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Summary
The Solencidal Detector Collaboration (SDC) submits herewith its Letter of Intent (Lol)
to propose a general purpose detector for a high-luminosity interaction region at the SSC.
The SDC physics goals and the general characteristics of its detector have been described
in the Expression of Interest submitted in May 1990. Since that time, the SDC detector
concept has undergone some evolution, driven partly by the necessity of cost reduction and
partly by progress in the design of various subsystems. Cost savings have been achieved
through reduction of the central tracking volume, decrease in the tracking channel count,
and replacement of the muon system intermediate-angle air-core toroids by iron toroids.
The muon system has also been refined to improve triggering capability and overall per-
formance. A magnet style has been chosen in which the calorimeter completely surrounds
Vi the coil to provide good hermiticity. Two calorimeter technologies have been chosen for
further engineering work. A more detailed and accurate costing methodology has been put
into place. As requested by the SSC Laboratory, this document also contains responses
to specific questions asked by the Program Advisory Committee, and a budget request for
engineering design and integration. The SDC is prepared to develop a detailed proposal
for its detector within a year. Following approval, the SDC plans to fabricate its detector
to be fully operational at SSC turn-on.
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Intreduction/Progress since the Expression of Interest

1. Introduction

This document is a Letter of Intent (Lol) submit-
ted by the Solenoidal Detector Collaboration (SDC)
for a general-purpose detector aimed at pursuing a
broad range of physics goals at the SSC. While the
proposed detector is optimized for high-p; physics,
it also has diverse capabilities that make it a pre-
mier exploratory tool for a broad range of physics
topics. We intend to build a detector whose subsys-
tems are all fully functional at the design luminosity
of 10%% ¢cm—251, and which, with somewhat reduced
functionality, can tackle the more specialized physics
issues which require substantially higher luminosity.

The SDC submitted an Expression of Interest
(Eol) in May 1990{1). It provided a set of responses
to questions from the Program Advisory Committee
(PAC) in July 1990[2]. The SSCL/PAC responded
to the Eol submissions with a decision to support
two high-p; detectors with complementary and over-
lapping capabilities, one being general-purpose and

3

the other of a more specialized character. Scope re-
ductions to a level of about $500M were mandated.
The SSCL called for Letters of Intent proposing
detectors of appropriately reduced scope, and also
containing answers to several questions prepared by
the PAC. This document is the SDC response to the
SSCL invitation.

As mandated by the SSCL, this Lol is very brief,
and much of the requested information is contained
in our Eol. Nearly half of the Lol is devoted to an-
swering the PAC questions, and most of the other
half discusses those subsystems in which major evo-
lution has occurred since the Eol: tracking, magnet,
calorimetry, and muon systems. A new methodol-
ogy has been used as the basis for our cost estimate.
We also provide a budget request for FY1991 for en-
gineering, integration and R&D not covered under
subsystem work, and a budget for FY1992 based on
the assumption that all R&D relevant to SDC will
then be included in the SDC budget.

2. Progress since the
Expression of Interest

The SDC detector design has evolved substan-
tially since the submission of the Eol. The changes
have been driven partly by more realistic studies
of how the various subsystems are assembled and
maintained, and partly by the necessity of scope re-
duction to fit into the cost guidelines suggested by
the SSCL. In addition we have reduced the number
of technical options under consideration.

The major developments which have occurred
since the Eol submission are briefly summarized
here and discussed in more detail in the later sec-
tions of this Lol. The first three items listed below
are motivated by the requirement of scope reduction:

1. The tracking volume has been reduced, the outer
radius shrinking from 1.85 m to 1.70 m and the
half-length from 4.5 m to 4.0 m. This action
reduces the volume and hence the cost of the
calorimetry and muon systems external to the
tracking. The consequences are a reduction in
momentum precision and increased occupancy in
the outermost (triggering) tracking superlayer.

2. The tracking system channel count has been re-
duced. The total area of the silicon system has

been decreased and the channel count for the
outer tracker has been reduced by about 25%.
The performance price is a slight reduction in
momentum resolution and some loss in pattern
recognition capability.

3. The air-core toroids in the intermediate-angle re-
gion of the muon system have been replaced by
iron toroids. The consequence is some degra-
dation in momentum precision in the p; range
100-500 GeV/c due to multiple scattering in the
iron toroids. (At lower p; the central tracker is
adequate, and at higher p; the multiple scattering
is relatively unimportant.)

While these scope reduction measures produce
some loss in performance, we believe that the de-
tector capabilities remain adequate for fulfilling our
goals,

The following developments arise from our pro-
gress in narrowing technological alternatives, in
elaborating our design, and in improving our cost-
estimating methodology:

4. The solenoid magnet style has been chosen on the
basis of careful work of an SDC Task Force{3].
The design selected is a unified version of Types S
and I described in the Eol, in which the coil is



entirely surrounded by the calorimeter. The task
force considered issues of coil fabrication, assem-
bly, and cost, as well as the impact of magnet
style on calorimetry, tracking, and triggering.
The rejection of a design in which the coil pen-
etrates the calorimeter (Type L in the Eol) is
motivated primarily by the resulting deterioration
of calorimeter performance.

This selection leads to a somewhat nonuniform
field if the calorimeter is nonmagnetic, and a uni-
form field in the case of an iron-loaded calorime-
ter. On the basis of studies done to date, we
believe that the tracking can be done adequately
in the nonuniform field[4).

5. The choice of calorimeter technologies target-
ted for more extenmsive engineering design has
been narrowed. Our immediate engineering ef-
forts for the central calorimeter (|n| < 3) will be
focused on just two technologies, one using scin-
tillator and the other using liquid ionization. Qur
specific choices for the detection media are scin-
tillator tile with wave-shifting fiber readout and
liguid argon. These choices have been made on
the basis of engineering, costing, simulation, and

# ™ risk assessment studies.

6. Progress on the engineering design of both me-
chanical and electronic aspects of the tracking
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systems has led to improved cost estimates for
these systems.

7. The arrangement of muon tracking detectors has
been modified to optimize performance and trig-
gering capability.

8. The specifications of the overall architecture and
protocol of the trigger systems have been refined.
These include Level 1 pipeline lengths, Level 1
and 2 trigger signals, and the handling of busy,
reset, and initialize states. There has also been
considerable progress in the development of crit-
ical custom integrated circuits for the readout of
tracking systems and calorimetry(5,6).

9. A proposal for extensive test-beam work in the
areas of tracking, calorimetry, and muon sys-
tems, following the next collider run, has been
submitted to Fermilab.

Since the Eol submission, groups from Canada,
China, France, Israel, and Romania have joined the
SDC. We have also added industrial partners to as-
sist in the preparation of the proposal. These are
separately listed at the beginning of this Lol.

In view of our progress and the development of our
technical organization, we are confident that, with
a reasonable level of support for engineering design,
we shall be ready to make a full-scale proposal for
our detector in about one year.

3. The SDC detector

3.1. Overview and design goals

3.1.1. Detector description

The Expression of Interest submitted last May
provides a description of the SDC physics goals.
These include studies of electroweak symmetry
breaking, properties of the top quark, searches for
heavier gauge bosons, for evidence of compositeness,
and for new particles implied by supersymmetry,
and, most important of all, the uncovering of totally
new and unexpected phenomena.

To meet the challenges implicit in these goals, we
are proposing a general purpose detector with cen-

7" “ral tracking in a solenoid magnetic field, hermetic

alorimetry, identification and energy measurement
of electrons and muons, and high resolution vertex

detection. We believe that these capabilities will
provide the power and level of redundancy essen-
tial for understanding new phenomena at the SSC.
Our intention is to design a detector whose subsys-
tems are all fully functional at the design luminosity
of 103 cm~2s5~1, and which can tackle more special-
ized physics issues at substantially higher luminosity
with somewhat reduced functionality.

As discussed in Chapter 2, there has been sub-
stantial progress since the submission of the Eol
Table 1 summarizes the detector design goals, and
replaces the corresponding table in the Eol.

Fig. 1 shows an isometric view of the SDC detec-
tor. Quadrant views corresponding to two different
choices of calorimetry are shown in Figs. 2 and 3.

Fig. 2 shows the detector with calorimetry based

on lead and iron absorbers and scintillator-tiles with
wave-shifting fiber readout. Inside the short coil, the
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FIG. 4 Maximum ionizing dose in the SDC

calorimeter, for standard conditions (1033 cm—25-1,
1 year) and (in parenthesis) for 10 years at
10 ¢m~25~1. The maximum dose occurs at elec-
tromagnetic shower maximum. Values have been
corrected from those given in the Eol

central tracker consists of a small-radius silicon strip
and pixel system, plus a wire or scintillating fiber
tracking system at the larger radii. The return flux
is carried partly by the structural element shown at
the back of the calorimeter and partly by steel used
as the absorbing medium in the last few interaction
lengths of the calorimeter. The muon system con-
sists of two scintillator layers for triggering and a set
of wire tracking modules. Momentum measurements
independent of central tracking information are pro-
vided by the iron toroids in both the central and
forward directions. Unlike the system described in
the Eol, the muon tracking modules are not all iden-
tical, and the two modules originally depicted on
the inside of the central steel toroid have now been
combined into one larger module placed close to the
inside surface of the toroid. It should be noted that
the combination of measurements in the ¢ direc-
tion in the central tracker and in the muon system
provides a precision for high energy muons that is
significantly better than with either system alone.

Fig. 3 shows the detector with Pb/liquid-argon
calorimetry. The absence of radial access space in
this case is motivated by both the larger radial di-
mension of the liquid argon calorimeter and the
likelibood that safety considerations would in any
case preclude use of access space with a liquid argon
calorimeter. The flux return is completely exter-
nal. The central tracking and muon systems are
unchanged.

3.1.2. High-luminosity operation

The radiation environment has been discussed in
some detail in the Eol. The ionizing dose in the
calorimetry is greatest at electromagnetic shower
maximum, and representative values of the dose are
shown in Fig. 4. These are a factor of three smaller
than in the corresponding Fig. 6 of the Eol because
of the discovery of an error|7).

Since the SSC has the potential of operating at
luminosities an order of magnitude higher than the
design value of 1033 cm~2s~1, we intend that our
detector retain sufficient functionality at the higher
luminosities to study the specialized physics issues
requiring higher event rates.

The calorimeter must have the capability to sur-
vive the larger doses shown in Fig. 4 (at least in
the pseudorapidity range |n| < 3). For a scintillation
calorimeter, the design may include the possibility
of replacing damaged scintillator in a limited part of
the endcaps.

At the higher lwminosities, the tracking system
must retain sufficient functionality to provide a
stiff-track trigger and momentum resolution of re-
duced precision. Recent measurements indicate that
silicon-strip detectors and radiation-hardened elec-
tromics should survive for at least several years at
10% cm—?5~1(5,8], but more R&D is necessary. The
performance of the outer tracker at high luminos-
ity depends on whick of the technological options
is retained: the wire chamber option suffers serious
occupancy problems at luminosities much above the
design value, although the superlayers at the largest
radii may still be able to function. The scintillat-
ing fiber option offers the potential of reducing the
occupancy by an order of magnitude, but additional
R&D is required to establish cost and feasibility.

The muon system will have some stand-alone capa-
bility, but its performance will be greatly enhanced
by the limited level of central-tracking capability
expected at 103 cm—25~1,

In summary, we are making good progress to-
ward the design of a general-purpose detector of
acceptable cost fully operational at the SSC design
luminosity. We plan to make our technological de-
cisions taking account of the needs of a physics
program continuing to luminosities of 1034 cm™2s~1,



The SDC detector

Table 1
Detector design goals.
Central Intermediate Forward
Inl S 1.5 1.55 | 3.0 In| 2 3.0
Tracking:
Magnetic field 20T 20T No
Radius 1.70 m 1.70 m
épe/pf at 1 TeV/c <0.25 (TeV/c)"! < 1.3 (TeV/c)! @
Calorimeter:
Inner boundary? 2.05 m 42m 17m
Depth 2 9A 212 2 14X
Segmentation (Had) 0.05-0.10° 0.05-0.10¢ 10 cm x 10 cm

Resolution (Had) §E/E
Resolution (EM) §E/FE

Electron ID Yes
Muon system:
Total absorber > 14\

6ps/p? at 1 TeV/c
(central tracker plus toroids)

< 0.7/vVE & 0.04%°
< 0.25/vVE @ 0.02

<0.13 (TeV/e)™t

<0.7/VE®0.04 < 1.0/vE®0.05
< 0.25/vVE ©0.02
Yes None
> 142 —_
<045 (TeV/e)~1@ —

o At |9] = 2.5; full tracking capabilities extend to 7 = 2.5.
b Radius for central calorimeter and z-position for intermediate and forward calorimeters.

€ Anp=Ag.
4 F is in GeV unless otherwise specified.

¢ Here and elsewhere, & indicates addition in quadrature.

3.2. Status of the detector design

3.2.1. Tracking system

The tracking system plays a major role in ex-
ploratory physics, lepton and heavy quark identifi-
cation, mass reconstruction, and in the formation of
the trigger, as discussed in Section 3.2 of the Eol.
We have put emphasis on reliable pattern recogni-
tion and precise momentum and vertex resolution
over the pseudorapidity range |7| < 2.5 required for
SSC physics. The basic goals for the SDC tracking
system, updated from the Eol, are indicated in Ta-
ble 1. To these general goals we add several more
specific requirements:

1. Pattern recognition capability even within jets of
pt up to 1 TeV/¢;

2. High resolution vertex detection capable of iden-
tifying jets containing b hadrons with good effi-
ciency;

-—

. Capability of providing Level 1 or 2 trigger in-
formation to identify tracks of p; greater than

10 GeV/c;

4. Functionality of at least part of the tracking sys-
tem at luminosities significantly above the SSC
design value.

Overview of the tracking system

The central tracking system consists of the ele-
ments described in Section 4.1 of the Eol. In order
of increasing radius, they are:

1. Two-dimensional pixel silicon detectors to aid
pattern recognition and detect separated vertices
from heavy quark decay;

2. An array of silicon strip detectors to provide pat-
tern recognition and momentum measurement in
the pseudorapidity range 7| < 2.5;

3. A wire-chamber and/or scintillating fiber system
to provide the curvature determination needed
for high precision momentum and vertex mea-
surements and trigger information for high-p;
particles over the same pseudorapidity range.
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Tracking systems using wire chambers and scintil-
lating fibers for the outer tracking technologies are
shown in Figs. 5(a) and (b). All tracking elements
are organized into superlayers, with each super-
layer measuring the space coordinate and the local
slope of track segments. As superlayers have signifi-
cant local pattern-finding capabilities, this results in
substantial immunity to detector backgrounds and
allows a powerful first-level trigger. The track seg-
ments found in each superlayer are readily linked
into complete tracks, for example by finding clus-
ters in curvature-azimuth space. Simulations of
Higgs — Z2Z — ete~u*u~ with tracking elements
as in Fig. 5(b) result in high lepton tracking efficien-
cies even for luminosities sibstantially greater than
10% cm~2s-1, as shown in Fig. 6[5).

(a) o T
YIS II IS

(b) I— 4.000 I
THAIISIIIIASIIIIIIYY.,
1.700° |

| —— 7 | |
| ——
#%@f@—:f&_

FIG. 5. Tracking system for the SDC detector.
At small radius are silicon pixel and strip detec-
tors. Surrounding these are (a) barrel superlayers of
straw tubes with radial wire chambers covering the
intermediate-angle region; (b) an alternative imple-
mentation employing scintillating fiber modules for
both the barrel and end regions. Dimensions are in
meters. Other variations mentioned in the text are
not shown.

As part of the mandated reduction in detector
costs, the radius and half-length of the tracking sys-
tem Lave been reduced from their Eol values of
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FIG. 6. Tracking efficiency for the process H —
Z%Z% — ete~putu~. Crosses show the efficiency
for finding ali four leptonms; circles for all four
leptons also passing the requirement that their re-
constructed momenta be within a factor of 2 of
their true momenta. ‘

1.85 m by 4.5 m to 1.70 m by 4.0 m. The main
cost savings of this change arise from the reduc-
tion in the weight of both the calorimeter and the
muon toroids. We have obtained further cost savings
through reduction of tracking system channel counts
by about 25%. These savings lead to a degrada-
tion in momentum measurement precision of about
25%, reduced redundancy in pattern recognition,
and increased occupancies in the outer “triggering”
layers of the tracker. The magnitude of these effects
appears to be sufficiently small as*not to impair sig-
nificantly the ability of the detector to achieve the
stated physics goals. Quantitative understanding of
these issues will require further R&D, detailed sim-
ulations, and, eventually, knowledge of the actual
technologies to be used for the tracker.

In the next subsections we describe the present
versions of the tracking elements. It should be un-
derstood that the designs are preliminary. As we im-
prove our simulations and understand the costs bet-
ter, it is likely that many of the details will change.

Silicon system

The silicon system consists of an array of two-
dimensional pixel detectors plus a large array of
silicon strip detectors. The pixel detector(9] consists
of two concentric cylindrical layers and two disk ar-
rays, and covers a pseudorapidity interval |n| < 1.9.
The pixel detector is contained within a radius of
10 cm and +22 cm along the beam direction. Pixel
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sizes are expected to be 30 um x 300 um in the
¢ and z directions respectively, and the position
‘esolutions are expected to be better than 10 pm
in ¢ and 100 um in z. The pixel superlayer aids
pattern recognition, provides superb capability to
detect separated vertices from heavy quark decays,
and contributes to momentum resolution.

The silicon strip detectors are arranged in 8 cylin-
drical layers and 44 planar layers. Cost savings rel-
ative to the Eol design are achieved by moving the
forward planar layers closer to the interaction point
and scaling down their radial dimensions, leaving the
acceptance unchanged. This degrades the momen-
tum resolution at large pseudorapidities by about
30%. The silicon layers will be instrumented with ei-
ther double-sided strip detectors or with single-sided
short-strip detectors. The double-sided strip detec-
tors have axial (or ¢) strips on one side and small-
angle stereo strips on the other side of each detector,
while the single-sided short-strip detectors have each
strip subdivided into many short strips to provide
pixel-like information. Two layers of such detec-
tors form a superlayer. (Note that individual silicon
layers, rather than superlayers, are shown in Fig. 5.)

Radiation tests of bipolar transistors, CMQS tran-
sistors for digital applications, and strip detectors
were made under the Silicon Subsystem R&D Pro-
gram[5,8]. The results obtained so far suggest
survivability for several years at a luminosity of
103 cm~2s~1, but much more R&D remains to be
done. There has also been progress in the design of
a very stable low-mass mechanical support structure
and a viable cooling scheme[5]. Continued support
of the silicon subsystem R&D program is critical to
the development of the inner tracker of the SDC
detector.

Outer tracking system

For radii greater than 50 cm, the tracking tech-
nologies under consideration include straw tube and
radial wire drift chambers, scintillating fibers, and
combinations of these. Active R&D efforts are be-
ing pursued for all of these technologies, and should
continue tc be supported through the relevant sub-
system programs.

Our design for a straw tube tracking system
covering central pseudorapidities consists of eight
superlayers of 4 mm diameter straws. The inner

»~—seven superlayers contain six layers per superlayer,

rhereas the outermost superlayer (in axial geome-
try) has eight layers to help maintain robustness for

The SDC detector

a Level 1 trigger. Information along the z direction
is provided by 3° stereo superlayers (two stereo-left
and two stereo-right). This design, coupled with the
reduced tracking outer radius, provides about a 25%
reduction in the channel count relative to that given
in the Eol.

Substantial progress relative to this design has
been made through the Subsystem R&D efforts.
This includes extensive studies of prototype straws,
development of intermediate wire supports inside
the straws, detailed design of end plates includ-
ing gas manifolding and electronics layout, and the
design of mechanical structures for supporting the
straws[10,11). A cosmic ray study of the spatial res-
olution of a 2.7 m long, eight tube deep stack of
4 mm straws has measured a single tube resolution
of ¢ = 120 pum([12]. Pattern recognition studies show
that segments within straw superiayers are recom-
structed with good reliability for stiff tracks, and
support our tentative decision to reduce the number
of straw layers in a superlayer from eight to six{13].

At intermediate pseudorapidities our wire-based
design employs radial wire chambers, supplemented
by cathode-strip readout MWPC “crossing taggers,”
which give coarser position resolution but sharper
time resolution than the radial wire drift cells, to re-
solve the event arrival/drift time ambiguity. These
MWPC’s also provide the Level 1 or 2 trigger in this
region. Experiments with fast drift gases and strong
drift fields show the Lorentz angle effects to be man-
ageable, and simulations yield encouraging results
concerning the ability of a radial drift plus crossing
tagger configuration to extract the good hits from a
noisy environment[10]. The current drawn in these
chambers remains a concern for operation above the
design luminosity, and much work is needed to clar-
ify the way to form a Level 1 trigger with this
system. This work is being vigorously pursued in
Great Britain.

Extensive research on wire aging has demonstrated
that the gas CF4 combines high drift velocity with
a remarkable protective power against wire dam-
age[10,11]. Work at TRIUMF[14] and LBL(15] has
demonstrated that CF4-isobutane shows no gain
loss for collected charge of more that 1 C/cm cor-
responding to about 10 years at design luminosity
for an inner layer. Direct measurements and oper-
ation of straw chambers in nuclear reactors indicate
that straw components will survive more that 1014
neutrons/cm? and that a chamber will continue to
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operate with no gain loss while running in this en-
vironment at rates exceeding 5 MHz[16]. These
numbers indicate that neutrons are an insignificant

source of radiation damage to straw chambers at the
S8C.

However occupancy considerations indicate that
the operation of the wire tracker becomes increas-
ingly problematical as luminosities rise beyond the
SSC design value. This makes a tracking system
based on scintillating fibers very attractive, because
occupancies are an order of magnitude smaller. The
principal change from the design given in the Eol
is an increase of the fiber diameter from 500 pum
to 750 pm, with a corresponding channel count re-
duction{17]. The occupancies still remain small, and
the light output is increased. The amount of mate-
rial in the tracker is increased, and the precision and
two-track resoclution are slightly degraded. However,
by offsetting the four fiber rows within a layer by
a quarter-fiber diameter, one obtains an axial mea-
surement of precision (750 um/4)/+/12 = 55 um.
Each superlayer provides two such measurements,
separated by about 5 cm, which are used to form
local track segments.

For fiber tracking in the intermediate pseudora-
pidity region, one can use disks of right-bending
and left-bending spirals of scintillating fibers plus
half-circles of azimuthal fibers to determine (r, ¢)
unambiguously at each location along the z axis[17).

The scintillating fiber subsystem group has devel-
oped several new highly-efficient primary dyes for
scintillators from which materjals that flucresce in
the green to yellow can be fabricated{17]. The suc-
cessful splicing of scintillating fibers to clear fiber
waveguides by thermal fusion has been accomplished,
and the visible light photon counter (VLPC) is be-
ing developed at the Rockwell International Science
Center{17). The VLPC is a solid state photodetec-
tor with > 60% quantum efficiency across the visible
spectrum. These devices operate near liquid he-
BHum temperatures with nearby preamplifiers, which
may be at about liquid nitrogen temperatures. The
major R&D challenge will be the development of a
readout scheme whose cost per channel, including
all necessary packaging, will be acceptably low.

Another option for the central pseudorapidity re-
gion is the use of a hybrid design for the outermost
superlayers, with two fiber row pairs of £5° stereo
adjacent to an axial straw superlayer{11]. The hybrid
tracking superlayers are relatively simple mechani-
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cally, and the resulting module yields a localized
three-space point together with a direction vector
in (r,¢). These track segments are then easily
employed in the subsequent track linking.

For the intermediate-angle tracking system gas mi-
crostrip or gas pixel detectors are also possibilities,
although extensive R&D is required. In principle,
the microstrip detector{18] features 20 pm resolu-
tion, 20 ns pulses, low thickness in radiation lengths,
high tolerance to radiation, and direct digital data
flow for fast triggers. Prototype chambers have been
built and will soon be tested. :

R&D on charged particle triggers based on the
tracking system includes simulation studies and de-
velopment of custom circuits to recognize stiff track
segments within superlayers in real time[17,10]. Ini-
tial simulations of first-level charged track triggers
with the scintillating fiber outer tracker find good
immunity to false p; > 10 GeV/e triggers even for
luminosities substantially above 103 cm—2s~1[17].
Study of a charged track trigger using the forward
silicon planes suggests that a p¢ sensitive trigger for
the difficult region 1.2 < || < 2.5 can probably be
realized at Level 2[19].

Performance characteristics

The principal characteristics of the proposed track-
ing systems are shown in Tables 2 and 3, and the
expected momentum resolution is shown in Fig. 7.
As in the Eol, the simulations described in Sec-
tion 4 use more conservative resolutions than those
in Fig. 7 to account for systematic effects.

Technological choices

On the basis of R&D and engineering work al-
ready done, it seems very likely that a silicon plus
gas-wire tracking system can be implemented at ac-
ceptable cost with adequate performance up to the
SSC design luminosity. However, gas-wire tracking
at higher luminosity appears problematical because
of excessive occupancy, at least for the inner lay-
ers. Fibers and other technologies hold the promise
of operation at much higher luminosity, but they re-
quire further R&D to establish feasibility and cost.
Milestones for the tracking system R&D for FY1991
are given in Table 4. Over the next few months we
will develop a detailed schedule and corresponding
R&D plan going beyond FY1991 to allow us to take
maximum advantage of technological advances com-
patible with our goal of having a fully functional
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Table 2
Central Tracking
Silicon Outer
Detector type Pixels Strips  Wires  Scifi
Total number of elements 3.0 x 107 3.6 x 10° 1.9 x 10% 1 x 10°
Number of superlayers 1 4 8 4
Measuring layers/superlayer 2 4 6 (82 8 (16)
Approx. occupancy per element 10-4 103 10~ 102
(in 2 T field at £ =103 cm~2s-1)
Total radiation lengths 1.5% 5% 4.5% 6.7%
at normal incidence
Resolution/measurement 10 pm x 100 gm 15 pm 150 um  (text)
Two-track resolution 100 pm x 500 pm 150 pm 2 mm 1 mm
Table 3
Intermediate Angle Tracking
Silicon Outer

Detector type Pixels Strips Wires  Scifi

Total number of elements 9 x 10° 4.9 x 108 5 x 10* 2 x 105

Number of superlayers 1 5% 5 3

Measuring layers/superlayer 2 4 8 12

Approx. occupancy per element 10—* 103 107 10-?

(in 2 T field at £ = 1038 cm~%s~1)
Total radiation lengths 1.5% 6% 6% 8%
at normal incidence

Resolution/measurement
Two track resolution

10 pm x 100 pm 15 ym 150 ym 250 pym
100 2 x 500 pm 150 pm 2 mm

1 mm

o Number of superlayers intersected by a track.

detector at SSC turm-on. For FY1991, continua-
tion of R&D efforts on wire, fiber, and hybrid outer
trackers as well as silicon strip and pixel inner track-
ers is essential. In this Lol we request funding to
support engineering design and systems integration
for both silicon and outer trackers.

3.2.2. Superconducting solenoid

The Eol described three possible solenoid coil
configurations. An SDC task force was charged with
assembling technical and cost information relevant
to each of these magnet styles, and studying the
impact of each choice on calorimetry, tracking, and
triggering. As a result of this study(3|, the type-L
design, in which the coil penetrates the calorimeter
and extends to a solid iron yoke, was dropped. At
the same time, the type-S and type-I coil options

rere combined into a single unified design (type-U)
.0 be the focus of engineering design and R&D

IS SRR SAREE RAREE RARAN RERES BARS

O No beam constraint, no pixels

0.8 $ 20 pm beam constraint, no pixels -

4+ No beam constraint, 2 layers pixels @ ¢
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FIG. 7. Momentum resolution vs. 5 for either the
pixel/silicon strip/wire chamber outer tracking sys-
tem or the pixel/silicon strip/scintillating fiber outer
tracking system, based on 100% measurement effi-
ciency and the resolutions given in Tables 2 and 3.
Systematic errors are not included.
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Table 4
Tracking System Milestones (FY1991)
Milestone Date
Pixels
Conceptual design review Dec. 1990
Fabrication of pixel array prototype March 1991
Pixel array beam tests July 1991
Mechanical systems prototype Sept. 1991
Silicon Strips
Prototype full-size mechanical module Sept. 1991
Test of full-size double-sided silicon detector Sept. 1991
Prototype front-end electronics Sept. 1991
Establish radiation limits for detectors Sept. 1991
Wire Drift Chambers
Beam tests with prototype front-end/trigger electronics May 1991
Intermediate tracker radial drift chamber sector prototype June 1991
Full-size barrel module/superlayer prototypes June 1991
Evaluation of full-scale full-length barrel module prototype Sept. 1991
Scintillating Fibers
Beam tests of full-size superlayers using multi-anode phototubes Feb. 1991
Prototype commercial fabrication of wide fiber ribbons April 1991
Beam test of 256-channel 4 m long fiber superlayer with May 1991
VLPCs plus front-end/trigger electronics
Delivery of 1000 channels of VLPCs from Rockwell Oct. 1991

activities. This design is to be usable with either a
magnetic endcap calorimeter or with a nonmagnetic
one (Fig. 8). Fig. 9 shows the field integral as a
function of pseudorapidity for the two cases. The
magnet thickness at 90° will be about 1.2 Xy. The
axial compressive force on the coil is 360 tonnes with
magnetic endcap calorimetry and 1614 tonnes with
nonmagnetic. To avoid yielding the aluminum-based
superconductor, the axial force in a coil for use
with nonmagnetic calorimetry must be transferred
to the outer support cylinder and carried as a
compressive stress in it. Since this force for the
SDC Type-U solenoid is much greater than that
found in other detector solenoids, substantial R&D
is required to develop a method of bonding or
mechanically interlocking the conductor turns to the
outer support cylinder. This joining method must be
very reliable in the long-term because a failure of the
joint would cause the magnet to quench before the
operating current is reached. This effort and other

required R&D, which will involve Fermilab, KEK,
and industrial partners, is briefly described below.

R&D plan for type-U Solenoid

1. Engineering design: This will include stress,
thermal, quench, and safety analyses and will
specify the utility systems (power supply and re-
frigerator) required. The axial support system
will be designed for axial force constants of 50
tonnes cm~! and 5 tonnes cm~!, for use with
magnetic or nonmagnetic calorimeters, respec-
tively.

2. Superconductor: The goal of this R&D is a con-
ductor stabilizer with a yield strength greater
than 50 MPa and a resistivity at 4.5 K of less
than 50 pQ-m. The high strength would make
the bond between conductor and outer support
cylinder less essential to the ability of the mag-
net to reach the design current. The technique
to co-extrude aluminum around a Cu/Nb-Ti ca-
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FIG. 8. Coil-iron-calorimeter geometries for Type-U solenoid with magnetic endcap calorimetry (a) and with
nonmagnetic endcap calorimetry (b). The axial field at the origin is 2 T in either case. The stored energy with
iron calorimetry is 147 MJ; with nonmagnetic calorimetry it is 122 MJ.

ble to final dimensions about 5x50 mm must be
developed and demonstrated.

3. Coil fabrication: The most important coil fabri-
cation R&D item is the development of a satisfac-
tory method to attach the conductor to the outer
support cylinder. A major part of the R&D pro-
gram is the fabrication of a full-diameter proto-
type coil of partial length. Mechanical, cryogenic,
superconducting excitation, and quench tests will
be performed on this prototype.

4. Cryostat and cryogenics: To achieve the desired
transparency the outer vacuum shell must be
fabricated of a material with a demnsity 15-20%
that of bulk aluminum. A cylinder about 4 m
diameter x 1-2 m long will be fabricated of
honeycomb to demonstrate the suitability of this
material. Other low-density vessel fabrication
techniques will be investigated. The feasibility
of a thermosiphon to cool the coil will be de-
termined and the predictability and reliability of
this method compared to a liquid helium pump-
or compressor-driven force flow.

Some support for the U.S. part of this R&D is
included in our funding request.

3.2.3. Calorimeter system

The operational environment and general design
oals of the SDC calorimetry have been presented
i section 4.3 of the Eol. A summary of the design
goals is presented in Table 1. The SDC calorimeter
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FIG. 9. Bending power versus pseudorapidity for
a Type-U solenoid with (a) iron endcap calorimetry
and (b) nonmagnetic endcap calorimetry. -

system consists of a central, high precision calorime-
ter {|n] < 3) and forward calorimetry covering the
region 3 < [p| < 5.

When the Eol was submitted, five calorimeter
technologies for the central pseudorapidity region
were under study. Two technologies with comple-
mentary risk elements have now been chosen for
engineering development in preparation of the pro-
posal. These two options will be pursued with
comparable priority to guarantee at least one tech-
nology that can meet our cost, physics performance,



The §DC detector

and other requirements. The options are: (1) scin-
tillating tiles with wave-shifting fiber readout and
lead/iron absorber; and (2) liguid argon with lead
absorber. The choice between these two techniques,
planned for no later than the fall of 1991, will be
based on a comparison of the physics performance,
technical risks, cost, schedule, and the impact of the
integration of the calorimeter with the other detector
elements. Table 5 summarizes some of the param-
eters of the two options. In the scintillator option,
lead absorber is used in the electromagnetic section,
but two choices of absorber are being explored for
the hadronic section. The first is a fine-sampling lead
section of about seven interactions lengths (including
the electromagnetic section) followed by about three
interaction lengths of iron with coarser sampling,
that also acts to return the magnet flux from the
solenoid. The other choice is a full iron hadronic sec-
tion, possibly with small amounts of lead to attempt
to adjust the ratio of electron to hadron response to
be near unity. This second choice has the advantage
of somewhat lower cost and a uniform magnetic field
for tracking. A combination of the two techniques,
iron hadronic calorimetry in the endcap region and
lead/iron hadronic calorimetry in the barrel is also
being explored. This would also provide a uniform
field. The test program to study these choices, as
well as the liquid argon option, is described later.

The primary goals of the forward calorimetry are
to (1) provide excellent hermeticity for missing-
E; triggers and measurements, and (2) tag jets in
the forward psendorapidity region. Pending fur-
ther study we do not anticipate using the forward
calorimetry for electron identification or for multi-
jet mass reconstruction. The radiation environment
in the forward region is particularly hostile, and
we are just now beginning the process of evaluating
the technologies or combinations of technologies that
will both survive and adequately function in this dif-
ficult region. To avoid closing out the possibility of
employing promising technologies other than scintil-
lating tile or liquid argon for the forward calorime-
ters, an aggressive R&D program to demonstrate and
compare the feasibility and cost effectiveness of warm
lquid, liquid scintillating fiber, and high pressure gas
calorimetry will be pursued. Since missing-E; mea-
surements depend critically on forward calorimetry,
this R&D effort is extremely important. However,
the smaller scale of the forward calorimetry allows
us more time to pursue R&D before choosing a
technology than is the case for the central system.
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Scintillating tiles with fiber readout

There is a wealth of experience with scintilla-
tor plate calorimeters at hadron collider experiments
(CDF, UAl, and UA2). More recently, a high quality
scintilator plate calorimeter has been constructed
for operation in the ZEUS detector. Members of
the SDC have participated in the construction and
operation of the CDF calorimeters and in the con-
struction of the ZEUS calorimeter. This experience
gives us confidence that a scintillating tile calorime-
ter can be constructed to meet our physics goals
through adequate longitudinal and lateral segmenta-
tion, excellent hermeticity, an intrinsically fast and
low-noise signal readout and accurate calibration by
radioactive sources and high-rate processes such as
Z —ete .

Fig. 19 in the SDC Eol illustrates the concept
of the scintillating tile/fiber readout calorimeter for
the SDC detector and its realization in the detec-
tor is shown in Fig. 2[20]. The key element in this
technique is a scintillator plate about 2.5 mm thick
with an embedded wavelength-shifting fiber about
1 mm in diameter. This fiber is bonded to a high-
transmittance clear fiber that channels the light to
phototubes mounted on the back of the calorime-
ter. The major concerns to be addressed before this
technology can be adopted for the detector are radi-
ation hardness of the scintillator and fiber systems,
uniformity of light collection over the tile surface,
calibration methodology, choice of absorber mate-
rial, physics performance, and the engineering and
production of a system with about one million tile
assemblies with high reliability. Since most of these
R&D issues will be addressed in the context of
the Subsystem R&D proposal on scintillating plate
calorimetry, adequate support of this proposal by
the SSCL is essential.

Test beam results and plans

Several prototype electromagnetic and hadron
calorimeters using tiles with fiber readout have been
built and tested in 25 GeV to 150 GeV beams at
Fermilab during the past year. The results have
been presented at the recent Fort Worth Symposium
on Detector R&D for the SSC. Electromagnetic res-
olution of about 20%/\/5 @ 1% has been achieved,
along with uniformity across tower boundaries of
better than 2% for a small number of towers.

Additional studies are planned at Fermilab in the
next 6-8 months. These will include further mea-
surements of plate-to-plate uniformity in prototype
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Table 5
Parameters for the Calorimeter Options

Scintilator Tile Fiber
Pb/Fe Absorber

Liquid Argon
Lead Absorber

Channel count—towers
Channel count—strips
EM depth (X°) at 90°
Full depth () at 90°
Depth segmentation

Ag x An

Peaking time, EM/HAD
EM resolution

Hadronic resolution

EM position resolution

Electronic plus pileup noise, AR = 0.15 cone at 1033 cm—2g~!

41000 87400
25000 ge
25 25
~10 ~9
2 EM, 2 HAD MG, 2 EM, 2 HAD
~ 0.05 x 0.05 0.025-0.05 x 0.025-0.05

15-30/15-30 ns
15%/VE & < 1%

100/200 ns
15%VE & 0.5%

~ 40%/VE & ~ 2% ~ 60%VE @ < 4%
2-3 mm*® 2-5 mm°
0.2 GeV 1.2 GeV

%EM position resolution is provided by fine tower segmentation. If strips are used, channel count will

remain about the same.
’MG = Massless gap.

“EM position resolutions for one transverse direction for scintillator, and both transverse directions for

liquid argon.

N

electromagnetic modules and measurements of e/h in
variable iron/lead mixtures. Exposures in test beams
to test radiation hardness are described below.

Radiation hardness studies

Radiation damage of the scintillating tiles and
readout fibers in the electromagnetic section of the
calorimetry could potentially be the limiting factor
in this technology. There are four ways to obvi-
ate the effects of radiation damage: (1) develop
scintillators more resistant to radiation; (2) perform
in situ calibration using radioactive sources and the
copious Z and W decays; (3) replace scintillator ev-
ery few years in the regions of highest dose; and
(4) use a radiation resistant technology, e.g. warm
liquid calorimetry, for the electromagnetic sections
in the region of highest dose, followed by scintillator
hadronic sections. QOur present assessment is that,
with a safety factor of two, the new generation of
scintillators recently developed will allow operation
to pseudorapidity of about two for an integrated lu-
minosity of 1042 cm~2, i.e. 10 years of operation at

7134 cm=25-1{21]. In forming this conclusion, full ad-

mtage is taken of (a) longitudinal segmentation to
help correct for the depth nonuniformity of the dam-

age and (b) in situ calibration provided by the large
rate of Z — ee and W — ev events. At the design
luminosity of 10% cm~2s~* we estimate that it will
be possible to calibrate each tower to a precision of
better than 1% in a period of 15 days[21]. These con-
clusions are supported by measurements on a limited
sample of scintillators. For example, measurements
on 2.5 mm thick Bicron RH1 scintillator plate irra-
diated with electrons to 1 Mrad showed only a 1.3%
loss of light yield after annealing and negligible re-
duction in attenuation length for 10 cm x 10 cm
plates[22]. Development of scintillators with im-
proved hardness is in progress[23]. Although these
results are very encouraging, much work remains to
investigate long-term exposures and various system-
atic effects in electromagnetic modules. Complete
system tests are being planned to measure the radi-
ation hardness of real calorimeter modules. Several
electromagnetic calorimeter test modules will be
built and exposed over short and long periods in
electron beams with doses up to tens of Mrad to
evaluate damage and performance. These tests will
take place in Japan (KEK), China, the Soviet Union,
and France (Orsay), since no suitable high intensity
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electron beams will be available in the United States.
Choice of Absorber

The choice of absorber in the hadronic section is
influenced not only by calorimeter performance but
by cost considerations and the benefit of a uniform
magnetic field for tracking. Lead/scintillator in the
thickness ratio of about 4:1 is known to be compen-
sating, at least for gate times of 50-100 ns. Since
one of the advantages of scintillator is speed, we
have explored by Monte Carlo simulation the effects
of smaller integration times as shown in Fig. 10{24].
These studies indicate that an iron absorber would
yield an e/h of about 1.2. It may be possible to
reduce this value by sandwiching lead inside iron
plates to decrease the electromagnetic response(25].
The effects of various absorber choices will be stud-
ied in a test beam at Fermilab by next summer. We
expect to select the absorber type after these tests
and other studies.
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FIG. 10. The electron-hadron response (e/h) for dif-
ferent calorimeter compositions vs. integration time.
From Ref. 24.

Engineering tssues

Substantial progress has been made in demon-
strating the feasibility of lead absorber supported by
an integral steel trusswork of plates; this work is by
Argonne and the Westinghouse Science and Tech-
nology Center{26). Tests are underway to evaluate
the feasibility of making large castings of lead with
precision slots. A prototype EM module using this
technique will be available early next year. If this
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approach is not feasible, plates of absorber will be
used. Although a conceptual design exists, much
more engineering is needed to provide a preliminary
design, including integration with other detector sys-
tems. Funds to help support this work are requested
in this Lol.

Work has started at Fermilab to evaluate the
design based on an iron hadronic calorimeter. Sub-
stantial engineering studies are required to evaluate
the effects of magnetic forces as well as the impact
on other systems. Funds to support this effort are
also requested here. -

Finally, the manufacturing, testing, and assem-
bling of about one-million tiles is a formidable task.
The Westinghouse Science and Technology Center,
experienced in industrial-scale production, will study
this task along with Fermilab and Argonne.

Liquid argon (LAr)

Large liquid argon calorimeters have been reliably
operated in many experiments, and substantial ex-
perience has been accumulated by members of the
SDC in the MARK-II, DO, and VENUS experi-
ments. This experience gives us confidence that a
liquid argon system can be constructed to meet our
goals. Fig. 3 shows the liquid argon calorimeter op-
tion for the detector in more detail. The calorimeter
modules use lead plate absorbers. The magnet re-
turn iron is located outside the calorimeter cryostat.
Liquid argon calorimetry is intrinsically radiation re-
sistant. Recent tests of hybrid preamplifiers that
could be located in the liquid indicate the viability
of liquid argon over the central pseudorapidity range
for integrated luminosity in excess of 104} cm™?, if
care is taken in locating the preamplifiers for the re-
gion 2.5 < || < 3{27). In addition, liquid argon is
known to provide excellent uniformity, stability, and
ease of calibration. The critical issues for LAr are
e/h, electronic and pileup noise, hermeticity, engi-
neering design and reliability, integration into the
total detector, safety, and cost.

Test beam plans and efh

A large scale Pb/LAr module prototype calorime-
ter will be tested at BNL next spring with a fast, low
noise readout, employing preamplifiers in the LAr.
This test will measure e/A in the energy range of 0.5
to 20 GeV. Adequate support of this work through
the Liquid Argon Subsystem R&D proposal is crit-
ical to the evaluation of liquid argon calorimetry for
the SDC detector. The value of e/h for lead liquid
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argon is not well known. Results of the SLD group,

/7 ~with a thin calorimeter, yield values in the 1.3-1.4

-ange{28]. Monte Carlo results from some years ago,
indicate a value closer to 1.2[29]. Recent studies us-
ing EGS may indicate that values 1.1-1.15 could be
obtained by using steel cladding of the lead[25]. Fi-
nally, the feasibility of using weighting techniques to
bring the effective e/h near 1, as will be done by the
H1 group(30], is under study by us.
Engineering

Liquid argon is a mature technology, and detailed
engineering work is now needed to evaluate the im-
pact of design choices on physics performance. A
conceptual engineering design of the cryostat, mod-
ules and feedthroughs, including fabrication and
assembly feasibility, has been made by Kawasaki
Heavy Industries, KEK, and LBL. Although not yet
optimized, this design already indicates that the ac-
ceptance for excellent electron energy measurements
exceeds 93% for || < 2.5. EGS studies indicate that
massless gaps in the barrel-endcap transition region
can raise the acceptance to approximately 97%|31).
More work is needed on the cryostat design for the
region near |f| = 3. We have a preliminary design

7" of the cryogenics system for the calorimeter and for

che interaction hall. We are continuing to develop
a safety system concept that meets SSCL require-
ments. Support is requested in this Lol to coatinue
these mechanical engineering studies.

We are seeking a speed of response from the lig-
uid argon system that so far has not been necessary
in a colliding beam environment. There is a very
close connection among mechanical design, electrical
(signal propagation) requirements, and the design
of preamplifiers. Qur first choice is to locate the
preampiifiers in the liquid argon and to couple the
signal from the calorimeter stacks through magnetic
transformers. Shielding magnetic transformers up to
an external field of about 0.7 T has been demon-
strated[3,32]. The solenoid field is such that it now
appears that transformers can be located as needed,
although care will be required in part of the endcap
region. OQur future electromechanical engineering
efforts will emphasize shielding the readout trans-
formers, designing and testing a cooling system for
preamplifiers in the LAr, and establishing the relia-
bility of electronics mounted within the calorimeter.

7 Tonsiderable progress has aiready been made in un-

serstanding and optimizing calorimeter design to
minimize noise, for preamplifiers either inside or
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outside the cryostat. For preamplifiers inside, with
100 ns peaking time, the expected electronic noise is
0.8 GeV in a full depth tower of Anpx A¢ = 0.1x0.1.
Simulations of pileup noise give a pileup transverse
energy of 0.4 GeV at £ = 103 em25~! for the same
conditions. Timing resolution of better than 5 ns is
possible for electrons with E; > 15 GeV.

Although our first choice is to locate preampli-
fiers inside the cryostat, we are continuing to pursue
the use of electrostatic transformers (EST) and loca-
tion of the preamplifiers outside the cryostat. A 20
gap Pb/LAr module with electrostatic transformer
(EST) readout and preamplifiers outside of the cryo-
stat has been used to detect cosmic rays with fast
(170 ns) peaking time and signal to noise of three
to one[33). The development of this readout method
will continue at least until the reliability of pream-
plifiers situated inside the cryostat is established.

Forward calorimeter

The primary function of the forward calorimeter
is to complete the containment for the measurement
of missing-E;. The extreme radiation level in this re-
gion restricts the choice of possible technologies, and
an evaluation of these has begun. Technologies to
be investigated with active R&D efforts in the next
year are liquid argon, warm liquid, liquid scintillator
fiber, and high pressure gas ionization calorimetry.
We briefly address each of these techniques, except
liquid argon, below.

Warm-liguid ionization calorimeter

The warm-liquid R&D has concentrated on pu-
rity and material compatibility, readout speed and
signal-to-noise, radiation damage, and the design of
a proof-of-principle test module. Significant progress
has been made in the last year and some test beam
results are now available{34]. Issues of purity appear
to be tractable and the next key goal is to finish con-
struction of a large Test Beam Module next summer,
and initiate its beam test by late 1991 or early 1992.
This would provide a full scale test suitable for eval-
uating this technique for forward calorimetry. We
encourage the SSCL to support the subsystems pro-
posal in this area so that this test may be completed
in a timely fashion.

Scintillating liquid fiber calorimeter

Some work has started on using liquid scintillator
in tubes, which may be appropriate in the very high
radiation area[35]. Considerable R&D and prototype
development is needed to evaluate this technique.
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High pressure gas calorimeter

Prototype Pb-Xe and Pb-Ar high pressure gas
calorimeters have been constructed and exposed to
electron test beams in the USSR by members of
the SDC. Work is also underway in the United
States[36]. This technique should be particularly
insensitive to radiation damage (with remote or
shielded electronics).

hower-maxij ector:

Preshower and shower-maximum detectors pro-
vide more precise position information for electro-
magnetic showers. Several physics signatures can
be improved with the addition of one or the other
of these detectors. We are considering a preshower
detector with scintillating fibers having a one mil-
limeter pitch, with the coil providing most of the
preradiator material in the barrel region. Alter-
natively, we would use strips about 2 cm wide in
each calorimeter tower at shower maximum. The
preshower detector would improve electron identi-
fication for electrons near jets and also provide
improved photon identification by rejecting neutral
pions at energies up to about 100 GeV. The strips at
shower maximum do equally well for electron iden-
tification, but would provide little help for photons.
Preshower and shower maximum detectors will be
tested with a tile-fiber calorimeter at FNAL in the
coming year. Design of strips for liquid argon is
primarily an engineering issue and is proceeding.
Selection of a preshower or shower maximum detec-
tor will be made at the same time as the choice
between scintillating fiber and LAr calorimetry. De-
sign work on the preshower detector is underway in
France (Saclay) and in the United States.

Calorimeter selection and milestones

A selection of the calorimeter technology for the
central region is planned by no later than the fall of
1991. The decision will be based on an assessment
of the physics performance, technical risk, and cost
factors associated with each of the two technologies.
In addition to the R&D efforts already mentioned in
the paragraphs above, we have formed study groups
to compare the performance of the two technologies.
These include:

1. A study of the effect of the pileup and shap-
ing times on electron isolation and missing E;
performance for both options;

2. Evaluation of the physics impact of transitions
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between the barrel, end cap and forward calorime-
ters;

3. Assessment and measurements of electron/hadron
compensation, and its physics and technology im-
pact;

4, A critical assessment of the physics requirements
at luminosities greater than 1033 cm—2s—~! with
special emphasis on processes that distinguish

between the technologies.

Table 6 summarizes the performance and R&D
milestones foreseen during FY1991. R&D for tech-
nologies that may be used for the forward calorime-
try is not listed in the table.

3.2.4. Muon system

There have been two major changes in the muon
system since the Eol. The first of these is that 4 m
thick iron toroids have replaced superconducting
air-core toroids in the endcap region. The air-core
toroids had been proposed in the Eol in order to
have relatively uniform muon momentum resolution
over the pseudorapidity range [n| < 2.5. The deci-
sion to replace the air-core toroids with iron toroids
is based on cost-benefit considerations applied to the
SSCL mandate to reduce the SDC detector scope.

The air-core toroids improve the muon resolution
in the region of 1.7 < |n| < 2.5 in the p; range of
100 to 400 GeV/c. It is important to note that the
momentum resolution of low-p; muons for |pf > 1.5
is provided by the intermediate inner tracker. Al-
though there is a distinct improvement in the Z mass
resolution from air-core toroids for events in which
one of the leptons goes into the intermediate an-
gle region, we find that, with our present estimates
of backgrounds, the reduced resolution does not
prevent us from addressing any of our physics goals.

The second change is a rearrangement of the muon
detectors, resulting from a better understanding of
how to achieve the Level 1 and Level 2 triggers and
optimize the detectors for muon identification and
measurement. This rearrangement does not lead to
any substantial cost savings, although the number
of planes of muon detectors is slightly decreased.

Muon system layout

The basic structure of the muon detection system
has not changed from that specified in the Eol, but
the detailed layout of counters and chambers has
been modified to reflect our clearer understanding of
the function of each element.
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Table 6
Calorimeter Performance and R&D Milestones in FY1991
1991 1992
J F M A M J J A S O N D 1
Simulation pileup + trigger ................ X
Studies of e/h requirements .................... X
Performance  high luminosity requirements .......... X
Issues electron & photon id requirements ................ X
forward calorimeter requirements ................. X
e/hin Pb-LAr................. X
LAr preamps. in or out of LAr .X
Beam Tests & cryostat design ................ X
Engineering
Design Scint. radiation hardness tests................. .. .. ool X
Tile Fe compensationtest................ X
tile uniformity tests ................. X

The elements of the muon system are drift tubes,
scintillation counters, and possibly gas Cerenkov

/7~ “ounters in the intermediate region. The drift tubes

re approximately 8 cm wide (4 cm maximum drift),

except in the inner layers of the intermediate region,
where they are 4 cm wide to allow for higher occu-
pancy. Their maximum length is 8.3 m. The design
of the tubes has not yet been decided, but they are
likely to be similar to those now used by CDF([37]
or DO[38] (without the second coordinate readout).

In the central region, the width of the scintillation
counters is 15 cm/sin? §. In the endcap regions, the
narrowest counters are 10 cm wide and the width
scales as sin!3* 9. These angular dependences are
chosen to give a roughly uniform p; resolution, tak-
ing account of both measurement and scattering
errors[39]. The counters have a maximum length of
3 m, and a photomultiplier views each end. Both
scintillator layers are presently positioned outboard
of the toroids. We are studying the possible advan-
tages of moving one layer inside the toroids.

We are also considering the use of gas Cerenkov
counters in the forward direction, where the envi-
ronment is likely to be hostile[40]. These counters

,~te insensitive to muons that either have momenta

33 than 5 GeV/c or do not point to the interaction
region within 50 mr. Beam tests of the effectiveness

and efficiency of these counters will be conducted at
Fermilab in early 1991.

Table 7 gives the basic layout and channel count.
This arrangement tends to place muon detectors
preferentially away from massive iron absorbers.
This is beneficial because high-energy muons are
often accompanied by soft electromagnetic debris
at substantial angles to the muon trajectory. The
additional lever arm allows the debris to separate
transversely from the muon track so that it will be
less often confused with the muon signals at either
the trigger or pattern-recognition stage.

Design goals and performance

The muon detection system has five distinct goals,
each of which puts different requirements on the de-
sign of the system. These five goals are the following:

1. To provide a Level 1 trigger;

2. To provide information for the Level 2 and Level 3
triggers;

3. To identify muons;

4. To improve the momentum resolution at very
high muon transverse momenta;

5. To provide the capability of operation at lumi-
nosities above the design level.

In the following sections, we discuss each of these
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Table 7
Layout and channel count for the muon system.

In the first column, WC stands for “wire chamber,” SC stands for “scintillation counter,” and CC
stands for “Cerenkov counter.” The coordinates are polar angle #, azimuthal angle ¢, and stereo
projections s, s;, s2 (there are two stereo projections, as explained in the text, at intermediate
angles). Furthermore, in the intermediate angle region, the third and fourth chamber layers and
the first scintillator layer are split in z since only the region }p| > 1.5 is behind the 4 m thick iron
toroid. Radial and z coordinates are given to the nearest 0.5 m— see Fig. 2 for more details.

Central Region

Layer Radius Coor- Layers Channels

# (m) dinate (k)
WC1 6.5 9 6 12.1
¢ 4 4.0
8 2 4.1
WC2 9.0 8 4 11.2
SC1 9.5 7] 1 2.5
WC3 110 8 6 18.6
) 4 10.0
8 2 6.2
SC2 11.5 ] 1 2.5
Tatals 28 WC 66.2 WC
2S8C 5.08C
Grand
Total

Intermediate Angle Region

Layer z Coor- Layers Channels
# (m) dinate (k)
WC1 8.0 a 4 4.0
WC2 10.0 0 4 5.2
81, 82 4 5.2
SC1 13.0/16.0 ¢ 1 14
WC3 12.5/15.5 @ 4 7.2
CC1 17.0 —_ 1 0.5
SC2 16.0/18.0 ¢ 1 1.4
WC4 15.5/17.5 ¢ 6 124
81, 82 4 8.2

Totals 26 WC 42.2 WC

28C 288C

1CC 05CC

Grand 108.4 WC

Total 7.8 SC

0.6 CC

goals and the requirements they place on the muon
system.

Level 1 irigger

The Level 1 trigger operates at the beam cross-
ing rate of 60 MHz and must arrive at a decision
in 2 ps. Thus it must be simple and fast, and still
have the ability to reduce the accepted rate to a few
tens of kHz. It is possible to do this with the muon
system by triggering on a coincidence between two
scintillator layers and a wire chamber trigger that is
derived locally within one of the superlayers beyond
the toroids.

The two layers of scintillators are arranged to
be projective in @ with the center of a counter
in one layer lining up with the division between
two counters in the other layer for an infinite mo-
mentum trajectory. A suitable coincidence between
counters defines the time bucket of the event and
discriminates against low energy muons. The trigger
efficiency of the scintillator counters as a function of
muon transverse momentum is shown in Fig. 11.

The wire chamber trigger, which is in coincidence
with the scintillator trigger, is similar to that used
by CDF[41]. The wires in every other plane are pro-
jective to the interaction point. The time difference
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FIG. 11. First-level trigger efficiency of the muon
system scintillator and wire chamber triggers. The
wire chamber trigger threshold is adjustable. A
typical setting is shown.

At between pulse arrivals on paired wires is then in-
versely proportional to the transverse momentum of
the trajectory. A trigger threshold can be set on
At by a simple circuit, whose deadtime is matched

/.\to the pulse pair resolution of the chambers. To

void inefficiencies due to soft particles accompany-
.ng a high-momentum muon, a logical OR of triggers
from the last two superlayers is employed. The wire
chamber trigger has an adjustable threshold. A
typical efficiency curve is shown in Fig. 11.

For transverse momentum trigger thresholds of
interest at Level 1, namely 10-40 GeV /¢, the resolu-
tion of the trigger is dominated by multiple Coulomb
scattering in the calorimeter and toroids, and has
an rms value of about 25%. Detailed calculations of
the low-momentum rejection of this trigger for four
and six @ layers within a superlayer are now being
performed.

Level 2 and Level § triggers

The purpose of the Level 2 trigger is to reduce
the trigger rate by sharpening the transverse mo-
mentum resolution. This is done by connecting a ¢
measurement in the muon system with a track-stub
measurement in the inner tracker. In the absence of
scattering, all valid trajectories beyond the flux re-
turn point to the interaction point in ¢. By using

—=rojective ¢ wires, the simple circuit discussed above

¢t the Level 1 trigger can be employed to find stiff
oracks (i.e., those that have not scattered more than
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expected) and to record the ¢ information for trans-
mittal to the second-level trigger processor, where a
match is made to the inner tracker information. At
Level 2, a coincidence of detector octants containing
a Level 1 @ trigger and a Level 2 ¢ trigger should be
sufficient.

At the highest values of |n|, the Level 2 ¢ irig-
ger is replaced by an angle-angle measurement in 6
across the 4 m thick iron toroids. For this reason,
an additional superlayer of # plares is employed in
the intermediate angle region.

The function of the Level 3 trigger is to insure
that the lower-level triggers were valid and that they
match. Stereo information is used in this process.
At intermediate angles, stereo information is gener-
ated by simply rotating planes of § wires by 15 and
30 degrees.

Identification of muons

The key to muon identification is the redun-
dant momentum measurement based on the toroids.
These measurements are multiple-scattering-limited
at 18% in the central region and 10% in the interme-
diate region. They are accomplished by angle-angle
measurements in § across the toroids. For this rea-
son, a set of six planes of § wires, with a minimum
of a 50 cm lever arm, have been added in the central
region to the superlayer immediately in front of the
toroids. No chambers beyond those required for the
second-level trigger are required in the intermediate
region.

Improved momentum measurements for very high
momentum muons

In the central region, the highest precision mea-
surement of muon momentum comes from a com-
bination of ¢ measurements from the inner tracker
and the muon system. This is because the effective
sagitta measurement is made near the outer radius
of the inner tracker, as illustrated in Fig. 12. The
resolution for a 1 TeV/c muon at n = 0 is calculated
to be 14%. Fig. 13 shows the expected muon res-
olution as a function of pseudorapidity for several
muen transverse momenta.

Capabilities at higher-than-design luminosities

We believe that the proposed muon detector
has enough resolution and redundancy to be ca-
pable of operation well above the design value of
10% cm~2s~1, At ten times design luminosity, we
estimate that the rate of single hits per unit of pseu-
dorapidity in the first layer of the muon system
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FIG. 12. Dlustration of the reason for the im-
provement of momentum resolution coming from
azimuthal measurements in the muon system. With-
out the muon system measurements, the sagitta is
shown by @, whereas with the muon system mea-
surements, the effective sagitta is shown by . The
curvature of a very low momentum track has been
used for the purpose of illustration.
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FIG. 13, Muon momentum resolution as a function
of pseudorapidity for various values of tramsverse
momentum. A resolution of 0.25 (TeV/c)~! from
Table 1 is used to characterize the central tracking
performance.
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varies from about 1 MHz at n = 0 to 100 MHz at
n = 2.5. This latter value corresponds to a 300 kHz
rate in a 4 cm drift chamber cell, or an occupancy of
12% in the 400 ns time window set by the maximum
drift time. The occupancies of cells at n = 0 will be
about a factor of 50 less, indicating that the muon
system will remain operational at very high lumi-
nosities. The momentum resolution obtained with
just the muon system and the outer superlayer of
the central tracker is shown in Fig. 14.

50I'I!'l'i_lT_lII]'lllllI'l‘l[Illl LI

/ 'E

R P, = 100 GeV/c -

L p,=1TeV/e

p, =200 GeV/e

1ll|’Il]lltllllllll]lllllll]

0.0 0.5 1.0 1.5 2.0 2.5
Pseudorapidity n

FIG. 14, Muon momentum resclution as a function
of pseudorapidity for higher-than-design luminosity.
It is assumed that the only operational tracking ele-
ments are the outer superlayer of the central tracker
and the muon system.

Engineering progress

Work is underway on the design of the iron toroids
and their assembly in the underground hall. A pre-
liminary design, taking into account manufacturing
feasibility in Japan, the United States, and the USSR
will be completed and reviewed by March 1991. De-
tailed assembly scenarios will then be formulated
by engineers at the University of Wisconsin (PSL),
LBL, RTK, and the SSCL. Work has begun at Fer-
milab and PSL on chamber support and alignment.

Conceptual engineering design of chambers and
trigger counters, and their supports will be com-
pleted by July 1991. Funds to support the engineer-
ing design of the muon system are requested in this
Lol.
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Table 8

The cost estimate given in Table 9 is based upon
hese parameters. An all-wire outer tracking system
;s assumed. The central calorimeter is scintillating
tile with lead (about 7 interaction lengths) and iron
(about 3 interaction lengths) absorbers (at 90 degrees).
The calorimeter includes uninstrumented iron used for
structural support, additional flux retwrn and hadron
absorber. Each muon trigger scintillator is assumed to
have two phototubes (channels) and the total includes
Cerenkov counters.

Silicon Tracker
Number of channels - pixels 3.9 x 107
Number of channels - strips 8.5 x 108
Approx. area of silicon (m?) 28
Central Straw-Tube Tracker
Number of channels 188,000
Intermediate Wire Tracker
Number of channels 50,000

Superconducting Solenoid
Central field (Tesla) 2.0

Stored energy (MJ) 122
Jentral Calorimetry
Tonnage (metric tons) 5300

Number of long. depth segments 4

Number of tower channels 41,000

Number of strip channels 25,000
Forward Calorimetry

Total tonnage {metric tons) 750

Total number of channels 7,000
Muon System

Barrel toroid tonnage (metric tons) 15,400

Total end-toroid tonnage (metric tons) 8,400

Number of wire chamber channels 108,400

Number of trigger counter channels 16,100

3.3. Cost estimate

In our Expression of Interest we presented an es-
timate of the detector cost based upon using unit
costs developed by an SSCL Task Force. The cost
estimate presented in the Expression of Interest was

~~—~pproximately $630M (FY1990). If we apply these

sme costing rules to the “baseline” detector as de-
scribed in Table 8, the cost would be about $500M.

The SDC detector

The elimination of the air-core toroids, the reduc-
tion in the tracking volume, the reduction in scope
of the tracking system and changes in other channel
counts result in a very substantial reduction in cost,
as estimated by this procedure.

The method of estimating costs used in the Ex-
pression of Interest yields only an approximate esti-
mate of the actual detector cost. We have started the
process of establishing a Work Breakdown Structure
(WBS) for the SDC detector and have completed
an initial “bottoms up” construction cost estimate
within this structure for the detector parameters
given in Table 8. The results are summarized in
Table 9. The column labelled “base” refers to the
cost of materials and labor to assemble components
and subsystems. To this must be added the cost for
engineering design, inspection and quality assurance
(EDIA). The column labelled “cont” is our estimate
of the contingency for each subsystem. Since we
have been requested to essentially design to a fixed
overall cost, the contingency factors reflect both our
estimate of the uncertainty in actual cost and the
uncertainty in scope we believe is allowable for each
subsystem. Although we expect very substantial
in-kind contributions from collaborators outside the
United States, our estimate has not taken into ac-
count differences in accounting practices or labor
rates in non-US countries.

Whenever possible we have used vendor quotes for
major procurements (lead, silicon, electronics chips,
etc.). If this was not possible, we have used costs
from existing detectors (CDF, DO, etc.) to extrapo-
late to our design. Estimates of EDIA were generally
made at the subassembly level, one to two levels be-
low the summary shown in Table 9. All labor
estimates were made in man-days and costs were
computed using labor rates supplied by the SSC
Laboratory. The estimated costs for Installation
and Test (8.1) and Project Management (9) do not
include contributions anticipated from the Experi-
mental Facilities Support and Operations Groups at
the SSC Laboratory.

In-kind contributions from collaborators outside
the United States will represent a major fraction of
the overall detector cost. The SDC is not now in
a position to delineate precisely these contributions.
Discussions are now underway within the collabora-
tion, and we expect these to lead to agreements re-
garding in-kind contributions at the time of submit-
ting a proposal or shortly thereafter. We expect in-
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Table 9
SDC detector cost estimate in FY1990 dollars.

BASE

% - % SuUB
e BASE{ EDIA | EDIA ! EDIA |CONT|CONT! | TOTAL |
1 TRACKING SYSTEMS ‘ S O SR e P
1.1 SILICON TRACKING SYSTEM 249| &1 25%F 33 66| 20% 39.6
12 CENTRAL TRACKER 263 93] 26%| 356 83| 23% 439
- 13 INTERMEDIATE TRACKER 67 2 3% 87 26 30% 13
ALORIMETRY. s RORNE I G G NN Mpcae I s L Y
21 mmwmrm 553] 91| 1am| 44| 158] 25% £02
22 INTERMEDIATE CALORIMETER 255 48| 16%| 3031 15] 25% 378
23 FORWARD CALORIMETER 14 25| 15%| 165 41} 25% 206
T3 mON'ronoms 4 Ls] 3@l 432] 65| 15% 497
32 MUON CHAMBERS 286 26/ 5%l 312 18] 25% 39F
33 MUON TRIGGER COUNTERS 118 o8f &x 128 19 15% 148
4" SUPERCONDUCTING MAGNETS ™ I DR el e e T8
4.1 SC SOLENOID 227 21} 8wl 248 298
S DATA ACQUISITION & TRIGGER | 7 "I T 4o r oy ] ees
5.1 DATA ACQUISITION SYSTEMS 128] 42| T2sw| 167] 42 25% 209
52 TRIGGER SYSTEMS 13.91 198 s51%| 387 97 25% 484

B COMPUTING ™™

6.1 ON-LINE COMPUI'ING

44 55 se®m| 99 2f  20% 119

7 CONVENTIONALSYSTEMS " "1 o momp=3 L 206
7.1 UTILITIES 1.1 0.5 31% 1.6 1.9
72 CONTROLS 2.3| 21| 48% 44 5.7
7.3 SAFETY SYSTEMS 19 2] S51% 3.9 12] 31% 51
7.4 CRYOGENIC SYSTEMS 3 08] 21%| 38 1| 26%| 48
7.5 STRUCTURAL SUFPORT SYSTEMS 1.1 1.4 56% 25 0.6 24% 31

8 DNSTALLATION ANDTEST 70T T T 1 o | T e A
8.1 TEST BEAM PROGRAM 6 1.5 20% 7.5 15| 20%; 9
8.2 SUBSYSTEM INSTALL AND TEST 10 53] 1% 153 i8] 25% 19.1

9" PROTECT MANAGEMENT " Iy ey e 1T
9.1 PROJECT PLANNING 04 09! 69% 1.3 02 15% 15
92 PROJECT TRACKING 04 1{ 71% 1.4 02 14% 1.6
9.3 DOCUMENT DIST. AND CONTROL 0.7 0.5 4% 1.2 021 17%| 14
94 SUBSYSTEMS INTEGRATION 1.8 58] 76% 1.6 11| 14% 8.7

TOTALS 3221 9410 23%! 4161 934 22% £09.5

kind contributions from non-US sources to be about
forty percent of the equivalent total detector cost.

Off-line computing costs are not included in the to-
tal given in Table 9. By the time of the proposal we
will have a detailed computing and networking plan,
taking into account existing or potential resources
within the collaboration. Substantial support will
be needed from the SSCL. We request that about
one-half of the computing resources available at the

SSCL for physics research be devoted to the SDC.

We recognize that the cost estimate ($309M)
presented here is preliminary. Much more work must
be done over the next year or so to prepare a detailed
proposal and a related cost estimate. Nevertheless
we firmly believe that our preliminary estimate is the
best that can be obtained today, and we are prepared
to design a detector to meet this construction cost
goal, assuming a completion date in late 1999.
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4. Physics capabilities

)

1. Parametrization of detector

In order to evaluate the detector performance in a
uniform manner, we have used simple parametriza-
tions of the detector response[42).

The calorimeter is segmented into projective tow-
ers of size A¢ x An = 0.05 x 0.05 for |p| < 3 and
0.10x0.10 for || > 3. The electromagnetic calorime-
ter resolution in these studies is taken to be

.15

AE
- =—=&001,
E E ®

where the energies are in GeV, and the symbol @
means that the two terms are added in quadrature.
The hadron calorimeter energy resolution is taken
to be

AE 0.50
=5 @©0.03 (jg} <3)
AE  0.80
— =—@0.05 (3<|pg <5,
= V5 @ (3 < |n| < 5)

or hadron energy measurements, the effects of non-

aussian tails are included using a parametrization
seveloped by the CDF collaboration[43]. The degra-
dation of resolution associated with coil support
structures (1.25 < |n] < 1.5) is incorporated in the
parametrization; at the worst point the resolution is
degraded by a factor 1.7.

We assumed an 7-dependent momentum resolu-
tion for the tracking system|42]. The resolution
adopted here is about two times worse than that of
Fig. 7, and represents the system performance that
could be conservatively expected from the actual de-
tector at design luminosity. The combined resolution
for the tracking and muon systems is parametrized
to be close to that displayed in Fig. 13, which also
embodies a central tracking resolution about twice
the level of Fig. 7[42].

In most plots in this section, there are far more
Monte Carlo events than the number of events ex-
pected in a typical data run at the SSC. The error
bars, however, correspond to the statistical errors on
the expected numbers of events for the integrated
luminosities defined in the figure labels, usually one

,—48SC year” of 10* pb™*. We take the electron and

1on efficiencies within the detector acceptance to
we 85% for analyses requiring isolated leptons. This
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can be compared with CDF experience, where a
value of 85 + 3% is obtained for W and Z electrons,
including the effects of triggering and mild isolation
cuts{44]. In the case where the analysis requires two
such leptons reconstructing to an on-shell Z boson,
the lepton identification cuts are relaxed for the sec-
ond lepton, and the efficiency for the second lepton
is taken to be 95%.

4.2. Higgs

Describe the capabilities of your proposed detector for
searching for e Standard Model Higgs in the following
mass regions:

o 80 < Mz < 180 GeV
o My ~ 200 GeV
Mg ~ 400 GeV
My ~ 800 GeV

In answering this question, we have assumed a top
quark mass of 150 GeV, and have used the efficien-
cies and resolutions described in Section 4.1. The
total Higgs production cross section can be found
in Fig. 2 of the Eol. The branching ratios to differ-
ent final states as functions of the Higgs mass are
shown in Fig. 15, and include the effect of a running
b quark mass which reduces I'(H — bb) by a fac-
tor of 0.6{45). For Higgs masses greater than about
125 GeV, we rely on the decay modes H — ZZ* or
H — ZZ, where the Z* or Z decay to electron or
muon pairs. In the case of a very heavy Higgs, where
the decay rate in this channel becomes small, we
also exploit the decay H — ZZ — (T{~v¥. Below
125 GeV, the branching ratio and acceptance be-
come too small to rely on the four-lepton mode, and
we have investigated several alternate possibilities,
which will be described later in this section.

The four-charged-lepton modes

In the four-lepton channel we require two trigger
leptons with p; > 20 GeV/ec and || < 2.5. The other
leptons are required to satisfy a p; cut of 10 GeV/ec.
The backgrounds to H — ZZ fall into several classes.
First, there is an irreducible continnum background
arising from ¢g§ — ZZ and gg — ZZ. We neglect
the contributions of nonresonant ggWW — qqZ2
and ¢qZZ — qqZZ scattering, as they are less
than 10% of the total continuum background in the
regions relevant to this question{46]. The gg —
ZZ calculation is complex and time-consuming; for
purposes of this discussion, we multiply the result
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FIG. 15. The branching ratios of the Standard

Model Higgs boson into various final states as func-
tions of its mass.

for g — ZZ by a factor of 1.65 to approximate the
combined contribution, following the work of Ref. 47.

There are additional backgrounds in which pairs
of heavy quarks decay semi-leptonically to produce
lepton signatures. The largest contribution comes
from inclusive #f production, but backgrounds con-
sisting of a Z and a heavy quark pair (Z + bb and
Z + tt) must also be considered. These backgrounds
generally contain several nonisolated leptons, and
can be controlled by an isolation cut limiting the
additional calorimetric energy observed in a come

of radius R = \/ (A¢)? + (An)? around the lepton
direction. The one exception is Z+¢¢, which can pro-

duce four isolated leptons, but has a much smaller
rate than ¢f or Z + bb.

To understand the effects of requiring a limited
amount of additional energy in a cone R around
a lepton (lepton isolation cut), detailed simulations
have been carried out for the dominant £ back-
ground, and for H — Z2* and H — ZZ signal
events, using PYTHIA version 5.4. These simu-
lations include the effects of shower spreading and
the detector magnetic field. A distribution of min-
imum bias events appropriate for a luminosity of
1033 cm~25~! has also been included. The compu-
" tation of the excess transverse energy (E:) in the
cone includes the effect of an imperfect subtraction
of the energy of the lepton itself. The results of
this study indicate that a cut of B, < 5 GeV in a
cone of R = 0.3 provides a rejection factor of greater
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than 20 for leptons from b quarks (the rejection
is pi-dependent, falling to roughly 15 in the region
10 < pf < 20 GeV/c, but reaching values of greater
than 100 for pf > 30 GeV/c). The rejection is at
least a factor of 100 for leptons from c or lighter
quarks, while maintaining an efficiency of 95% for
each signal lepton at SSC design luminosity. To
simplify the subsequent analysis, we conservatively
assume that our isolation cut reduces the number of
background leptons coming from b or lighter quarks
by a factor 10 per lepton|46]. Further study is contin-
uing to optimize this cut as a function of luminosity
and to include signal shaping effects in the modeling
of the calorimeter readout[48], but there appears to
be no particular obstacle to achieving the assumed
rejection at luminosities approaching 10% cm=2s~1
with the standard calorimeter segmentation.

The heavy flavor backgrounds also produce like-
sign lepton pairs, which are suppressed by use of the
lepton charge information available in a magnetic
detector. This provides an additional reduction of
roughly a factor of 2 for ¢ backgrounds, and roughly
a factor of 1.5 for Z + bb and Z + & backgrounds.
Finally, although it has not proved necessary in the
current analysis, it is also possible to include an anti-
b tag by rejecting events with large impact-parameter
tracks found in the inner tracking system, thereby
reducing the heavy flavor backgrounds still further.

The four-lepton signals, and their estimated back-
grounds, are shown in Figs. 16-19. The 4e, 44, and
2e2u final states have been combined since they have
similar overall resolutions[46]. The global efficiency
described in Section 4.1 has been applied to each
lepton in addition to the lepton isolation efficiency
defined above. In all cases, the charge-zero lepton
pair with mass closest to Mz has been chosen as
the primary Z, and a requirement of My = Mz £10
GeV has been imposed.

For the H — ZZ* case, the other lepton pair is re-
quired to have My > 20 GeV to remove ¢g§ — Z27* —
£+2-£+£~ background, and the kinematic quantities
for both electrons and muons are derived from the
tracking information. Note that the electron mea-
surements suffer the complication of relatively large
bremsstrahlung energy losses in the inner detector,
but the resolution is improved (o(Mzz-) = 1.0 GeV
instead of 1.3 GeV for My = 140 GeV) over that
found for a calorimetric measurement.

For the heavier H — ZZ cases, both lepton pairs
are required to satisfy a requirement of My =
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FIG. 16. The reconstructed Higgs mass for ZZ* de-
caying to 4e, 44, and 2e2u with My = 125,140, 160
GeV, including the expected backgrounds. The
backgrounds are indicated by a series of curves,
each one representing a cumulative sum, so that the
area between two curves corresponds to the rele-
vant background contribution. The lowest curve is
¢g — ZZ*, which has been muitiplied by 1.65 to ac-
court for gg — Z2Z*. Next are the heavy flavor back-
grounds Z -+ bb and Z + tf. The final curve includes
the dominant ¢¢ contribution. Two trigger leptons
with p; > 20 GeV/c and two other leptons with p, >
10 GeV/c were required. All leptons are isolated
by requiring E; < 5 GeV in a cone of radius 0.3.
In addition, one pair of leptons is required to have
My = Mz £10 GeV and the other My > 20 GeV.

Mz £ 10 GeV, and the electron energy measure-
ments are derived from the calorimetry. Even for
the My = 800 GeV case, the muon resolution for the
Z peaks is adequate, resulting in a negligible loss of
signal events outside the £10 GeV mass window[46].

The significance of the observed signals has been
evaluated by counting the number of events expected
above the predicted backgrounds in the vicinity of
the peak. The My = 140 GeV and My = 160 GeV
peaks are unambiguous. There are 38 events with
3.5 expected background, and 30 events with 5 ex-
pected background, respectively, for a single year of
SSC running at nominal luminosity. The Mz = 125
GeV peak has a signal of only 8 events with 2 ex-
pected background, and consequently requires about
2 years of SSC running at nominal luminosity to es-

,—tablish a convincing signal. For My = 200 GeV and

My = 400 GeV, the signals are clear, and sufficient
for discovery. In the case of a Higgs of mass 800
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FIG. 17. The reconstructed ZZ mass for the fi-
nal states 4e, 44, and 2¢2u showing the peak due
to a Higgs of mass 200 GeV. The two lepton pairs
were both required to have Ay = Mz + 10 GeV.
The background curves have the same significance
as those of Fig. 16, but the ZZ background gives
the only visible contribution.
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FIG. 18. Same as Fig. 17 except that the Higgs
mass is 400 GeV.

GeV, there are fewer signal events and no clear peak.
The signal-to-background ratio can be improved by
requiring that both of the Z’s have p(Z) > 200
GeV/c. As is evident in Fig. 20, the background has
been reduced with little loss in signal. The peak re-
gion contains 20 events with 6 expected background.
To claim a signal, we must be confident that the
ZZ rate expected at large ZZ invariant mass in
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FIG. 19. Same as Fig. 17 except that the Higgs
mass is 800 GeV.
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FIG. 20. Same as Fig. 19 except that both 2°s were
required to satisfy p;(Z) > 200 GeV/e.

600 1200

the absence of a Higgs boson can be accurately pre-
dicted. The measured ZZ rate at lower invariant
masses can be used to reduce the uncertainties in
the theoretical predictions for the rate at large val-
ues of the invariant mass. The major uncertainties
in this extrapolation arise from the structure func-
tions and higher order QCD effects[49]. We estimate
that we can determine the background with an un-
certainty of 20%, and therefore the My = 800 GeV
signal would require 2-3 years of SSC running at the
nominal luminosity to be sufficient for discovery.
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FIG. 21. The distribution in missing-E, for the fi-
pal state Z(— ete—, u*u~) + missing-E;, including
the effect of a Higgs bosen of 800 GeV, where H —
Z2Z — ¢*¢-vv (solid). The reconstructed Z is re-
quired to have py(Z) > 250 GeV/c. The background
shown as a dashed curve arises from ¢g — ZZ (mul-
tiplied by 1.65). The dot-dashed histogram arises
from the final state Z + jets, where the missing-5; is
generated by calorimeter resolution and energy loss
out of the end of the detector (|n| > 5). The dotted
histogram arises from the final state ¢, where there
is an ete~ or ptpu— pair of mass Mz =20 GeV and
the missing-E; is due to neutrinos. The events are
rejected if they contain a jet with E, > 300 GeV.

The two-lepton two-neutrino mode

In view of the limited four-lepton rate at My =
800 GeV, we have looked at the channel with eTe”
or p*tp~ and missing-E, in order to extract the
signal from the decay H — ZZ — {Y{"vP, which
contains six times as many events. Figure 21
shows the missing-E; distribution accompanying a
reconstructed Z with pi(Z) > 250 GeV/c. This
analysis is similar to that in the Eol, except that here
the mass of the Higgs is taken to be 800 GeV|46].
The strategy for extracting a signal is similar to
that for the high-mass Higgs in the four charged
lepton state, but the lack of a second dilepton mass
cut requires a more careful background analysis.
Measurements of the four-lepton channel, and of
the missing-E; spectrum recoiling against a Z at
lower values of missing-E¢, are used to reduce the
uncertainties in the predicted missing-E¢ spectrum
at larger missing-E; values in the absence of a Higgs
boson. The observed excess of events, in conjunction
with the four charged lepton results, would be
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sufficient to establish the existence of the Higgs. At

igher luminosities, the high radiation flux near || =

may disable this region of the forward calorimetry.
an this case, our strategy would be to reduce the
forward calorimeter coverage to |n| < 4. Even this
coverage provides excellent rejection against the Z +
Jets background(46] for the large values of missing-E;
present for My = 800 GeV (for missing-E; > 320
GeV, there would be 2200 signal and 650 background
events for a data sample of 10° pb~1!).

The search for My < 125 GeV

As is evident in Fig. 16, the signal for H — Z2* —
XL~ ¢*+ L~ is rapidly becoming undetectable for My
below 125 GeV. To extend the Higgs search to lower
masses, we have explored four other possibilities.

The first is the rare decay H — --y. The electro-
magnetic resolution assumed in the Eol is somewhat
worse than that of the “excellent resolution” case
discussed in the 1988 Snowmass study[50] of the de-
cay H -» «yvy. The conclusions of that study indicate
that, with this resolution, this mode will not allow
the SDC to extend its range of sensitivity below that
already covered by the H — ZZ* search.

A second mode involves W + H production with
Previous analy-
5{51] found a signal-to-background ratio of 0.2
with 20 events per SSC year (for My = 125 GeV
and Myp = 150 GeV), but neglected the tf back-
ground. This background has been investigated at
the parton level(52]. Smearing effects produced by
hadronization cause the small signal to be over-
whelmed by background (signal-to-background ratio
less than 0.1 with a signal of 10 events per SSC
year). Similarly, the final state H + jets followed by
H — rr was investigated and found to suffer from
overwhelming background. In addition, neither of
these channels ig effective for the case Myx ~ M3z,
due to the large Z — bb and Z — 77 backgrounds.

Finally, we have considered W + H production
followed by the decay H — -y. The event rates
are very low, but less stringent resolution in the
v invariant mass is required in this final state,
compared to the direct I — vy case. The domi-
nant backgrounds arise from the final states W + v+,
W + v+ jet, and W + jets, where the jets fragment
in such a way that they look like isolated photons.
To estimate the jet backgrounds, we have muitiplied

~he jet rate by a factor of 5 x 10™* per jet to ac-

unt for the probability that a jet fragments to a
ieading 7% that carries almost all of the energy of
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the jet. The correct value for this number will not
be known until it can be measured at the SSC. Here
we have used a number consistent with the following
CDF measurements :

e For dijet events with invariant mass in the range
80 GeV < Mj; < 140 GeV, a one sigma upper
limit on the integrated fragmentation function for
z> 0.8 is 1.4 x 1073[53]. (The effects of finite
momentum resolution and systematics of jet en-
ergy corrections make this a limit rather than a
measurement).

e In the transverse momentum range 27 GeV/c <
Pt < 35 GeV/c, the ratio of the isolated n° cross
section to the jet cross section is ~ 5 x 10~4[54].
Here isolation means less than 15% additional
energy in a cone of size \/(An)? + (A¢)? = 0.7
centered on the n%.

We note that the fragmentation function at large z
should decrease with increasing jet E:, and thus the
CDF estimate should be taken as an upper bound.

Additional backgrounds may arise from several
sources. We have considered the processes b + 7y,
b+~ + jet, and b + ~, where the b decays into
a hard lepton. We have also considered QCD jet
production via the processes 3-jets, 2-jets + -, and
jet + v, where the jets are misidentified as either
photons or leptons[55). The probability for misiden-
tifying a jet as a lepton was taken to be 1 x 1074,
where an additional rejection of five for either single
charged hadrons or conversions from single 70 is
assumed relative to the rejection for misidentifying
a jet as a photon.

Our analysis requires an electron or a muon plus
two photons. Each must satisfy p; > 20 GeV/¢, and
the isolation requirement of E; < 5 GeV in a cone of
radius 0.3. The photons and lepton were required to
be separated in n-¢ space by 0.4. We have studied
the backgrounds described above, and superimposed
the expected Higgs signals in the mass region 80 to
140 GeV(55). The b momentum was smeared by a
Peterson fragmentation function, and, as discussed
for the four lepton case, an isolation rejection fac-
tor of 10 was assumed for each 4. The results are
displayed in Fig. 22, and it is clear that this tech-
nique would be sensitive to a Higgs in the mass
region 80 to 140 GeV, provided that a data sam-
ple of the required size (10° pb™!, corresponding to
three years of running at three times the nominal
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SSC luminosity} could be accumulated. In this fig-
ure, the significance of the peaks varies from four to
five standard deviations.

Conclusions

The SDC detector can discover a Standard Model
Higgs in the region 125 < My < 800 GeV using the
4e, 4u, or 2e2y channels for H — ZZ or H — Z2Z*.
At the lower end of this range, the signal is statis-
tics limited, and will require slightly more than one
year of runring at SSC nominal luminosity. At
the upper end of the range, the four-lepton sig-
nal, in conjunction with the higher rate process
H — {*{~vv, will provide a substantial signal. The
region 80 < My < 125 GeV will be covered by using
the process W + H followed by H — . Here, the
cross section is small, and approximately 3 years of
SSC running at three times the nominal luminosity
are required for discovery.

4.3. Top quark with mass 250 GeV

Assume a top quark with ¢ mass of 250 GeV.
e How s it discovered in your detector;
o How accurately could the mass be measured;

o Can the decay properties be determined? For ez-
ample, if the top decays to a charged Higgs with
a6 mass of 150 GeV, at what branching ratio level
can this process be detected?

We have examined three methods for discovering a
top quark and measuring its mass. The first method,
using isoclated e — u pairs, has been discussed in the
Eol (see Fig. 34 of the Eol which shows the cases
Miop = 150 GeV and Miop = 250 GeV)[56]). It can
be seen from this plot that there is essentially no
background for these cases. In the Standard Model,
the top branching ratios are known, and 2 measure-
ment of the production cross section in the isolated
ep mode can be used to determine the mass. The
current theoretical uncertainty of 30% on the pro-
duction cross section[57] implies that the smallest
achievable error on Mop using this method is ~ 20
GeV. Moreover, if there are nonstandard decays of
the top quark, such as the decay into a charged
Higgs, t — H*b, the correlation between rate and
mass is altered, and this method may not yield a
reliable mass measurement.

Here, we discuss two more precise methods, and
then address the question of nonstandard decays of
the top quark.
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FIG. 22, The <7 invariant mass distribution

for the process W + H — {vvv, including all
backgrounds.  The signal contains peaks from
My = 80,100, 120,140 GeV. The lepton and pho-
tons were all required to satisfy p: > 20 GeV/e,
and to be separated in n-¢ space by a distance of
0.4. A jet misidentification probability of 5 x 10—*
was assumed in plotting the QCD backgrounds. An
isolation cut reduces the b backgrounds by a fac-
tor 10. The background curves are cumulative, and
are (from lowest to highest): 3 — jet, 2 - jet +7,
jet + v combined, then b+ vy, b+ + jet, b+,
followed by W + jets, W +« + jet and W + 77.

The Lepton + Jets Mode

The second method of discovering the top quark is
to look for events with one isolated lepton and many
jets, arising from the process tf — WWbb — £vjjbb.
We discuss a determination of the top quark mass
by reconstruction of the top quark decay into three
jets, which is similar to that presented in the SDC
Eol. We focus on those decays where the other top
quark decays semi-leptonically yielding an isolated
lepton and an energetic neutrino. Two independent
Monte Carlo studies have been performed and find
similar results (see Ref. 58 and Ref. 59).

The study discussed here was performed using
ISAJET version 6.24 to generate # events. The
analysis is sensitive to effects due to jet clustering
and shower overlap. To take these into account,
we simulate the SDC detector response with a full
shower Monte Carlo that includes the calorimeter
response and tower segmentation[60]. We define elec-
tromagnetic and jet clusters using algorithms based
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on the observed energies in the calorimeter towers.

/" et clustering is performed using a fixed-cone clus-

tering algorithm with a cone radius of R = 0.4. A
seed tower with E; > 2.0 GeV is required, and a sin-
gle tower threshold of 0.1 GeV is used for computmg
the energy inside the cone.

We require the candidate events to have a well-
isolated electron or muon with p; > 40 GeV/c and
missing-E; > 20 GeV to select those events with at
least one W — {14 decay. In the following analysis
we confine ourselves to the e + jets final state, but
the corresponding analysis with muons would be al-
most identical and would double the rates. Although
the missing-F; resolution in a typical event is 10-20
GeV, this cut provides some rejection against bb
backgrounds. Events in which the other W decays
badronically are expected to have at least four jets,
two from the W decay and one each from the b and
b quarks. We therefore require the events to have
at least four jets with E; > 30 GeV and |5| < 2.0.
This initial selection results in 566,000 events per
SSC year for the e + jets final state, assuming the
ISAJET % cross section of 1.54 nb.

The primary background to this channel arises

~fom QCD production of W bosons with associated

jets. We reduce this background by requiring that
at least two of the jets satisfying the kinematic cuts
are tagged as b quark candidates using the presence
of large impact-parameter tracks in the transverse
plane as discussed in Ref. 61. This cut retains ~ 10%
of the signal events, and leaves an estimated back-
ground from W + jets production that is less than
0.1% of the signal. We then take all pair combina-
tions of the jets in the event which do not contain b
quark candidates and form dijet systems from them.

The resulting invariant mass spectrum for these
dijet combinations is shown in Fig. 23, where we
bave added the requirement that the p; of the re-
sulting dijet system be greater than 180 GeV/c to
reduce the combinatorial background. One sees a
clear W signal above a relatively small background.
In this plot, there are 9500 signal events per SSC
year above a combinatorial background that is less
than half of the signal in the dijet invariant mass re-
gion between 50 and 95 GeV. The hard p; cut on the
dijet system retains approximately 37% of the cor-
rectly reconstructed signal events and reduces the

»~—combinatorial background by a factor of 8.

The W mass determination depends on effects re-
sulting from the jet clustering (loss of energy out of
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FIG. 23. The dijet invariant mass distribution for
all combinations of two jets in tf events, where the
dijet system was required to have p, > 180 GeV/e.
The events have an electron with p; > 40 GeV,
missing-E, > 20 GeV, 4 jets with p; > 30 GeV, and
at least two tagged b quark jets. The tagged b jets
are excluded when forming the dijet combinations.

the cone or below the calorimeter tower threshold),
and from overlap of parton showers with each other
and with the underlying event. We have employed a
relatively small cone size in this analysis (R = 0.4) to
optimize the reconstruction efficiency of the two jets
arising from the W decay. We have also performed
the analysis using cone sizes up to R = 0.8 and have
found that the reconstruction efficiency falls with in-
creasing cone size with very modest improvements in
the W mass resolution. We have also considered the
effect of more stringent cuts on the jets (e.g. raising
the jet E; thresholds or reducing the % interval) and
have found that they provide relatively modest im-
provements in the overall signal-to-noise and mass
resolution with considerable reductions in signal rate.

We define 2 W candidate to be any dijet combina-
tion (excluding tagged b jets) that has an invariant
mass between 50 and 95 GeV and p; > 180 GeV/c.
We pair these W candidates with each of the tagged
b jets to form the three-jet invariant mass distribu-
tion shown in Fig. 24. An impressive top signal is
seen above a combinatorial background that is rels-
tively flat and slowly changing under the signal peak.

The statistical uncertainty in the estimated mean
of the signal peak is ~ 0.4 GeV. However, our knowl-
edge of the jet energy scale is likely to be the largest
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FIG. 24. The three-jet invariant mass distribution
for all events with a W candidate having dijet in-
variant mass between 50 GeV and 95 GeV with
s > 180 GeV/c, where we have only considered the
three-jet systems formed from each of the tagged b
jets and the W candidate. The solid curve shows
only the correct combination of the W and b jets.

source of uncertainty in the top mass determina-
tion[58]. We can reduce this uncertainty by making
use of the in situ calibration provided by the W peak
in the dijet invariant mass distribution, which can
be determined to a statistical uncertainty of ~ 0.15
GeV. We then use this constraint on the dijet mass,
event by event, to calibrate the momentum of the
W candidate. A 2% systematic error in this mass
constraint would lead to a top mass uncertainty of
~ 1.2 GeV. We must also calibrate the b quark en-
ergy scale, which differs from that of the light quarks
because of the b quark fragmentation. We therefore
assume that there is an additional uncertainty of 3%
in the b quark energy scale contributing a top mass
uncertainty of ~ 2 GeV. Other effects, such as uncer-
tainties arising from the jet clustering algorithm and
event pileup are estimated to create an additional
uncertainty of ~ 1.5 GeV. Combining all of these
contributions in quadrature, we estimate the total
uncertainty on the top quark mass to be ~ 3 GeV,
We expect nonperturbative QCD corrections to the
top quark mass measurement (i.e., top quark frag-
mentation) to be small because a top quark of this
mass will decay before it hadronizes. Perturbative
QCD corrections (e.g. gluon bremsstrahlung) are
an additional source of uncertainty, but we expect
that they will also be smaller than the experimental
uncertainties discussed above.
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The Sequential ey Mode

A third method for measuring the top quark mass
relies on events with one isolated electron (from top
decay) and one nonisolated muon of opposite sign
(from the b-decay product of the same top)[62]. We
require the electron to have p; > 40 GeV/c and
to have additional E; < 4 GeV in a cone of ra-
dius R = 0.2 around the electron direction. The
muon must have p; > 20 GeV/c and have additional
E; > 20 GeV in a cone of radius R = 0.4 around
the muon direction. Furthermore, the azimuthal dis-
tance between the electron and the muon, A¢, must
be less than 80° to maximize the probability that
the e and y come from the same top quark. Fi-
nally, we require p;(eu) > 120 GeV/c to increase the
sensitivity to the top mass.

Figure 25 shows the invariant mass of the e — u
pair, M(eu), for top masses of 220 GeV and 250 GeV
with the above cuts. The events from the higher
top mass peak at a higher M(eu). Fig. 26 shows
the mean invariant mass of the e — p pair as a func-
tion of the top mass for several values of the p(eu)
cut. The mean M(eu) has an approximately linear
dependence on the top mass and the sensitivity (the
slope) increases with the py(ep) cut. A p¢ cut of
120 GeV/c gives adequate sensitivity while retaining
sufficient statistics for a good mass determination.
In one year of running at nominal SSC luminosity,
we expect 17,000 events of this type, providing a
measurement of the top mass with a statistical error
of £1 GeV. Backgrounds from other processes are
very small. We have considered WW, Z — 77, and
W +bb production. Only the latter is a non-negligible
source of isolated electrons and nonisolated muons.
Using ISAJET, we find that this process contributes
a 3% background to the M{ep) plot.

The systematic error on the top mass using this
method is dominated by uncertainties in the physics
inputs. The first is the incomplete knowledge of the
b fragmentation function which controls the muon
momentum distribution. We use the Peterson frag-
mentation parametrization for heavy quarks with the
value for the e parameter measured by ALEPH [63).
Varying e by one standard deviation, we obtain a
+3 GeV variation in the top mass. The second un-
certainty is the imprecise knowledge of the top p;
distribution. For example, different top p: spec-
tra are expected for processes not considered here,
such as W + ¢ production or #f pair production from
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FIG. 25. The invariant mass distribution for the
e - p pair, M(eu), for two different top masses.
The lefthand scale and the leftmost curve are for
Miop = 220 GeV, while the righthand scale and
the other curve are for M, = 250 GeV. The cut
pilep) > 120 GeV/c has been used. The superim-
posed curves represent Gaussian fits.

gluon splitting. The dependence of M({eu) on the
top p¢ has been studied by reducing the initial state

/" adiation generated by ISAJET, thus obtaining a

softer p; distribution for the top quark. From this
variation in the p; distribution, we derive an uncer-
tainty on the top mass of £5 GeV. Both of these
systematic uncertainties may be reduced after de-
tailed studies of the data from the SSC. Adding all
the uncertainties in quadrature we expect to deter-
mine the top mass at 250 GeV with an uncertainty
of +1 (stat) + 6 (syst) GeV for a run of one year at
the SS5C design luminosity.

The Top Quark Decay Properties

We can determine the relative top quark decay
rates to t — evgh, t — pv,b and ¢ — gg'b by compar-
ing the rate for events having an isolated electron
and an isolated muon with the rate for events with
an isolated electron or muon, two tagged b quark
jets and a W boson reconstructed in the dijet fi-
nal state. We can measure these rates to ~ 1% in
one year of SSC operation, and hence can measure
the relative branching fractions of the top quark
into these three final states with a statistical ac-
curacy of 2%. We expect the systematic errors in

~—this measurement to come from the uncertainty in

be lepton and jet reconstruction efficiencies; experi-
ence at present hadron colliders indicates that these
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FIG. 26. The invariant mass of the € ~ u pair as
a function of the top mass for p((ep) > 80 GeV/c
{lower curve), pi(eu) > 120 GeV/ec, and p(eu) >
160 GeV/c (upper curve), The plotted points
represent the fitted mean and its error, derived from
Gaussian fits to distributions such as those shown
in Fig. 25. The three additional points at 250 GeV
correspond to one standard deviation variations in
the b fragmentation as measured by ALEPH[63].
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can be determined to within a few percent[64]. The
rate of top quark decays into the rv.b final state
relative to the electron and muon decay modes can
be determined by reconstructing the r decay modes
as described below. This would result in a mea-
surement of the relative decay rate into 7Tv-b with
a statistical accuracy of 7%. The absolute branch-
ing ratios cannot be determined to better than the
uncertainty of the top quark cross section, which is
estimated to be of order 30%.

The best way to determine if the top quark
bas nonstandard decays is to search for them di-
rectly. One of the most attractive extensions of the
standard Higgs sector contains two Higgs doublets
with charged and neutral Higgs bosons{65]. If the
charged Higgs boson is lighter than the top quark,
the branching ratio for the decay t — H1} could be
comparable to that for ¢ — W+b., These branch-
ing ratios depend on the couplings of the two Higgs
doublets to the quarks and leptons. There are two
possible models normally considered for these cou-
plings consistent with the absence of favor changing
neutral currents. In one model (Model-II in the no-
tation of Ref. 65) the neutral component of one of
the doublets is responsible for generating the mass
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FIG. 27. Branching fractions for the reactions

t — H*b (solid) and H+ — 1v, c3, cb as a function
of tanB{66]. We have assumed M, = 250 GeV
and Mg+ = 150 GeV.

of leptons and charge -% quarks while the other
generates the mass of charge 2 quarks. This is the
model predicted by minimal supersymmetry and will
be the one considered here (Model-I yields similar
results for tan § < 5, but has a very small branching
ratio for t — H*b for tanB > 10). The couplings
of the charged Higgs bosons to fermions are entirely
determined by the quark and lepton masses and by
tan 8 = v3/v;, where vy(v2) are the vacuum expec-
tation values of the Higgs field which couples to the
down (up) type fermions. The branching fractions
for t = H*b, H* — rv, and H* — ¢5 depend on
tan § as shown in Fig. 27.

We have investigated two methods, applicable to
overlapping ranges of tan S, for H+ detection in ¢
events for the case Myop = 250 GeV and Mg+ = 150
GeV([66). Methed (i) involves a search for an excess
of 7 leptons arising from H* decay. Method (ii) in-
volves reconstruction of the hadronic decays H+ —
c3. Both methods require an isolated electron or
muon with p, > 40 GeV/ec and |n| < 2.5. Leptons
are isolated if the nonleptonic energy observed in
the calorimeter in a cone of R = 0.4 is less than 20%
of the lepton energy. The events are further selected
by requiring two tagged b-jets (from the decay of the
t and 7) each with p; > 30 GeV/c and |n| < 2.0. We
used ISAJET version 6.31 to generate the ¢f events.
The background from non-i events is negligible.

In Method (i) we search for ir events (e.g.,
t— bW+ — bl*ty, T — [BH™ or BW~] - brv) in
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FIG. 28. The solid curve shows the statistical

significance of the excess of isolated pions due to
t — H*b, HY — Tv, and T — 7v relative to expec-
tations for ¢t — Wb (assuming lepton universality)
as a function of tanf8 (bottom labels). We re-
quire an isolated lepton with p, > 40 GeV/c and
an isolated pion with p; > 40 GeV/e (for p; > 100
GeV/c there are 2 as many standard deviations).
The dashed curve shows the statistical significance
of the H* peak in the two-non.b-jet invariant mass
distribution as a function of tan 4, We assume one
SSC year of running and have taken Mo, = 250
GeV and Mg+ = 150 GeV. For tan 8 values where
the curves become dotted, the given technique has
become marginal for Ht* discovery. The upper
labels give the t — H+b branching ratio, which
reaches a minimum at tan 8 = 8, see Fig. 27.

which the 7 decays to a single 7% (or K*) with p; >
p§®* where p{®t = 40 GeV/c. The T signature is an
isolated charged hadron, where isolation for a hadron
is defined in analogy with the lepton definition
above. Note that this requires a good momentum
measurement for the charged hadron. If { quarks
only decay to Wb, the observed number of £+~
events plus lepton universality in W decays allows
us to compute the number of {r events expected.
If instead top quarks can also decay to H*b, and
if BR(H* — 7v) is not small, we would detect an
excess of {7 events over the universality prediction.

The statistical significance of the excess in the ob-
served number of isolated pions over the prediction
from universality is given in Fig. 28. It is important
to include the polarization of the r’s in Monte Carlo
studies; ignoring this polarization reduces the num-
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FIG. 29. Two-jet mass distribution, for the sum of
the tf — WWbb and tf — WHbb events in the case
tan @ = 0.5. Only one two-jet combination per event
is plotted: the combination with the two highest p;
non-b jets consistent with the ¢ mass (see text).

ber of standard deviations by a factor of two. After
one year of SSC running, we could detect five stan-
dard deviation signals for t — H+b, H* — v for
all tan g > 0.5.

For smaller values of tan 8, where BR{H* — rv)
becomes small, we must employ the H* — ¢7 decay
mode (Method (ii)). For this purpose, we have ex-
tended the technique described in Ref. 66 to study
a 250 GeV top quark decaying to H* (or W) with
H+Y(W+) — ud or ¢3 (with the same lepton trigger
as for Method (i)). Jets are formed by clustering
final-state particles appearing in the region |n| < 3.0
within a cone of radius R < 0.7. The 4-momenta
of these jets are then smeared with the assumed jet
resolution of the SDC calorimeter.

Any two jets (excluding the tagged b jets) within
[n] < 2.5 and p; > 20 GeV are then used to form in-
variant mass combinations. The combinatorial back-
ground can be reduced by restricting the dijet invari-
ant mass plot to the two (rnon-d) jets with the highest
transverse momenta that in combination with either
one of the tagged b jets yield a three-jet invari-
ant mass smaller than 400 GeV. This requirement
is consistent with the top quark mass of 250 GeV
already measured by the methods described above.
The combinatorial background is severely reduced
by only plotting one combination per event, and this
choice is usually the correct one. The resulting W+
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and H* peaks for tan 3 = 0.5 are shown in Fig. 29.

To quantify the statistical significance of the Ht
mass peak, we again plot the number of standard
deviations above background as a function of tanf
in Fig. 28. The combinatorial background can
arise from either tf — WW0bb or WHbbS. These
two sources look very similar, so we can scale
the combinatorial background to fit the observed
data. The signal is the number of events above
this scaled background in the H¥ or W7 peak.
The highest tan # value for which we could discover
the charged Higgs by this method depends critically
on understanding the shape of the combinatorial
background. We conservatively argue that Method
(ii) is useful only for tanf8 < 1.5. For tanf > 1.5
the H* peak is much less distinct, though the W
peak remains visible. For tanf8 < 0.2, where there
are very few WW decays, the W mass peak is not
visible above the background, although the H* peak
may be substantial (with 1,000 or 10,000 events for
tan 3 = 0.06 or 0.2 respectively). The lowest value
of the branching ratio ¢t — H*b for which we are
sensitive depends on the H+ — rv branching ratio
and the H+ — ¢7 branching ratio, but is roughly 2%.

Conclusions

We have described three different techniques for
discovering the top quark and measuring its mass.
The isolated ep mode yields a clear signal, but a less
reliable mass determination. The lepton + jets and
the sequential ey modes provide mass measurements
dominated by systematic errors, which we estimate
to be 3-6 GeV for the two modes for a top mass of
250 GeV and one nominal SSC year of luminosity.
As the errors are overwhelmingly systematic, mea-
surements made using a substantially smaller data
sample will have only slightly larger errors.

We have also analyzed the decay properties of the
top quark. The ratio of the semi-leptonic decay rate
to the gg rate can be measured with a precision of
2-3%. The specific case of ¢t — H*b has also been
studied in #f events in which the second t decays to
W=b. In the particular case of Mo, = 250 GeV and
My = 150 GeV, detection of the charged Higgs
boson appears possible over the entire interesting
range of parameter space (¢t — H b branching ratios
above 2%) using either H* — rv decays or H* —
c¥ decays or both. These studies illustrate the
importance of efficiently tagging b-quark jets and
measuring charged hadron momenta to identify 7’s.
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4.4. Jet energy resolution

Demonstrate the jet energy resolution of your pro-
posed detector by studying decays

o Z — jet+ jet

o Z' — jet+ jet, Mg =1 TeV

We have studied the dijet invariant mass reso-
lution from Z and Z’ decays and the irreducible
contributions to the dijet invariant mass resolution
from physics-related sources such as clustering, jet
fragmentation fluctuations and coantributions from
underlying events. These effects determine a mini-
mum mass resolution that is independent of detector
parameters. In addition, we have studied the ef-
fects on the mass resolution induced by the detector,
particularly by calorimeter energy reselution.

Detector Independent Effects

The energy and angular resolutions of jets from
Z’s and Z"s depend on the production process,
which determines the distribution of transverse mo-
menta. Furthermore, the dijet mass resolution de-
pends on the Lorentz boost of the Z’s and Z'’s. At
low p; we form the invariant mass of the two jets,
whereas for highly boosted Z’s the invariant mass
of the coalesced jet provides the best estimate of
the mass. At low p, jets are broad, with substan-
tial tails of particles escaping from any reasonable
clustering region; while, at high py, jets form tighter
clusters, and clustering losses are smaller, but not
negligible. For this reason the optimal size for the
clustering region depends on the p; of the jet.

Another dependence on the production process
comes from the inevitable inclusion in the cluster-
ing region of particles that arise from the underlying
event and not from the actual Z or Z'. Fluctuations
in this underlying event degrade the energy and an-
gular resolutions. The effect of particles lost from
the clustering cone can be reduced by increasing the
cone size, but this leads to increased fluctuations in
the contribution of the underlying event and other
events from the same bunch crossing.

A further contribution to the detector-independent
resolution effects arises from fluctuations in the en-
ergy fraction carried away by undetected neutrinos
from semileptonic decays of heavy quarks inside the
jet. These losses produce a long tail of low invariant
masses of the dijet system. Finally, gluon radiation
also leads to losses out of the clustering cone.
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Detector Dependent Effects

Detector induced resolution effects that have been
studied in formulating our answer to this question
include:

¢ calorimeter segmentation,

o calorimeter energy resolution,

e magnetic field and

e nonlinearity of the hadron calorimeter

Methodology

Because both detector-dependent and detector-
independent resolution contributions depend on p,
we have studied the dijet mass resolution at low p;
(50 GeV/e < py < 60 GeV/c) and at high p; (500
GeV/c < py < 600 GeV/c) for both Z and Z'. Two
independent studies of these processes have been
made and reach similar conclusions [67,68].

Events containing Z’s and Z''s are generated via
the Drell-Yan process using PYTHIA version 4.9
with an additional requirement that the jet axis be
within | 7 [< 1. The Z's and Z”’s are generated
with zero intrinsic width, in order to better eval-
uate detector resolution effects. For the Z’, the
intrinsic width (which we define as full-width/2.3) is
mode! dependent with typical values of 0.2-1.4% of
the mass[69). This is somewhat smaller than the ef-
fects described below. For the Z, the intrinsic width
is substantially smaller than detector-independent
effects induced by clustering and fragmentation.
The simulation tracks individual particles to the
calorimeter, including the effect of the magnetic
field. For the calorimeter, the energy deposit in
individual cells is done using realistic shower shapes.

Jet clusters are reconstructed by starting with a
“seed” tower and accumulating energy within an
n — ¢ cone of fixed radius R centered on the seed
tower. We start with the seed tower with the high-
est energy and form subsequent clusters by searching
outside the already formed clustering cones to se-
lect a new seed tower of highest energy. In the case
of overlapping cones, the energy is assigned to the
cluster with the higher energy seed. A single-tower
threshold of 0.1 GeV, and a seed threshold of 2 GeV
are used. Clusters are not saved unless they have
more than 5 GeV in E;. Unless otherwise noted, the
tower size is An = A¢ = 0.05 and the center of the
tower is taken as the direction of energy flow. The
cluster cone radius used is 0.7.
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FIG. 30. Dijet mass distribution for Z events with
50 < pr < 60 GeV/c for case (d) as described in the
text. Only the correct jet pair is included in the
plot. The smooth curve is a fit to a Gaussian plus
a polynomial function.
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FIG. 31. Same as Fig. 30, for 2’ events of mass
1 TeV with 500 < p, < 600 GeV/c.
The final clusters formed in this way are iden-
tified as jets. The jet 4-momentum vector is

then calculated by summing all calorimetric cells
above the tower threshold within the cone, treat-
ing each cell as a massless particle. The invari-
ant mass of the two jet system is calculated as
My =[{E1+ Ey)? -~ (; +§2)2]1/2. For high p; Z7s,
‘vhen the two jets have coalesced, we calculate a

single jet mass as M;; = \/E;“ - |32

The mass distributions that result from this proce-
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FIG. 32. Same as Fig. 31, except that all jet

combinations are plotted.

dure are non-Gaussian. They have long, asymmetric
tails with losses primarily arising from undetected
neutrinos and from gluon radiation. In this study,
in order to characterize the central peak of each
mass distribution in a meaningful way, we fit the
mass distributions with the sum of a Gaussian and
a polynomial function. To compare resolutions be-
tween simulations with different conditions we use
the value of o from the Gaussian part of the fit. Ex-
amples of the reconstructed mass distributions for
the Z and Z' are shown in Fig. 30 and Fig. 31.
We have combined the correct jets, as given by the
Monte Carlo. Figure 32 shows an example of plot-
ting all jet combinations. The values given below
for mass resolution are derived from fits to distribu-
tions combining the correct jets thereby enhancing
the sensitivity to detector-induced effects.

Resolution Studses

In Fig. 33 and Fig. 34, we present results from
calculations of the dijet mass resolution for a num-
ber of assumptions about the detector-independent
contributions and about the calorimeter parameters
for the Z and Z' at both high and low p;. The dif-
ferent effects are invoked sequentially in successive
points on the graphs in order to demonstrate the
different contributions to the dijet resolution. The
conditions in the points on the graph are as follows:

(a) The original quark direction is used as the center
of a clustering cone of radius 0.7, within which
the energy from all detectable tracks in the gener-
ated event is combined as a jet. Extra tracks from
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error bars correspond to the statistical error on the
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FIG. 34. Same as Fig. 33, but for Z"s of mass

1 TeV.

the underlying event are included. No simulation
of showers is performed. This shows the con-
tribution to the mass resclution of basic physics
processes, including fluctuations in fragmentation
energy outside the cone, effects of the underlying
event, missing neutrinos, and gluon radiation.

{8) Our detector simulation distributes the shower
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energy with a realistic shape, but perfect energy
resolution is assumed. Clustering is now domne
with seed towers as described above. This point
represents a minimum resolution for a perfect
detector with a reasonable tower geometry.

(¢) Same as (b) with the addition of energy reso-
lution in the calorimeter cells of 0.3/vE & 0.02
for individual hadrons and 0.15/vE @ 0.01 for

photons and electrons.

(d) Same as (c) with a hadronic calorimeter resoiu-
tion of 0.5/vE @ 0.03.

(e) Same as (¢) with a hadronic calorimeter resolu-
tion of 0.7/vE ® 0.04.

(f) Same as (d) with an electromagnetic calorimeter
resolution of 0.25/VE.

(g) Same as {d) with calorimeter noncompensation
corresponding to the extreme limit of the accept-
able range defined in Table 1, namely e/h = 1.3.
The resulting overall constant term of about 4%
in the hadronic energy resolution is in addition to
the 3% constant term introduced in (d) for each
hadron. The nonlinear response of the hadron
calorimeter due to imperfect compensation is sim-
ulated using an ansatz of Groom[70]. We empha-
size that this represents an extreme, and that we
are striving to achieve much better compensation.

In Fig. 33 and Fig. 34, the first two points can be
understood as successively adding effects that arise
from the physics process and the irreducible parts
of the measurement process, and do not reflect the
specific capabilities of the SDC calorimeter. The
remaining points illustrate the effect of calorimeter
parameters that span the range of calorimeter perfor-
mance being considered by the SDC. The dominant
contribution to the mass resolution does not come
from the detector but from clustering and other ef-
fects. In the case of low p; Z’s the mass resolution
is dominated by clustering, the fluctuation of energy
outside the R = 0.7 cone and by fluctuations of the
underlying event. A perfect detector can measure
the Z mass with a resolution of about 9%. Detector
induced effects worsen this resolution by at most a
factor of 1.25. In the high p; Z case, most particles
are well contained in the cone and the minimal res-
olution is about 6%. Detector induced effects may
worsen the resolution by about a factor of 1.2. In
the case of the Z’, the detector-dependent contribu-
tions are negligible for high p: and small for low p¢
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except for the effect of the extreme e/A value intro-

/" “uced in (g) above, which worsens the resolution by

sbout a factor of 1.5. The Z''s have worse resolu-
tion at high p; than at low p; because of the larger
role played by angular resolution effects.

Several other issues have also been studied for
their effect on the mass resolution for conditions (d).
The results presented above include the effects of the
solenoid field. The magnetic field acts to spread jets,
removing some energy from the clustering cone, and
also changes the direction of the energy flow within
the cone. At low p;, the detector-independent fluc-
tuations dominate and the degradation in resolution
with a magnetic field is negligible, within the statis-
tics of our present simulation. At high p;, the mass
resolution is degraded by at most a factor of 1.2.

The segmentation of the calorimeter influences
the angular resolution and hence the mass resolu-
tion. Previous studies have shown a weak depen-
dence of the mass resolution on segmentation(71].
We have confirmed these previous studies. Chang-
ing the calorimeter segmentation in the range from
6.03 to 0.15 causes less than a 15% change in the
mass resolution for any of the cases. Finally, setting

7 a p; threshold of 1.0 GeV/c (instead of the norminal

.1 GeV/e) to attempt to reduce the effect of the
underlying event, has no effect for high p; Z’s or on
2"s at any p¢, but degrades the mass resolution by
about a factor of 1.3 for low-p; Z’s.

Conclusions

From these studies we conclude that the intrinsic
effects of jet clustering, jet fragmentation uncer-
tainties and fluctuations in the underlying event
dominate the mass resolution for both low and high
Pt Z and Z’ production for the range of calorime-
ter performance under investigation by the SDC.
The physics study of top quark detection through
multi-jet mass reconstruction (Section 4.3) confirms
this conclusion. For some conditions in which the
intrinsic fluctuations are very small (low p; 2’ for
example), extreme e/h deviation from unity pro-
duces detectable degradation. We believe that the
design goals given in Table 1 represent a reasonable
match to the requirements suggested by the analysis
described here.

(4
/-\4.5. Z! of mass 4 TeV

Jemonstirate the acceptance and resolution (not the
abslity to run at eztremely high luminosities) of the

Physics capabilities

lepton detector by a study of a Z' with a mass of
4 TeV. Show a measurement of the mass and asym-
metry for 1000 produced Z' — ete~, uTu~, v~
each.

To answer this question we assume that the Z’
has the same couplings to quarks and leptons as the
standard model Z. Such a 2’ has a larger produc-
tion cross section than the Eg Z, discussed in the
Eol{69]. In this study we have required that 1000
events be produced in each of the ete™, ptu~, r+r~
channels with the invariant mass of the lepton pair
in the range Mz £ I'z:, where 'z is the full width
of the Z' (112 GeV in our model). The running time
to collect these events at £ = 1033 cm~2s~! would
be about 10 years; therefore, such a heavy object
can only be explored in detail with higher luminosity
running of the SSC. To answer the question as posed,
we assume the detector performance expected at the
nominal SSC luminosity, as defined in Section 4.1.
More details of this analysis can be found in Ref. 72.

The Z' Mass and Width Measurements

Figure 35 shows the invariant mass spectra for
e*e and ptp~ pairs from the Z’ as well as the back-
ground from continuum Drell-Yan processes. There
are no other relevant backgrounds.* The pseudora-
pidity coverage of the SDC detector corresponds to
a geometrical acceptance of 86% for the the ete™
and u*p~ modes. In the e*e channel, the mass
resolution of the detector is less than the natural
width of the Z’ so that the mass and width can both
be measured. For the 1000 event sample shown in
Fig. 35(a), after deconvoluting the resolution of the
detector we obtain an error on the mass of £3 GeV
and an error on the width of £7 GeV.

The peak in the u channel, shown in Fig. 35(b),
enables a measurement of the Z’ mass with an error
of £10 GeV. The resolution in this channel is clearly
not good enough to obtain information concerning
the width. Universality is tested by comparing the
event rates in the ete~ and p*yu~ channels, cor-
rected for the difference in resolution for the two
channels. The two plots shown in Fig. 35(a) and

*The absence of serious backgrounds for high p:
dileptons has been demonstrated in the UA1l [73],
UA2 [74], and CDF [75] experiments. The ra-
tio of the Z’ cross section to QCD background at
the SSC is similat to the ratio of Z production to
QCD at current collider energies.
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Fig. 35(b) give 993 and 904 events in these chan-
nels respectively if we sum over dilepton masses in
the range 3 TeV < My < 5 TeV. In the absence of
the Z’' these values would be 38 and 41. The dom-
inant error in this measurement of ¢/u universality
will be the 4.5% statistical error.

The situation is more complex for the =7~
channel. Pairs of isolated tracks from the decays
T — evy, T — uvv, and 7 — 7 can be exploited.
The e*e~ final state (but not the u+u~ final state)
can be used because we can eliminate events where
the invariant mass of the eTe™ pair is between
3.7 TeV and 4.3 TeV, so that the direct decay
Z' — ete” is excluded. The missing-F; requirement
below eliminates the e*e™ Drell-Yan background. In
the case of electrons and hadrons we require that
the energy measured in the calorimeter (EF) and
the momentum measured in the tracking (p) satisfy
E/p < 1.15. In the case of muons, we require that
there be less than 5 GeV in a cone of radius R = 0.4
around the muon direction.

There is an irreducible background from the Drell-
Yan production of v pairs and from leptons produced
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FIG. 36. The rate for the production of ee, eu, e,
px and nr final states from the process Z’' — r for
a Z' of mass 4 TeV. Each pair is required to have a
two track invariant mass My > My. The integrated
rate is shown as a function of My. The tracks are
required to have p; > 200 GeV/e, to be back-to-
back within 30° and to satisfy the cuts described
in the text. The events are also required to have
missing-E; of at least 100 GeV in the transverse
plane within 30° of either track. Shown separately is
the background from ¢? production with M;qp = 150
GeV (dotted), the Standard Model prediction for
Drell-Yan production of 7 pairs (dot-dashed) and
QCD jet production (dashed).

in the decays of W’s from #f events. For a 4 TeV Z,
it is possible to reduce the t# background consider-
ably by requiring that the tracks have high p¢, that
the invariant mass of the two tracks be large, that
they be almost back-to-back in azimuth, and that
there be missing-E; with an azimuthal angle close to
that of one of the tracks. Figure 36 shows the inte-
grated invariant mass distribution for ee, ey, em, um,
and 77 events where the particles are required to to
satisfy the above cuts and to have p; > 200 GeV/ec.
We have also required that there be at least 100 GeV

of missing-E; and that the missing-FE; vector in the

transverse plane be within 30° of either track. The
rate is shown as a function of the minimum invariant
mass of the two-track system (Mp:). The estimated
backgrounds from Drell-Yan production of 7 pairs
and from £ events (assuming a top mass of 150
GeV) are shown separately.

There is an additional background from dijet

events where both jets fragment into isolated parti-
cles. This is rare but the jet rate is very large. Asin
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the previous answers, the dijet cross section has been

_— multiplied by a factor of 5 x 10~* per jet (2.5 x 1077

per event) to account for the probability that both
jets fragment into leading particles that carry almost
all of the energy of the jets. This value is deduced
from the CDF results discussed in Section 4.2, and
we note that the fragmentation function at large
z should decrease with increasing jet E; and thus
the CDF estimates should be taken as an upper
bound, making our background rejection factor con-
servative, The tracking and calorimeter systems will
enable the fragmentation function to be measured
over a range of jet energies, testing this assumption.

It is clear from Fig. 36 that if M > 1400 GeV,
the rate for Z’ events exceeds that of the # back-
ground. There are 160 signal events in this range.
We emphasize that the top mass and decay prop-
erties will have been measured in SDC, and hence
the t background will be precisely known. There-
fore, we expect a statistical error on the ratio
BR(Z' — r7)/BR(Z' — e*e™) of 8%. This error
could be improved by accepting a larger fraction of
the tau decays. In order to accept all 1-prong decays
we would have to relax the E/p cut and study the re-
sulting jet rejection. This requires further study, but
could reduce the statistical error by a factor of 1.5.

The Z' Asymmelry Measurement

By measuring the asymmetry in the leptonic de-
cays, one can gain information on the helicity struc-
ture of the couplings of the Z’. Events are selected
for which the Z’ has substantial longitudinal mo-
mentum. Since the large-z part of the distribution
for a proton is more populated by quarks than
antiquarks, for sufficiently large Z’ longitudinal mo-
menta, the quark (antiquark) that produced the 2’
is likely to have been moving in the same (oppo-
site) direction as the Z’ itself. If the couplings of
the quarks to the Z’ violate parity, the Z’s will be
produced with a preferred helicity. If the leptonic
couplings also violate parity, then by determining
the lepton sign one can determine an asymmetry:

_ Jo dcos@* dN/dcos8* — J2, dcos§* dN/dcos8"
Js dcos§* dN/dcosé* + [, dcos§* dN/dcos*

where #* is the angle, measured in the center of mass
frame of the Z’, of the negatively charged lepton with

/7~ respect to the direction of motion of the Z’ in the lab.

These angular distributions, plotted in Fig. 37(a)
and Fig. 37(b), clearly show a small asymmetry,
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FIG. 37. The angular distribution, dN/dcosé*, of
the (a) e~ or (b) u~ in the center of mass frame
of the ete~ or g*tu~ pair for dilepton pairs. The
mass of the pair is required to be between 3 and
5 TeV and the pair to have momentum along the
beam direction of at least 1 TeV/c measured in the
lab frame. The value 6* = O(x) corresponds to the
case where the e~ or p— is parallel (antiparallel)
to the direction of motion of the pair. The mea-
sured charges of the leptons are also required to
have opposite signs.

as well as a drop in the detector acceptance for
[cos 8*] > 0.8. In making these plots we have selected
events where the invariant mass of the reconstructed
dilepton pair is between 3 and 5 TeV, where the
longitudinal momentum along the beam direction of
the pair is greater than 1 TeV/c, and where the
leptons are measured to have opposite signs. There
are 741 (707) events in these plots for the electron
(muon) channel. The loss of events from Fig. 35 is
due almost entirely to the Z’' momentum cut. In
96% (99%) of the events in the electron (muon) plots
the charges of both particles are measured correctly.

The asymmetry is dependent upon the invariant
mass of the dilepton pair due to interference effects
between the photon, Z, and 2’ propagators. For the
couplings that we are using, and for a dilepton mass
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FIG. 38. (a) Same as Fig. 37(a), except the ete~
pair is required to have its mass between 1 TeV and
2 TeV. (b) The angular distribution of the nega-
tively charged track of the events from Fig. 36 where
the two tracks are required to have an invariant
mass greater than 1400 GeV. The angle is measured
in the frame where the tracks are back to back. The
value 8" = 0 corresponds to the case where the neg-
atively charged track is paralle! to the component of
momentum aiong the beam direction as measured in
the lab frame. The 3 of the boost from the lab frame
to the back to back frame is required not to be in
the range —0.24 < 8 < 0.24. The measured charges
of the tracks are also required to have opposite signs.

equal to the Z’' mass, we have an asymmetry

A= %ze(fuxu + fdzd) .

where f, (fg) is the fraction of Z' produced from
the annihilation of charge 2/3 (1/3) quarks and
Z., Ty and 74 depend on the helicity structure of
the Z' couplings. Since z, x 1 — —4sin?fy, the
expected asymmetry is very small (5.2%) in this
model. Larger asymmetries are expected in other
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models; the Z, has an asymmetry of 11%, and the
Egs Z' with cosax = —0.6 has an asymmetry of —16%
(see Ref. 69). We obtain an error on the asymmetry
of §A = +5% for the event samples shown in Fig. 37.

Due to interference effects the asymmetry is larger
for Mo+~ < Mz:[76). To illustrate this effect we
show in Fig. 38(a) the angular distribution for ete™
events with 1 TeV < M+~ < 2 TeV. In this mass
range the asymmetry is 27%. The statistics in
Fig. 38(a) are comparable to those in Fig. 37(a),
and the asymmetry in Fig. 38(a) is measured with
an error of 4%.

Measurements of the asymmetry in the 77 mode
are more difficult due to the limited statistics in the
channels that we observe. However, the direction of
the 7 and its sign are both determined by the direc-
tion and sign of the e, u, or 7 from its decay. These
particles have less momentum than the electrons
produced from the direct decay of the Z’, and hence
their charges are well measured. Events are selected
from those in Fig. 36 by requiring that the invari-
ant mass of the two tracks be greater than 1400
GeV. These events are then boosted back along the
beam direction to the frame where the two tracks
are back to back. Events are rejected if the § of this
boost is in the range —0.24 < 8 < 0.24 in order to
ensure that the decaying Z’ have a nonzero longitu-
dinal momentum. The resulting angular distribution
is shown in Fig. 38(b). The expected asymmetry
is 10%, and the statistics correspond to an error
of £10%. While most of the events in Fig. 38(b)
arise from My, ~ Mz, there are a significant num-
ber with M., < Mgz:. Hence the asymmetry shown
in Fig. 38(b) is intermediate between those shown in
Figs. 37(a) and 38(a).

Conclustons

The SDC detector is able to measure the mass and
width of the Z’ in the e*e™ channel with errors of
+3 and %7 GeV respectively. In the muon channel,
the mass is measured to 10 GeV. Electron/muon
universality can be probed with an error of 5%, and
the asymmetries in these two channels measured
with a statistical precision of 5%. In the case of 7’s,
we are limited by background from the #f final state,
but we can measure e/7 universality with an error
of 8%, and the asymmetry with an error of 10%.
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5. Organization and management
of the collaboration

The organization and management of the SDC are
discussed in some detail in Chapter 8 of the Eol. An
updated list of the principal officers of the SDC, the
membership of its Executive Board, and the chair-
persons of the various technical steering committees
are shown in Table 10. The Executive Board is
elected by the collaborators and provides the scien-
tific direction of the experiment in concert with the
spokesperson. The Technical Board consists of the
spokesperson, deputy spokespersons, technical man-
ager, co-chairpersons of the steering committees, and
other individuals appointed by the spokesperson.

The technical steering committees have provided
the leadership in moving toward our reduced-scope

Organization and management of the collaboration/Budget request

detector design, with general guidance given by the
Technical Board. They have the major responsi-
bility for leading the SDC in its task of making
technological choices on a schedule that allows max-
imum latitude for R&D progress compatible with
being ready at SSC turn-on. As respomnsibility for
the R&D program moves to the SDC, these commit-
tees will have the task of recommending priorities
for that program to the Executive Board, Technical
Manager, and Spokesperson.

For issues that cross subsystem lines, or that re-
quire specialized knowledge, the spokesperson and
technical manager will appoint ad hoc task forces
with well-delineated charges. This procedure has al-
ready been used to good effect in the selection of
the magnet style.

- Table 10
Management of the Solenoidal Detector Collaboration

SPOKESPERSON:
G. Trilling (LBL)
DEPUTY SPOKESPERSONS:
G. Bellettini (University of Pisa)
D. Green (FNAL)
T. Kondo (KEK)
TECHNICAL MANAGER:
M. Gilchriese (LBL)
CHAIRPERSON OF INSTITUTIONAL BOARD:
T. Kirk (ANL)

CHAIRPERSONS OF TECHNICAL
STEERING COMMITTEES:
Calorimetry
A. Maki (KEK)
L. Nodulman (ANL)
J. Siegrist (SSCL)
Computing and analysis software
K. Amako (KEK)
A. Baden (Univ. Maryland)
L. Price (ANL)

Detector integration end ezperimental facilities

J. Cooper (FNAL)
R. Kadel] (LBL)
Electronics, data acquisition, and trigger
M. Campbell (Univ. Michigan)
A. Lankford (Univ. Calif. Irvine)
W. Smith (Univ. Wisconsin)
Y. Watase (KEK)
H. H. Williams (Univ. Pennsylvania)
OTHER MEMBERS OF TECHNICAL BOARD:
R. Hubbard (CEN Saclay)

ExecuTIVE BOARD:
D. Bintinger (SSCL)
S. Errede (Univ. Ilinois)
G. Feldman (Harvard Univ.)
E. Gabathuler (Univ. Liverpool)
G. Hanson (Indiana Univ.)
K. Kondo (Tsukuba Univ.)
S. Mori (Tsukuba Univ.)
Y. Nagashima (Osaka Univ.)
T. Ohsugi (Hiroshima Univ.)
L. Price (ANL)
R. Ruchti (Univ. Notre Dame)
A. Seiden (Univ. Calif. Santa Cruz)
R. Thun (Univ. Michigan)

Muon systems

G. Feldman (Harvard Univ.)

S. Mori (Tsukuba Univ.)

R. Thun (Univ. Michigan)
Physics and detector performance

K. Einsweiler (LBL)

L. Price (ANL)

Y. Takaiwa (KEK)
Superconducting magnets

R. Kephart (FNAL)

A. Yamamoto (KEK)
Tracking

J. Elias (FNAIL)

W. Ford (Univ. Colorado)

T. Ohsugi (Hiroshima Univ.)




Budget request

Collaboration membership

The proposers listed on this Lol are PhD physicists
who commit substantial fractions of their research
time to the work of the Collaboration plus a num-
ber of engineers whose efforts are almost entirely
devoted to this effort. The institutional membership
consists of U.S. and foreign universities, laborato-
ries, and institutes, each of whom must have at least
two members. We also have a number of associated
industrial collaborators who bring to the Collab-
oration their specialized technical and generalized
manufacturing experience.

Applications for memberships in the SDC are
made on an institutional basis. New institutions
apply to the Institutional Board (IB) whose mem-
bership consists of one representative per institution.
Each potential new member institution provides a
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list of proposed members and a statement of their
scientific and technical areas of interest in the work
of the SDC. This information is circulated to the IB
for comment. Following this comment period, a vote
is taken with one vote per institution. Acceptance
follows immediately if there is a favorable majority
of all institutions and the negative vote, if any, is no
greater than 10% of all institutions. If these condi-
tions are not met, the issue is carried for decision to
the next IB meeting. Thus far, no institutions have
been rejected for membership in the SDC.

Member institutions of the SDC may add individ-
ual members at their own discretion provided that
they meet the criteria defined above. Individual
physicists from nonmember institutions may become
full members of the SDC by establishing a formal
association with a member institution.

6. Budget request

Our budget request for the remainder of FY1991
is very similar to that presented in the Expression
of Interest with the following major differences:

1. Funds for design of superconducting air-core
toroids have been eliminated;

2. Funds to support video conferencing have been
eliminated; and

3. The $500K of funds already allocated to the SDC
have been subtracted on a task-by-task basis.

Our total funding request for the remainder of
FY1991 is $5210. The request is presented by task
and by institution in Table 11. We have divided
the project reserve into two categories: contingency
and R&D. Although most of the R&D for the
SDC in FY1991 will be supported directly by the
DOE/SSCL under the major subsystems R&D pro-
gram or by other means, we anticipate the need for
some modest R&D directed by the SDC. Subsequent
to actions by the Program Advisory Committee and
the SSCL in response to major subsystems R&D
proposals and this Lol, we would expect to present

a more detailed plan for dispersal of these funds to
augment existing R&D in critical areas. As was ex-
plained in some detail in the Eol, the remainder of
the funds are to support design integration of the
detector subsystems and of the overall detector, and
to support cost and schedule estimates.

We expect to begin formal construction of the
SDC detector in FY1993. Therefore, preconstruc-
tion funding will be needed not only in FY1991 but
also in FY1992. We assume that most of the R&D
needed for the SDC detector in FY1992 (and be-
yond) will be supported under the auspices of the
SDC rather than under the major subsystems R&D
program. We are planning to formulate an R&D
plan by late summer or early fall of 1991 summa-
rizing the R&D progress made by members of the
SDC and presenting a detailed request for FY1992.
Clearly we are not now in a position to present de-
tailed budget numbers for FY1992. Nevertheless we
have made a preliminary estimate, in the framework
of the SDC Level 3 WBS, for FY1992 funding (US
only) that may be used for planning purposes. This
is shown in Table 12 along with the FY1991 request
(in the Level 3 WBS framework) for comparison.
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Table 11 Table 12
VN Budget f . .
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