 nF
Stripline Capacitance 0.28 nF 0.BnF
Cable Capacitance 0.90 aF 1.8 nF 9nF
Total Capacitance 14 nF 5.4 nF 80 nF
Risetime 325 ns 65 ns 385 ns
Measurement or Peaking Time 400 ne 100 ns 500 s
Equivalent Noise Charge 4800 ¢ 25000 ¢ 30000
Equivalent Noize Energy 15 MeV 65 MeV 120 MeV
Uranium Noise Energy 5 MeV 7 MeV 170 MeV
Event Pilenp Noise 115 MeV 120 MeV 113 MeV
Time Resolution (E = 5 GeV) 4 ns 2ns 8 ns

Perhaps the most difficult problem for liquid argon calorimeters is that of attaining
minimal cracks and excellent hermeticity. Of the three large liquid argon calorimeters
under construction, anly that for the H1 experiment at HERA approaches the uniform
coverage required. The Hl calorimeter covers only approximately 60-70% of the solid
angle; whether a similar approach could be utilized to cover the entire solid angle remains
to be seen. Access to the detectors inside such & calorimeter is a difficult problem.
One may conclude thet while it may be possible to construct o hermetic liquid argor
calorimeter, no one has yet demonstrated how to do it.
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2. Lead-TMS
Purity (including long term stability)
Measurements of Birk’s constant, e/A signal ratio, and kadronic cnergy
resolution
Safety
High dvift fields
Are materisls required for finely-segm=nted readout (e.g., printed circuit
board techniques) consistent with required purity?
3. Lead-liquid argon
Hermeticity
Further calculations on adequacy of apeed
Further messurementa on ¢/ ratio

6.4. Size and Lajout

It has often been pointed out that o barrel calorimeter which is infinitely long, and
has uniform segmentation along the beam direction, gives approximately the uniform
sampling in rapidity that is desired. Needless to say,such & geometry ia not proctical both
because of the averallsize, and hecause of the acute angls between the calorimetor foce and
the incident particle direction for large values of rapidity, Mora yealistic approximations
ta an ideal calorimeter have been praposed which begin with = barrel calorlmeter, and
grdually make the transition to the small angle ealorimeter with plates peorpendicular
to the beam direction. While not explicitly indicated in the schematic dlagram, we
anticipate that if a plate geometry is ultimately utilized, such o8 for liquld argon or TMS
sampling, & compromise between mechanical simplicity and the optimal performance
wauld probably result in thres plate orientations: parallel to the beam In the barrel
region, perpendjcular in the forward region, and at an intermediate angle In the middle
region. If lead.seintillating fiber calozimeters prove feasible, it should be possible to make
» very uniform and gradual change in the orientation an a function of rapidity.

The inner radius of the calorinieter in the present design is sot by the space allowed
for the tracking; it is well matched to the calorimeter requirementa, however. The inner
radius of 1.6 m at 90° allows for excellent anguiar information on jets, and the 4 m
distance between the {ace of the calarimeter at 8° and the vertex resulis In o minimum
tower size of 1.03 cmm % 1.05 e and in a counting rate per tower of 10° per cecond {the
fatter number neglectn shower spreading).

In the 1986 Snovanars Workshop, the detector design located the coil in tho middie of
the calorimeter, with an internal *precision” calorimeter of 6 A and an externa] ®catcher”
calorimeter. Because of concern that the calorimeter performanes might be nignificantly
compromised if the magnet coil were inserted in the middle, it wan derided during this
etudy to explore the possibility of placing the entire calorimeter inside the magnotic field.
While the resulting magnet in quite large, such an approach appears to be quite feasible



2. The signal-to-noise ratio achievable for shaping times of geveral tena of nanoaeconda

may hot be acceptable for TMS or liquid argon [lhereby forcing the use of longer
shaping times).

3. Addition of small amounts of methane to liquid argon increases the drift velocity,
and hence the signal relative to TMS, by a factor of two.

Qur conclusion is that while the obvious warm-liquid advantages of TMS give it & very
high priority for R&D, the potential signal-to-noise advantages of liquid argan are guch
that R&D is clearly warranted to solve the crycgenic and hermeticity problems.

Silicon Sampling. The use of silicon wafers to sample the lonization energy would
allow very fine segmentation, fast responte, and excellent calibration and stability. It
has been estimated that by including sheets of polyethylene, or similar hydrogen rich
material, next to each silicon layer, silicon sampling calorimeters may sttain an efh
signal response near 1.0 [21]. Whether or not silicon is sufficiently radiation hard to
be used in the calorimeter has not heen conclusively demonstrated. It is known that
sufficient bulk damage occurs at the radiation levels at the S5C that leakage currents
will be significantly increased. However, it is argued that at the very short shaping times
that would be utitized, the contribution to the noise due to this leakage current would
be jncignificant. On the other hand, it is currently estimated that very large fuxes of

neuttons witl exist within the calorimeters, and the damage due to this ssurce has not
yet been tharoughly investigated.

The greatest obstacle to the use of silican ue the primary sampling medium is cost.
It has been estimated that if the cost per wafer can be reduced by » factor of ten, and
there is some optimism that this can be achieved, it would ba possible to bulld compast
calorimeters for use at the SSC (18]. The use of expensive high-density absorber materials
(tungsten, uranium} would then be justified by the smount of monty awved on silicon
and on the overall size of the detector. It should be mentioned that fission neutrons from
uranium absorber would increase the radiation senaitivity problems for silicon. In any
case, we have concluded that for the size calorimeter envisioned for the Large Solenoid
Detector, silicon is too expensive aven if the gonl of a times ten reduction in cost/cm?

is achieved. It seems mote likely that silicon calorimeters may be used for specialized
applications.

6.3.3. Summary of Calorimeter Composition

1t ie quite apparent that at this point in time, one cannot choose which ealorimetar

type will prove to be optimal. The leading candidates together with the primary technical
problems $het need to be answered are:

1, Lead-scintillating fibers
Radiation hardpess
Uniformity of response .
Long-term stability

¢/x rejection
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bars - no knowledge of the true momentum is required. We may summarize thelr resylin
on the performance of various trarsverse and longitudinal segmentations in Tahle VI

Table VII. Performance of Varlous Transverss and I.-nngftudlna.l Begmentations

Transverse Segmentation [ Longitudinal Begmentation | Plon Rejection
5x2 Xo 12%x2 X 1x 1072
5x2 Xo 4x8 Xo ix10®
5x2 Xy 4 Xo, 6 Xo, 8 Xp, 8 Xo 2x%x107?
5x2 Xy 2 Xo, & Xo, 8 Xo, 8 Xo 2 x 107
5x2 Xy 3%8 Xo 2x 1073
5 x2 Xo 6 Xo, 8 Xg, 10 Xp 2 x 189
5x2 Xp 2 Xo, 6 Xu, 16 Xo 4 %1073

4 Xp, 6 Xo 4 %86 X 7 %107
10 Xo 4 %6 Xy 40 x 1073

We nee that no advantage was obtained ysing longitudinal segmentations finer than
4 totsl segments. In the transverse direction, anyihing coarser than the finest available
resulted in significant performance loss. Thus, this study does not revesl the altimate
Kimit nchievable with transverse segmentation - it is possible that better than 102 rajec-

tion ean be obteined with finer division, though we know of no study which demonstrates
this.

It must be kept in mind when applying these results to our present problem that
there nre severat differcnces tetween the test apparatus and the sort of calorimeter we
have in mind for the 85C: (1) The SSC device will presumably have a smaller energy
sampling fraction, resulting primarily in a poorer energy resolution. {2} The 83C device
will hove transverze begmentotion in two dimenaions, rather than just ane. Thus, better
performance may be expected, but it is unknown by what factor. The factor is unlikely
to be large, becanse of the high correlation (apptoximate circular symmetry) between
*he iwo dimensions. (3} The SSC electromagnetic calorimeter will be followed by hadron

_orimetry, yielding information beyond the first ~ 25 Xg ~ 1 A. (4) The test beams

«d covered only the lower end of the encrgy scale we ore interested ip. Since no energy
Jependence was ohserved, and since shower shape properties tend to depend logarith-
mically on energy, a fairly substentia! extrapolation may be valid. On the other hond,
exclusive charge-exchange processes tend to decrease rapidly with increasing energy, sug-
gesting that our extrapalation might et ... the conservative side. (5) A lend-glass array
in principally a Cerenkov radiation device, while the calorimeter for o large solenoid SSC
detector will prabably be ionization-sensitive. Thus, the respense to hadrenic showers
may be somewhat different.
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and may greatly improve the nniformity of the calorimater. This approach results in &
mare compect calorimeter, nd the savings in the sive of the muon syatem and the oversl]
calorimeter volume in the central region may mora than compansate for the larger volume
of "precision” calorimetry.

7. Eloctron Identification

The elestron jidentification requirementa for high pr physics at the 53C, an determined
by the physics paramsterization groups at this Workshop, may be summarleed as follows:

1. pr(electron) > 10 GeV/c.
2 gl <3

3. Hedron misidentification prabability ~ 10-3, principally for ingiated particles, or
jet misidentification probability g 1074,

Most of the high pr-electron physics studied involves isolated elecirons, with varying
isolation eriteria which arc all coarse on the acale of the calorimeter ssgmentation. A
notable exception is the intermediate mass Higgs pacticle, decaying to 85, In thia case, to
select the bin its b — ep, X decay mode, one needs to be able to identify electrons in the
t-jet, agsin st o ~ 302 hadron rejection Yevel. It should be noted that the requirementa
specified here are less severe than those stated in the Snowmass 1986 report {19,30]. In
this report, we assume the goals us stated by the parametrication groups and provide
evidence that an electron/pion discrimination of 10~* may be obtained solely with the
calorimeter and that rejections of order 3 x 107 may be achleved If £/p cuts are aiso
included. An example of an “existence proof” that 1073 performance can be obtained
with a calorimeter is pravided by the CDF beam tests of a lead-scintlllator prototype
shower counter |31]. We have therefore not considered in detall the use of auxiliary
systems auch as transition radiation devices {TRDs}. However, as in discussed in greater
detail at the end of this section, it is quite possible that better plon rejection will be
required; in this case an auxiliary sysiem such ss TRDs should be included. We note
that & nice review of the existing literature on * /e ssparation Appears In the Report
aof the SSC Detector R&D Task Force [32]. We will not attempt to repest that review
here, concentrating instead on a few specific issues of central significance. We also do not
discuss electron identification in the forward detector (|| ~ 3).

7.1. Calorimeter Segpmentation

We start by discussing the electron/pion discrimination which can be achieved with
& segmented calarimeter alone, without momentum measurementa, TRDs, etc, A uselol
test-beam study has been performed using an array of 60 lead glass bars [33]. 1o this
study, the bars (6.5 x 6.5 x 140cm®) were stacked ia an array 5 across by 12 deep {total
depth = 24 Xo). Test beams of 15 to 47 GeV/c electrons and pions were meastred with
this array. By adding signals from various bars, the investigators were ablz to atudy vhe
dependence of r-rejection on segmentation. With the finest segmentations, they obtained
2 pion rejection factor of 103, independent of momentum in the range studied, with an
electron efficiency of 90%. This result is obtained solely by the shower information in the
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7.2. Measurement of E/p

The ability to measure the momentum of a particle with tracking In & magnetic feld
allows for a comparison with the energy deposited in the calorimeter. For an electron,
we expect the momentum and e¢nergy mesturements to be equal within arror, while
for » hadron, the energy deposited in the electromagnetic calorimeter will wsually be
substantially less than the messured momentum. This suggests both additlonal hadron
rejection power over the calorimeter alone, a3 well a3 a redundant check of the calorimeter
information. We have investigated theze issues for devices with our design resolutions.

To get an idea of the additional power obtained by adding the measurement of E/p, it
is again convenient to look at the work of Reference 33. They show o graph {cee Fig. 11)
of the probability that a 15-47 GeVjc n~ will survive shower shape cuts, us a function
of £/p. Within statisties, this probability distribution is independent of momentum over
the measured range. We may uae this distribution to get an estimate of the additionsl
rejection achievable by adding a momentum measurement. For this analysis we make the
simple parameterization of the diatribution:

aehEP 00< Efp <092
f(Efp)={¢c 0.92 < E/p < 0.97 (2)
ae-4ElP 007 < Efp

{normalized to fom J{z)dz = 1, with a; = 0.0129,8; = 6.3, ¢ = 4.23,a; = 2.03x 10'% and
bz = 37.2). The peak of the distribution is near £/p = 1, with a very steep fall-off above
and a slower fall-off below., Thus, the shower information tands to pick hadronic showers
in the electromagnetic calorimeter which contain moat of the pion's initial energy, and we
shouldn’t expect a very large sdditional rejection {rom the added momentom information.

Use of the momentum information can be incorporated an o cut in E/p, which must
be besed on the resclution in E/p. For our estimates, we parometerize the momentym
and electromagnetic calorimeter resolution. =s:

o5/p = \/ lameaspr)? + ok, (3
and

05/ E = \Jlosmp/ VE) + 6%, + (@noisc/ E)? - ()

Figure 12 shows the additional improvement attained by adding our E/p measurement
1o the shower shape rejection. The prediction above 50 GeV/c depends on the untested
assumptien that f(E/p) remoins invariont.

Reference 33 also contains o distribution for the energy deposited in the lead glass
for 47 GeV/e pions befare shower shape cuts. This distribution has & high peak below 1
GeV deposited energy, a broad peak near 20 GeV, and o tail extending up to the beam
energy. We may apply a £20g, cut around E/p = 1 on this distribution to estimate
the hadron tejection possible with a momentum-energy comparison alone {the energy
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Keeping the above [ssuea in mind, we expect our calorimeter design to have & pion
rejection performance (for ~ 80% electron efficiency) of order 10~3 for isolated par-
ticles, using the shower shape information. In particular, we choocss a 3-part longi-
tudinal segmentalion in the electromagnetic calorimeter of 6 X5, 8 X,, and 11 Xp,
with the hadronic calorimeter setving as a fourth longitudinal segment. This in un-
der the assumption that a fourth segmentation within the electromagnetic portion will
not yield gignificant improvement becanse of the information provided by the hadronic
section. The transverse segmentation in the electromagnetic caloritneter it nominally
aAn x Ag = 0.02 x 0.02 — 0.03 x 0.03, providing a sufficiently fine grain to separate iso-
lated particles from jets. We may calcuiaie the approximate segmentation dimensions in
units relevant to the shower al various angles, as shown in Table VII1.

Tahle VIII. Segmentation Dimensions*

7 6 (degrees 84 (em) 24{X0o) 4q (em)

o 20 3.4 a0 3.4
1.64 22 34 3.0 9.1
2.0 15.4 2.2 20 2.3
2.0 15.4 5.3 2.9 34
3.0 5.7 1.2 1.1 1.2

Forn < 1.64, dimensions are calculated at a nominal 170 ¢m radius;
for n > 1.64 at & nofninal 400 cm |z|. For the firat three rows, the
segmentation is An x A¢ = 0.02 x 0.02, and for the last two rows it
is 0.03 « 0.03. It chould be noted that the distance quoted for 4, in
the barrel region is the distance parallel to the beam line. In fact,
the most relevant distance is the size of the tower perpendicular to
the direction of the particle. Hence, for example, for p = 1.64, the
effective transverse size of the tower perpendicular 1o the direction
of the particle and in the np direction is 3.4 cm.

The dimensions in X, are approximatle, based on 50% of the volumne oceupied by lead,
and the uctive material neglected. Once the corner is turned (from barrel geometry to
endcap geometry — aee Fig. 1(a)) &t [n| ~ 1.64, the transverse segmentation becomes
finer, compared to shower dimensicas. To prevent the segmentation from becoming
unmanageably small, and to reduce the channel eount, we propose to change from the
0.02 x 0.02 segmentation to 8.03% x 0.03 at jn| = 2. For al] of the barre! region, and some
of the ond region, the segmentation may be coaraer than the sbove diacussions suggest
would be useful. If further study verilied this, we could segment the middle longitudinal
segment (containing shower maximur.} more finely, by a factor of 2, in the ¢ coordinate for
rapidities |n| < 2.0, at & cost ef ~ 60k additional channels. The total aumber of channels
in the electromagnetic calorimeter with the longitudinal and transverse segmentation as

described is ~ 231k, for coverage to ln| = 3. An additional ~ 81k channels are needed
for forward electromagnetic calorimetry.



reaolution of the lead-glass array is good encugh to be neglected in this estimate), The
result is a rejection of ~ 2-3x 1073, with an additicnal uncertainty of pethaps 50% from
residual electron contamination in the pion beam.

We conclude this discussion with the following obeervations: Using the colorimeter
information alone, & pion rejection of ~ 10~ Is possible, and uaing E/p alone a rejection
of & few x 1073, at least for 50 GeV/c plons. Adding the E/p information to the shower
rejection improves the rejection power by factors of a few. There is substantial corzeletion
between the two methods, so they are primarily redundant rather than independent
methods. Having both approaches means that they can be used as cross checks on
each other. Furthermore, one method, £/p, Is most pawerful for || < 1.6, where the
momentum resolution is best, and the other method is most powerful for 1.6 < {n| £ 3.0,
where the transverse segmentation is best. Thus, we expect to be able to meet the desired
specification for all |n{ £ 3.0 by using the two methoda, While we have concentrated our
discussion on truly isolated particles, it is worth noting that the E/p information is
extremely valuable in rejecting situations with photons overlapping 7® tracks {19, It
also shonld be noted that tracking in a magnetic field enhanecen our ability to reject
backgrounds from Dalitz prirs and converted photons. The separation, a, of the ¢* and
e~ from the symmetric converslon of 3 photen of energy E,, after traversing 1 meter in
radial distance from the conversion point is given by a =~ [1.2/E,[TeV)] mm, asauming a
2 Tesla field. Thus, the separation is readily detected up to quite high energies. It should
finally be streascd that we have based our estimates heavily on the detailed information
avsilable at ~ 50 GeV/c ~ studies with realistic and flexible prototypes at higher test
beam energies will be a crucial atep in any ratienal design process for an SSC calorimeter.

7.3. Traunsition and Synchrotron Radiatlon Devices

Given the preceding discussion, and the spe-ifications put forward by the physics pa-
rameterization eubgroups, it can be concluded that an appropriately segmented calorime-
ter, plus pome momentum measurernent eapability, will be sufficient to do the physics.
However, &5 noted sbove, we have varying degrees of discomfort on this matter for the
following reasons: Firsl, there is some concern that the conclusions of the parameteri-
zation groups may understate the requirements. Perhaps the background studies have
86 far been insufficiently comprehensive or realistic. This concern is fueled partly by the
mere stringent requirement {10~ or even 107% hadron misidentification) stated at the
Snowmass 86 Workshop [19,30], although those numbers do not appear to have been the
result of an exhaustive study. Second, even if the parameterization studies are accurate,
there may be other physics not considered. A more congervative approach to the question
of how well we might uitimately wish to do at hadren rejection is to ask what rejecton
is required to reduce tbe hadren background below the level of real “prompt” electrons.
Thus, for isolated particles, we first ask how often an isolated hadron oceurs in the back-
grotind processes {as a function of pr}, and then what further rejection is needed to get
the level below the rate of electrons from b, ¢ and W decays. A careful investigation along
these lines has not beep completed, but is esgential in order 1o understand what level of
hadron rejection is optimal. Third, the calorimetric methods of electron identification re
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Fig. 11.  Probability that a 15-47 GeV/e 7= will
survive shower shape cuts, as a function of E/p {from

Reference 33),

Fig. 12. Graph showing the eatimatrd
improvement factor for T rejection s
s function of momentum obtained by
adding a momentum measurement to the
shower information from a well-segmented
calorimeter which achieves 10~2 rejection
before the momentum information. A
F2¢ cut in B/p is used. The energy and
momentum resolutions (sce text) are cul-
culated with ame, = 0.01, agqp = 0.01, and
Broize = 0.5 GeV. The volid curves are
With Gmeas = 0.00026 (GeV/c)™?, as ap-
propriate lor g beam-constrained momer.-
tum measurement, and the dashed curves
are for ameas = 0.00054 (GeV/c}™1, cor-
responding t0 no beam-constraint. Fer
each pait of curves, the top one is with
G4omp = 0.10GeV? and the bottom one is
With G,gmp = 0.15 GeV1.
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direction can be beld within » combined statistical and syatematic error of 50 um at this
position together with an angulsr messurement laver arm of 50 cm. It is further assumed
that the longitudinal position purallel to the beam can be determined within an errar of
¢ few centimeters ysing current division or induced cathode charge measuremnents. Theae
achievable error assumptions relate directly to the momentum resolution capability of
the muon system (for high momenta especially).

For large-angle muon moments below about 500 GeV /e, s clasaic orbit sagitts mes-
surement can be accomplished enlirely within the central tracking devices; the muon
momentum, therefore, is well measured using data only from these detectors. The myon
particle identifieation function is, of course, established in all casea by its subsequent pen-
etration through the calorimeter and magnetized iron material ovtside the troeker. For
muon momenta aboue 500 GeV/c, the added magnet track length gained by measuring
the mucn's magnetic trajectory through the calorimeter (with the drift tube modules)
sllows & very significant gain to be made in B L7, hence in muon momentum sesslution.
This gain in resclution is made becanse the spatinl resolution _a sagitta measurament
takes over from multiple scattering as the dominant source of ervor as muon moments
increase above this vaine.

The large-angle muons then pass through the magnetized iron return yoke where a
third, largely independent, mnomentum measurement can be obtained by deflection in
the yoke iron. The muon positions are measursd once mare on exiting the yoke ond the
deflection angle determined to an accuracy of 0,14 mrad. This angular precision arsumes,
as before, that the outside muon drift tube modules can be maintained in space with a
statistical and systematic location error not exceeding 50 gm and that & 0.5 metsr [aver
arm for measuring the exit angle is available, These assumptions present severe technical
challenges and appropriate technology wili need 1o be identified and developed to Insure
thot these tolerances can ve mei.

Under the conditions noted in the paragraphs above, the muon momentumn is mea-
sured at large angles with the fractional precision shown in Fig. 13. Even If the fina! exit
angle from the magnetized iron yoke is not measured, the momentum precision Is pot
degraded for most conditions (it is largely dependent on the measured angle of deflection
in the central salenoid field); the valuab'e particle identification conatraint of having a
third, backup momentum determination s lost, however.

The momentum resolution graph for large-angle muons {dispizyed in Fig. 13) is dom-
inated by two sources of measurement snceriainty: mnltiple Coulomb scattering end
spatial resolution. Spatial resolution in th-: central wacking detector dominntes the over-
all momentum resolution for large-angle nuon momentn below about 400 GeV /e and o
combination of both error cources contris;utes significantly in the full coil measurement
path for mormenta shove this value. Shown in Fig. 13 is a cignificant gain in resolution
realized by combining the two mensurement methoda available for large-angle muons. Of
special interest is the ability of the adopt+d muon system to generote an electric charge
sign determination for muon momenta up to about 2 TeV/c. Since the momentum meos-
surement errors are Gaussian for the reeiprocal of the momenium, a second graph ia
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difficult when in the environment of a jet. Fortunately, this is not the typical situation of
interest, but one example does exist — the decay of an intermediate mass Higgs to 4b. In
this case, the b-jet has a fairly small pr, 8o it is not hopelesa; but it is marginal whethzr
the required performance can he achieved without additional devices. Fourth, even if
the 10~ rejection level is adequate at 10% em=2s~1, a higher-luminosity upgrade would
probably be looking for rarer signals, requiring proportionalciy better rejectior.

Because of these concerns, we feel it la imperative to keep the aption available of
installing sdditionai 3evices for electron identification. This need for flexibility Is & ynajor
argument for not shrinking the size of the central cavity any further. For example, &
TRD design lrom Snowmass 86 requires about 60 cm in radiua for four TRDs. Curreently,
the candidate devices with the most promise are TRDs and SRIZ:. Both types of device
are being used in existing experiments. These possibilities, along with the difficulties
requiring further study for application at the §5C, are described in References 19, 30,
and 32. There is also a recent genera) review of TRDs by Dolgoshein [34].

An interesting idea for using TRDs in & high-luminoaity environment is to turn the
hardware threshold up above ~ BkeV {we imagine the Snowmass 88 design, consisting of
TRDs with 100 layers of 40 micran polyprepylene foi} followed by & 50-50% Xe-Cz2Hg X-ray
wise chamber detector). Then the many uninteresting pions below ~ 300 GaV/c are ef-
fectively invisible in this device, electron identification below this momentum iy available,
and the TRDs may be used for tracking voth pions and electrons noove ~ 300 GeV/c.

8. Muon Identification and Momentam Measurement

The goal of the muon detector aystem in the Large Solenoid Detector is to identify and
measure the vector mormenta of muons between about 10 GeV/c and 2 TeV/c and over
a rapidity range of + 5 units. The system choaen in this detector takes strong advantage
of the fully integrated funciional nature of the Large Solenold Detector, integrating the
muon memertum measurements with the central tracking detector, the large solenoid
magnetic flux return yoke and the hadron calorimetry (all of which is located within
the solenoid ¢ail). Muona at small angles (leas than about 30°) are measured by means
of conventional magnetized iron toroids placed around the beam pipe and shaped to
permit muon momentum measurements at all angles down to 0.8°. The relationship of
the deteclor elements is shown in Fig. 1(a). The particular subsystem aspecta of the
muon detector are now discussed in some detail,

8.1. Momentum Measurement of Large-Angle Muaone

Large-angle (§ > 30°) muons leaving the interaction region are picked np by the
central and intermediate tracking systems, allowing a partial orbit determination to be
made. They then pass through the ezlorimeter where they undergo multiple acattering
in the absorber material. As they exit the calorimeter and after they pass through the
magnet coil, their positions and slopes are measured by modules of drift tubes located
between the solenoid ¢oil in its cryostat and the iron flux return yoke of the magnet. It
is assurped that the spatial location precision of points afong the ofbit in the bending
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Fig. 14. Gaussian errot contours for retiprocal muen momentum
measurements in the Large Solencid Detector.

8.2. Momentum Measurement of Small-Angle Muons

In the emall-angle forward regime, muons are measured by deflection through mag-
netized iron toroids (see Fig. 1(a)). To suppress loss of measuring ability through the
track-obacuring effects of soft electramagnetic showers in the torgids, redundant aamples
are taken of the muon position at two points within the toroids and a final angle is
measured behind them. The entering muon angle is determined by the forwprd tracking
system.

The muon momentum resolution for small-angle muens is shown in Fig. 13 for com-
parison with the resolution for large-angle muons. The small-angle detector elements nre
multi-layer muon propertional tube modules interspersed with magnetized iron toroids.
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presented which shows the reciproca! momentum meksurement error (Fig, 14), This
graph allows an casier azsessment of the probabliity of making large fractional momen-
tum errors, or of ertors in determining the electric charge Jigh for very high momentum
muons. In the example shown, it |5 seen that a 2 TeV/e muon has a 2 stendard deviation
probability for misdeteymination of the electric charge sign. To assess the magnitude of
measurenient errors from multiple Coulombd scattering, the calorimeter was assumed to
have lead absorber plates distributed uniformly over the radial zone from 1.6 to 36 min
the central region, and to have a total thickness of 1000 gm/em? of lead (300 Xp, 10 A).
As the angle of incidence decreusss from 90°, the effective abeorber thickness will increase,
as will the amount of muliiple scatiering. There will also be & decreuse in momentum
messurement precision for muona below an angle of about 30° as the full turning nngle
in the solencid is decreased,
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Fig. 13. Momentum resolulion for measurement of large-angle and forward-going
muons in the Large Solenoid Detector.
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Table IX. Summary of Trigger Strategy and ISAJET Results for & — W+ + W=, Note
that the rejection factors apply to individual cuts while the eficiencics are enmulative.

Trigger Selections Rejection!  “Remaining " - wW|
Factor | Croas Section {nb) | Efficiency

Firat Level;

{a) Select electron candidate a3 calorimeter{ 700 3x 104 0.88
celi with Ep > 25 GeV and with at least 80%
of the energy electromagnetic

Require pP'** > 40 GeV/c for the event 4 7500 0.43
Becond Level:
Require the electron candidate to be iso- 1.3 5700 0.37

Ieted, with a surrounding region of 25
calorimeter cella in both n» and ¢ contain-
ing less than 20% of the E1 of the eleciran
candidate cell

(b) Mske a jet requitement of ejther 1 jet 20 260 0.32
having Er > 80 GeV or 2 jets each having

Er > 40 GeV

Third Level:

Require that tracking show a charged par-| 255 1.1 0.32

ticle with pr > 10 GeV/¢ painting io the
candidate electron enlorimeter cell

Note that the “Third Level® trigger selection of the previous example required a
charged track with pr > 10 GeV/c and pointing to the candidate electron calorimeter
cell. It iz therefore very important that one have some minimum cut on charged track
momentum in the trigger; this could be accouplished either by reconstructing the mo-
menta of stiff tracks or by use of TRD information. One method for determining the pr
of a charged track assoeiated with a cluster of electromagnetic energy in the calorimeter ig
to measure the ang'e of the track in the outer superlayer (group of B lnyers) of the central
tracking system. For moderate momenta, sufficient angular resolution exists, even with-
out realizing at the trigger level the full cpatial resclution of the drift chamber, Thus, the
magnetic fleld provides an 2dditional tool at the trigger level to reducing bockgrounds to
electron candidates.

The above exnmple of Higgs decay into W-pairs i1 but one example of many interest-
ing physica proceases upon which to trigger. It appears to be 2 manageable exnmple as
deseribed by the Fermilab Triggering Workshop; however, it is a relatively easy example.
For each other physics process of interest a est of analysis cuts must be defined in order
that & set of realistic on-line trigger cuts can be chosen. Then a conceptus! design for
trigger algorithms, including appropriate hardware, ean be developed for representative
detector topologies. At that stage, two crucial jsgues con be addresged. Firat, since the
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A n:odule in assumed to generate a space point with 50 um resolution in the bending
direction. The resolution at small angles In seen to be comparable to or better than that
nt large angles for momentin above 500 GeVfc. Below this momentum, the solencid feld
topology is intrinsically Kimited in ite analyzing power for small-angle muons (lesa rote-
tion angle in the fieid} and the observed resolution deteriorates Lo its multinle-scatiering
dominated asymptote for the smallest-angle muons {teajectories exsentially parallel to the
central tracker magnetic field direction).

Rete effects for S88C luminosilies and thelr influence on detection of small-angle
muons, bs well as the problem of muon-generated suft showers and largs (non-stochaatic)
fractional! encrgy lasses in thick absorbers were investigated and described in the Snow-
mass 86 Proceedings [35) and will not be covered again here, These problems were not
felt to be severe for most experimental purposes.

9. Trigger and Data Acqulisition
9.1, Trigger

Detectors ot the $5C will require a high level of sophistication In the trigger. Trigger-
is - on many physics processes in paralie) with simple joose triggers will lead to & very high
trigger rate. Moreaver, in most cases, the interesting, rare physics processea do not atand
out distinctly from the QCD backgrounds. It will be necessary to have a rather sophisti-
cated on-line trigger in order to trigger un the interssting processes at a reasonable rate.
Fortunately, the signatures of all physica processes consist of the eame fundsmental in-
gredients, electrons and muons, usually isolated, jets, and missing Er, thereby providing
a small number of basic trigger ingredients from which parallel triggers ace built.

The general architecture of a multi-tiered trigger systein for a large solenvid detector
has been discussed at previous workshops, particularly at the Workshop on Triggering,
Data Acquisition, and Computing for High Energy/High Luminosity Hadron-Hadron
Colliders {36} at Fermilab in November 1085, The multi-tiered scheme is Jictated by
Iimitations 1o the ability to bufler and transfer large biocks of detector data until & final
trigger decision is complete. Each tier rejects a large fraction of the avent candidates
received from the previous tier, thereby sffording the next tier more time to make a
more sophisticated decision to reject further sventa, The first tier, or Level 1, is ysunally
considered to make the most rapid decision possible, vsing analeg sums of ¢alorimeter
data and at lenst some clustering to obtain a rejection of 10%~10% in about 1 us. Level
2 s then allowed about 10 us to reject an additional factor of 10% using more detailed
considerations, such as the distribution and clustering of energy and the association of
charged tracks with electromagnetic energy. Finally, Level 3, which iy itaell multi-tiered,
has nvajiable for the first time 2ll the daila from all parts of the detector. It then uses
& large farm of microprocessors to reject an additional factor of aboyt 107, reducing the
finol event rate to 1-10 Kz, Table IX, borrowed from the report of the Physics Signatures
Working Group |37} at the Fermilab Triggering Workshap, illustrates how one path in a
parailel trigger might select Higgs events of the aort:

HaW+W —se4 v+ jel + jet
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exceed systeins currently being implemented. We should be encouraged by tha exporience
now being geined, and scon to be gained, with microprocessor farms in several existing
detectors. Nonetheless, new hardware and, perhaps more importantly, new software tools
will be needed to manage this data and processing, - '

The task of producing particle four-vectors, which has traditionally been performed
ofl-line, may be efficlently performed on-lineg 2t the SSC. The brsic taaks of reconstrocting
entrgy clusters and charged tracks and of asocisting particle IdentlBontion steributes will
be performed to & large extent in the trigger and the Level 3 processors. Retaining this
information, even If further refinement in on-line algorithms In necessary, will lead to
economits in computing. Furthermore, reducing the raw data to reconatructed tracks
and paramsters on-Yine will lead to cconomies in data handling and bandwidth, which if
used judiciously can increase the scceptance of intereating phyaics events and pracesses.

In summary, the detailed architecture of the data acquiaition system is yet to he
developed. 1 will to & Inrge exient be determined by considerations of power pnd of
bandwidth. Economies in how much dats is buffered, transferred, and proceaged will
alleviate these concerns. Thus, the details of the distribution of processing within the
architecture sketched above will be significant,

10. Research and Development Requirements

A considerable arount of research and development will be required before a targe
sulencid detector for the SSC can be designed and buiit. The time needed for R&D,
design, and construction for this type of detector is probably commensurate with the time
scale for bullding the S5C itself since the detector concepts are rather well understood.

The ressarch and development requiremnents for the various detector components are
described in the following sections,

10.1. Solenold Magnet

The main work needed here iz not ao much R&D since we have chasen an existing
suptteonducior but an honest engineering conceptual design to determine the fensibility
of producing the proposed solenold and Aux return and the ¢ost of such an undertaking.

10.2. Trocking and Vertex Detection

There are many areas in which rezearch and development are required for tracking
in n large solenoid detector. The high-rate and high.radiation environment provides
considersble challenges.

Vertex Datectors and High-Resolution Tracking Devices. While vertex deteclors were
rot discussed in detail by this group, we nssuined that o large golenoid detector would
lnelude one. For completeness, we wiil mention some of the R&D required, although
more detail can be found in other reports in these Proceedings. The main problem for
silicon micrastrip and pixel detectors i3 radiation sensitivity of the detector itself and
the electronics, particularly since they need to be located close to the beam line. in
addition, the slectronics needs to have low power dissipation. The main areas for &D
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time required for trigger decisions will depend on detector topology, are thers important
implications for the detector topology? For instance, does matching charged tracks to
clectromegnatic showers prefer a particular geometry of tracking chambera, or is thera an
appropriate segmeniation for a transition radistion detector to mateh it to the calorime-
ter? Second, how sharp must cuts be at the trigger leve); for instance, what pr resclution
is needed at the trigger lavel to efficiently trigger on electrons from W — v without
excesnive trigger rates from background? This conaldsration will impact the uniformity
of response necessary from detectors and elsetronics and will determine what calibration
corrections will be needed at the trigger level, Since details of the trigger affect the detalls
of detector design in such ways, the trigger must be realistically included in simulations
of detector designa. The difficult triggering environment at the 8SC damands that the
trigger be considered as part of the interplay of physics goals and detector design.

9.3, Data Acquisition

The general aspects of data acquisition for a lurge solenoid detector were described by
the report of the Data Filtering/Acquisition Group at the November 1085 Worlskop on
Triggoring, Data Acquisition, and Computirg for High Encrgy/Bigh Luminoslty Hadron-
Hadron Colliders at Fermilsb {38]. The data acquisition clectronica Includes detector-
mounted custom VLS! circuits to amplify, shape, and sumple the detector signals and
to buffer the spmples during Level 1 and Level 2 trigger dechions. During the Level
1 decision, samplea from all beamn croasings must be buffered, and during the Level
2 decision, eamples from ell Level 1 triggers must be buffered. An axample of this
“front-end” electronics was also presented at the Fermilab Workshop [39). More detailed
examples of electroaice for drift-time mewsurement and calorimetric measurement were
described in the report of the Triggering and Electronies Group -+ the Snowmass 1986
Summer Study [40]. ‘These workshops highlighted the concerns of power dissipation and
radiation hardness and the need for VLS] R&D for both the amplifying/shaping and the
sampling/buflering funetions. The front-end electronice must also preprocess and sparse
scan the data for each Level 2 trigger in order to limit the required bandwidth at the
autput of the front-end electronics.

Trigger requirements will impact the design of the front-end electronics; however, the
implications have not yet heen explored. Note that the quantity of data in the front-end
buffers is tremendous and the portion of this data which can be used in the trigger may be
limited by the bandwidth of the connectiona and busses linking the front-end alectronics
to the trigger processors. Locating & large part of the trigger electronics at the front-
end electronics and segmenting the trigger electronics in a geographical way witll ease
this bandwidth issue and at the same time provide parallelism in the trigger processing
which is needed for prompt trigger decisions. Examples of local and geographic trigger
processing include local shower clustering and jocal track segment finding.

Conceptuaily, all sparse-scanned data from Level 2 triggers is tranalerred vis avent
builders to the Level 3 trigger processors, which are a farm of general-purpose micropro-
cessors, This portion of the data acquisition aystem perhaps looks more conventional than
the front-end electronics; however, the necessary bandwidths and processing power far
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10.3. Calorimetry

Fundamenta) questions must be anawered by research and development and by ex-
perience with running or proposed detectors before a choice' can be made from among

the three most attractive options for calorimetry in a large solenold detector. The major
areas for R&D are listed below,

Lead/Scintiliating Fibers. The pozstble problems for this type of calorimeter nre radi-
stion hardness, calibration uniformity and stabllity of response, long-term stebility, and
nifficient longitudinal segmentation to obtain e/7 rejection of at least 1073,

Lead/TMS, Operational experience with warm liquid celorimeters is needed to de-
termine whether the conditions for aafety and purity cap be met. High drift fields are
needed to increase the induced mignal eurrent o at least the level of liquid argen. Birk’s
constant and the ¢/h eignal ratic need to be determined experimentally; it may turn out
to be difficult to achieve pufficient compensation. Hadronic enargy resolution should be
measured. Although there are important technical problems to be solved, warm liquid
calorimeters may ultimately prove to be better able to meet the hermeticity requirement
for calorimeters at the SSC.

Lead/Liquid Argon. Liquid argon calorimeters have heen used quite successfully in
the past; hwever, the requirements for calorimetry for a large soicnoid detector at the
S5C may L. difficult to meet with liquid zrgon. Hermetieity is probably the kardest
prablem to solve. The cryoatat muat be designed ss that cracks are minimized. Compen-
sation ia also a problem whick needs experimentsl inveatigation. Further calculations are
needed to determinz whether the charge collection time is adequate for the §SC.

Beam Tests, For any calorimeter design beam tests will be needed to messure the
¢/ ratio and hadronic and electromagnetic energy reaolution.

10.4. Electron 1dentification

In eddition to E&D or calorimetry, outlined in the previous section, more develop-
ment of TRD technology relevant to the high energies at the SSC is needed to prove the
feasibility of some of the ideas that have been proposed, in particular to push the energy
range up to 300 GeV or mcre. Likewise, atudies of realistic synchrotron radiation devices
would be useful to determine feasibility in the SSC environment.

10.5. Muon Identification and Momentum Meaguremeat

Specific arean for R&D for mucn detection include spatial alignment of the tracking
datectors nnd otability os a function of time ond tempersture. In nddition, integration
of the muon detector wire geometry into the processing reitired for low-level triggering
ghould be studled. R&D is also needed concerning the effects of interactions of high-
energy muonz with material on muon identification and triggering.
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for scintillating fibers are short attenuation length in small-diameter glasa fibers and long
fluorescence decay times and readout times.

Central and Intermediate Tracking. Some of the major refuirements for research and

development for central and intermediate tracking lor u large solencid detector are listed
here.

1. There are many mechanical and electrical problems involved in building a central
tracking system out of long straw-tube chambers. What is the minimum well thick-
nezs required? How can long straws be handled, held straight, and positioned? How
well can the wires be positioned? How can the wires be supported for electrostatic
stability? Can s chamber be bujlt with stereo straws? How can cathode pada be

implemented? Are pressurized attaws a realistie possibility? Feasibility studies are
needed.

2. Muck more work iz needed even at the conceptunl design stage for intermediate
tracking. The two options described here, planes of parallel wires and radial track-
ing chambers, are possibilities, but a more attractive rolution muy be found afver
more work. The two options described require a large number of cathode pads for
reading out the coordinate along the wire. Thelr pattern recognition capabilities
need study. Either option also involves mechanical design problems.

3. “Fast" drift chamber gases, such as mixtures of CF, could be very useful in reducing
the occupancy for a fixed cell size or reducing the number of cells by allowing &
lerger cell for a fixed occnpancy., More resesrch is needed on these guaaea to determine
their radiation resistance, spatial resolution, double-hit resolutlon, and operation
characteristica in moderate magnetic fields.

4. Efforts are needed in understanding how to align or measure the position of the
wires. Systematic errors in wire position will probably be the limiting factor in the
momentum resolution obtained with any wire chamber system.

5. At this time it is not clear whether we will need to record multiple hits for esch

wire or digitize the pulses. Straw-tube chambers probably do not have multi-hit
capability. R&D is needed in this area.

6. Computer simulation i needed to study pattern recognition in the high-rate S5C
environment. For central and intermediate tracking the dominant constraint is the
combination of cell ocenpancy and double-hit resolution. It is crucial to deter-
mine what tracks can actually be found for 8SC eventa given the high multiplicity
and density of tracks a-.2 ¢h- added hits from out-of-time bunch crossings. Fat-
tern recognition studies are also needed for high-resolution tracking devices such
aa gilicon microstrip and pixel devices. Computer simulation can then be uged %o
determine auitable mixes of pixel devices, silicon strip devices, high-precision drifi
chambers, and large straw tube or drift chamber systems for o large aolenoid detec-

tor. Finally, computer simulation ¢an be used to help determine the detailed cell
and teacking system designs.
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The trigger processors will most likely depend on custom VLS eircuita for reasons
of speed and the advantages of detector mounting. Consequently, R&D in this ares is
needed. The fina) designs will depend on, and help determine, details of system integrn-
tion. Trigger circuits of certain usefuiness include antiog sum ond diserlmination clrevits
(inciuding Er sums), shower cluster finders, and track gegment finders, Alzo of Interest

Is the study of on-line track finders using specialized, fully-custom, or general-purpose
processors.

10.7. Detector Simulation

Computer simulation of the components of the Large Solencid Detector and of the
detector as & whole will be a very important part of the design of the detector. The
ratio of events from interesting physics to events frora background processes is very low,
8o detailed understanding of detector response to the backgrounds is needad. Any lorge
detertor for the S5SC will be very complex and expensive and every effort must be made
to denign s detector which will have excellent performance and will not have to undergo
malor rebuilding. Some areas in which computer simulstion is particularly needed nre
pattern recognltion in tracking detectors, discussed In previous sections, and development
of showereimulation code which can be trusted as an aid in the deaign and optimization of
the calorimeter, including its electron identification performance. Existing codes reguire
too much computer time to be practical and need to be compared with test beam data
at energies of several hyndred GeV. Computer aimulation of the processing of the data,
including electronice response to the aignals from the detector components, processing

of the data by microprocessors on the detector, trigger, and data scquisition will be
required.

11. Conchuslong

The physics at the S5C will require high resoiution hermetic calorimetry and excellent
electron and muon identification. These needs are met by the large sclenoid detector
discussed here. Hermetic calorimetry is obtained in the presence of a magnetic field by
placing the entire unit inside the solenoid coil. Good momentum resclution in the tracking
has been preserved by choosing a 2 Tesla magnetic field (although moderately lower fields
would not substantially change the performance of the detector]. Some thought has been
given to intermediate angle tracking although the designs outlined are very preliminary.
Electron identification with a pion misidentification probability of less than 10-3 can be
obtained with only calorimetry and conventicnal tracking. This meets the goais outlined
by the physica study groups. However, there was a strong feeling that better rejection
than this should be provided if possible; some kind of TRD system, integrated with the
tracking, is a likely candidate. The solenoid coil, 8 meters in diameter and 16 meters long,
has been designed In eryogenically separate modules for ease of construction and to allow
access to the calorimetry. The large integral B d# of the solenoid (8 Tesla-meters) allows
adequate momentum resolution for muons to 1-2 TeV/c ond charge nign measurement
{0 momenta exceeding 5 TeV /c.

The design parameters of the proposed detector are summarized in Table X.
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10.8. Electronics

The high interaction rates at the §SC lead to an -overall data acquisition scheme
(sec Section 9.2) based upon highly integrated and sophistivated systems of front-end
electronics mounted on the detector. Development and construction times for electronics
for present detectors alreedy frequently exeeed times for mechanical systems. Moreover,
the front-end electronics designa will be integrated into the mechanical designs and the
dnta scquisition system. These front-end tircuits will be the moat challenging R&D
problem in electrenics. Timely R&D of front-end electronice is esaential to 85C physics.

Some greas for R&D for front-end electironics were listed In the report of the Snowmass
86 Triggering end Electronies Group (40]. In zome respects, eustom VLSIs developed for
current experiments, auch &s analog memory devices for SLD, microplex readout of silicon
strips for Mark IT and DELPHI, and pipelined readout of calorimeters for ZEUS, serve
a3 modals for S5C clectronics. However, thesa circuits are In general not adequate for the
8SC with respect to scale of integration, readout times, power consumption, sadiation
hardness, and system design.

R&D for front-end electronies for o inrge sclencid detector should take two direc-
tions., The first direction should be generic stud{c. For instance, differant integrated
circuit technologics should be examined for their approprintenass to the 88C. In addi-
tion, relative advantages of varlous pipelipe atructures shopld be studied, such as CCDa
ve. switched capacitors or digitel vs. analog, with reapect to speed, charye resolution,
power and calibration espects. Techniques for improving radiation hardness should also
be investigated. The aecond direction should be the development of front-end electronica
circuits for specific detector compenents. Prototypleal circuita for drift-time and charge
measurement should be built in order to demonstrate the principle of the $8C date ac-
quisition scheme and to gain experience with the techniques, The circuits could be tested
in an actual experimental environment. The detatled design of these circulta, however,
depends on the detpiled design of the detector, including signal risetime, detector capac-
itance, detector and cabling impedance, packaging, et¢,, and on the detnils of the overall
data acquisition system. Cirewits for third coordinate readout in tracking chambers -
delay lines, charge division, and cathode pads — must be developed. In additien, circuits
for simultaneous measurement of time and pulse height will be developed. Front-end
circuits for finely-segmented silicon devices, much different from existing multiplexed de-
signs, will be needed. In light of the Jong lead times involved in developing and producing
front-end circuits and their dependence on system ¢oncerns, R&D on some of the details
of the overall data acquisition system would now be timely. Of particular concern are (1)
control and management of the front end, such as clocking and labeling, {2) determine-
tion and application of calibration constants, (3) cutputs needed for the trigger, (4) date
processing needed and (5) test features.

In the area of off-detector data acquisition clectronics, that is, high-speed busses,
event builders, and microprocessor farms, much of the necessary development will occur
naturally through implementation of on-line farms for existing experiments, such as CDF
and DO. Some further R&D into high-speed busses and event Lnilders is warranted.
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Table X. Summary of she Detector Design Parameters

SGLENCLD COLL
{oner diameter
Length
Centtal Geld
Weight (including Qux return)

8.3 matens

14 maters

2 Tarla

36,450 melsic tons

CENTRAL TRACKING

Inner radiue 0.40 meters

Quter radjue 1.8 meters

Number of suparlayers 1%

Number of cells 122,348

in| coverage < 1.2
INTERMEDIATE TRACKING (OPTIONS A & B)

{n) coverage 12< |nf< 30

& position

Tatal pumber of chambers
Total ancde wires

Total ¢athade pad channels

{al < 4.0 metars
26 (A} or 18 (B)
128,000 (A) ar 172,800 (B)
500,000 {A} or 203,760 (B)

ELECTROMAGNETIC CALORIMETER
Depth
Traneverne segmentation
Inl < 2.0
1.0< |n} < 4.5
d5<|n <55
Longitudinal segmentation

25 Xo

(&n x A¢)

.02 % .02 -

.03 x .03

.03 x .03 to .08 x .08
e Xg, 8 Xg, 11 X,

Total number of towers 104,000

Tota) number of electronics channels 812,600

Weight

Central 200 metric tons

! Forward 45 matric tons
HADRONIC CALORIMETER

Depth 1012 A

Transverne aegmentation (An x Ad)

Inl 2.0 08 x .08

2.0< n| < 4.5 08 x .00

45% |n| <65 .8 x .08 to .0B x .08

Longitudinal aegmentation 2 segmenta

Total sumber of towers 19,100

Total number of electronics ¢hannels 37,200

Weight
Central
Forward

4200 rnelric tons
285 rnetric tons

MUGN SYSTEM
Tolal number of elscironic changels
Weight of torcida

~ 100,000
13,000 metric tons




A very substantial amount of R&D must be perforined if the detector is to be opli-
mally and efficiently constructed, and specific R&D areaa were (dentified and discnssed
in the preceding section. In addition to basic research and development, prototype work
mus! be done on all components of the detector. The choice of sampling medium for the
calorimeter is especially eritical, but teating is needed for all aspects of the design, partly
berause of the scale of the construction task. However, it ie believed that the amount of
R&D required is consiatent with the length of time available so that the detector cun be
built and ready at the turn-on of the S5C.

Relatively little time was spent at this Workshop discunsing the problems of elec-
tronics, triggering, rate and pile-up effects, and data handling and ansalysis. Fot some of
these subjeets reasonably careful studies were performed during Snowmass 1986 (or ¢t

previous workshops), but all require further study and must be brought under control in
the early stages of detector deaign.

In spite of the rather large amount of R&D which remains to be done, there was con-
siderable optimism that there are no fundamental obstacles to the design, construction,
and operation of a detector with the excellent detection cf electrons, muons, jets, and
missing energy that is required for analyzing the exciting physics that awaits at 40 TeV.
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