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1. Introduction

1.1. Brief history

The Solenoidal Detector Collaboration (SDC) grew out of several initially independent U.S. efforts
concentrated at LBL, ANL, and FNAL, all of them with strong university participation, and the
simultaneous activities of a number of Japanese high-energy physicists who organized and participated in a
series of workshops in Japan. All of these studies were aimed at the design of a solenoidal detector for doing
high-p, physics at the SSC. At a workshop held in Fermilab in September 1989, the various groups, finding
much commonality in their designs, decided to combine their activities and form a single collaboration to
prepare an Expression of Interest (Eol) for submission to the SSC Laboratory. A governance document was
drafted, discussed and modified at the first collaboration meeting in December 1989, and ratified shortly
thereafter. '

The SDC submitted its Eol in May 1990, presented its design concept to the SSCL PAC in June,
and responded to ensuing PAC questions in July. The SSCL responded by requesting proponents of large
high-p; detectors to combine forces where appropriate and to submit Letters of Intent (LoI's) by the end
of November. The SDC submitted its Lol, and made its verbal presentation to the PAC in December. In
January 1991, the SDC detector was approved to proceed to develop a full Technical Design Report.

When the SDC was initially formed in 1989, it sent out a letter to the international HEP community
inviting interested collaborators to join. Since the birth of the Collaboration, a large number of
new institutions from both inside and outside the U.S. have joined the SDC. The present numbers of
collaborators, including physicists and engineers, are about 525 from within the U.S. and 330 from outside
the U.S. These numbers have been growing continuously, and some further growth is likely.

1.2. Motivation

The term “solenocidal detector” refers to a substantial cylindrical volume, concentric with the beam,
surrounded by a solenoid coil and filled with tracking detectors. This system is capable of measuring
precisely the momenta of charged tracks emitted from the interaction, within the detectors’ very large angular
acceptance. On the outside of the solenoid is a hermetic calorimeter with fine-sampling electromagnetic
sections and somewhat coarser hadronic compartments, and with a special finely segmented detector near
electromagnetic shower maximum. One of our major goals is to have excellent electron identification, and
precise measurement of the energies of isolated electrons and photons. To avoid degradation of these energy
measurements, the solenoid coil is designed to-be very “thin,” and through special weighting of the signals
from the first calorimeter detection layer, we expect to reduce even further any such degradation. Outside
the calorimeter is an extensive muon system, including magnetized iron toroids, tracking chambers and
scintillation counters, to provide muon identification, trigger capability, and in combination with the inner
tracker already mentioned, excellent momentum resolution. The precision calorimetry and tracking systems
extend to pseudorapidities of 2.5, and more coarse hadronic calorimetry goes out to pseudorapidities of 6,
to allow detection of non-interacting neutrals through the measurement of overall missing transverse energy.

This detector design builds upon the successful CDF experience. Its aim is to enable the measurement
of the largest possible number of independent quantities for each trigger event. These include e/u
identification, sign of charge and energy measurement, detection and measurement of isolated photons,
measurements of jet energies and directions, identification of jets with b-hadrons, determination of charged
particle multiplicities, and detection of non-interacting neutrals. It is the ability to combine all these
elements of information simultaneously for a given event that gives the SDC detector its unprecedented
power, both in the ability to establish (rather than just suggest) new unexpected phenomena and in
the redundant identification of interesting processes predicted by present models. If past experience with
collider detectors (both hadron and electron-positron) has shown anything, it has demonstrated abundantly
that with multiple independent capabilities, a detector is far better than the sum of its parts or subsystems.
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Since the expected ratio of interesting events to backgrounds is far smaller at the SSC than in present
colliders, we shall need all the capability that we can provide.

Clearly the design choices for such a detector always represent a balance between physics needs and
available resources. The twenty-fold increase in energy and nearly 1000-fold increase in luminosity relative to
the present Tevatron experience introduce unprecedented demands on speed-of-response, pattern recognition
capability, excellent momentum resolution, and segmentation adequate to identify fine structures. We
wish to measure quarks and gluons (jets), leptons, photons, and.individual hadrons. There must be
superb monitoring and calibration capability to ensure proper performance of all subsystems. The HEP
community cannot afford many such detectors, hence the detector must be sufficiently robust and resistant
to radiation damage to promise good performance over many years. Finally the potential for luminosity
increases beyond the design value of 1032 cm~25~! must be considered. The detector must be capable, with
manageable modifications, to operate at higher luminosities up to 103 cm—2s~! with sufficient functionality
to attack those physics problems whose study requires the higher luminosity. We believe that the proposed
detector meets all these qualifications. Furthermore, in defining the scope of this detector and doing
cost/performance optimization, we need to differentiate between scope reductions which, if the need arises,
can later be removed through upgrades, and those other scope reductions whose effects remain forever.
Among the latter are such issues as central tracking volume, iron toroid thickness, calorimeter depth
etc. Even though savings can be achieved through reductions in those parameters, we believe that such
reductions below the levels proposed in this document would lead to unacceptable technical and performance
risks. We attempt in the detailed subsystem chapters of this Report to justify these parameter choices.

1.3. Technological choices

When the SDC detector was first presented in the Eol, there were listed five potential technologies for

the central calorimetry, two for the outer central tracking (where yet another choice was a hybrid of the

- two), etc. The R&D programs sponsored by the SSCL, beginning with the generic R&D and continuing

with the large subsystem efforts, eventually leading to the present detector-specific R&D activities, provided

much of the technical bases for making informed choices. The criteria for choosing particular technologies

include feasibility, adequacy of performance, survivability, acceptable technical risk, affordable cost, and
finally the strong interest of members of the SDC to build with the chosen technology.

Many of the technological choices for the SDC detector have been made, although a few still remain for
which the options have been narrowed but the final choice has not beer made. The decision process in most
cases involved the definition of requirements for the systems in question, the preparation of Conceptual
Design Reports by the proponents of the various technologies, oral presentations, recommendations by a
technically well qualified ad-hoc review committee, review and recommendations by the SDC Technical
Board to the Collaboration and final ratification by the SDC executive Board.

For those areas where multiple technological options still exist, continuing R&D on the several options
will be required to provide an improved technical basis for a decision. The delays involved do not impact
the overall detector schedule.

1.4. The collaboration

From its inception, the SDC has involved a close partnership between physicists from the U.S. and
physicists from other countries. The original steering committee which wrote the draft bylaws had British,
Italian, and Japanese as well as U.S. members. Over the last two years, additional groups from the U.S.
and from Brazil, Canada, China, France, Israel, Italy, U.K., and also from countries in the former Soviet
Union and from Eastern Europe have joined the collaboration. These groups provide essential inteRectual
capital, and important financial resources. Given the limited detector resources available through the SSC
Project, the SDC needs to add to those resources as extensive in-kind contributions as possible from its
non-U.S. members if it is to produce a detector with all the needed capabilities.
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In the preparation of the Eol, Lol, and Technical Design Report, the SDC governance has been exercised
through the Spokesperson, Acting Project Manager/Technical Manager, three Deputy Spokespersons, and
three different bodies (Boards) with separate roles. The Institutional Board, with one representative
per collaborating institution, deals with general issues of collaboration membership, and the conduct of
elections for the Executive Board. The latter which presently consists of 17 elected members of the SDC
deals with all issues of scientific policy, approves all important appointments to positions of responsibility,
and also approves major technical decisions. Finally the Technical Board, appointed by the Spokesperson
and Project Manager with the approval of the Executive Board, consists principally of the leaders of the
subsystem activities as well as other experts, and recommends on all major technical and technological
decisions. Clearly as the project moves to the construction phase, a new management organization must be
put into place to oversee the final design and fabrication of the detector.

1.5. Summary

The last two years have seen increasingly intense efforts by the SDC to design a detector adequately
matched to the immense opportunities opened up by the construction of the SSC. While its design has
drawn on recent experience with the Tevatron, the large increases in both energy and luminosity require
an instrument vastly more ambitious than any built in the past. By requiring excellent capabilities in
tracking, calorimetry, and muon systems, the SDC believes that its proposed detector embodies maximum
redundancy, an essential feature for establishing rare new phenomena in an ocean of backgrounds.

The process of establishing potential responsibilities for non-U.S. collaborators is well under way, but
formal approval from the relevant funding authorities will still take some time. The specific apportionment
of U.S. responsibilities among national laboratories and universities should be accomplished over the next
year.

Given adequate support, the SDC is prepared to meet the schedule of collider turn-on for physics in
late 1999 with a detector properly matched to the SSC opportunities and a team ready to exploit the
physics.
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2. Summary and overview of the detector

In this section we present an overview of the detector, summarize its major parameters, and provide
examples of its physics capabilities. A few options remain open for some of the detector subsystems, and
the detailed design has not yet been completed for any of the subsystems. To proceed with a comprehensive
cost estimate, we have defined a preliminary baseline detector with a single choice for each subsystem
option, even when alternative options are still present in our design. These choices are indicated in the
sections below. Detailed descriptions of the detector subsystems, including the alternative options where
appropriate and performance summaries, are given in later chapters.

2.1. Summary of detector parameters

A detailed parameters list for the preliminary baseline detector and its options is contained in Ref. 1.
An isometric view of the baseline detector configuration is shown in Fig. 2-1. A sophisticated tracking
system surrounds the interaction point. The tracking system consists of an inner silicon tracker and an
outer tracker. Two options are presently under consideration for the outer tracker:

1. A straw-drift-tube barrel tracker covering || < 1.8 together with an array of gas microstrip detectors
covering the region 1.8 < |n| < 2.8 (baseline option) or

2. A scintillating fiber tracker option covering || < 2.3.

The tracking system is contained within a superconducting solenoid that provides a peak field at the
interaction point of 2.0 T. The solenoid and tracking system are surrounded by hermetic calorimetry. In the
central region, |g| < 3, this calorimetry consists of scintillating tile and wavelength-shifting fiber readout
with lead (electromagnetic section) or iron (hadronic sections) absorbers. A fined-grained shower-maximum
detector is contained in the electromagnetic section of the central calorimeter to aid in electron and
photon identification. The central calorimeter is divided into a barrel section (|5| < 1.4) and two endcaps
(1.4 < |g| < 3). Hermeticity is completed by forward calorimeters covering 3 < |n| < 6 at both ends of
the detector. High-pressure gas ionization readout or liquid scintillator in tubes are the options under
consideration for this region. A large system of magnetized-iron toroids, wire chambers and scintillation
counters for muon identification and momentum measurement surrounds the calorimetry. Muon triggering
and identification for |n| < 2.5 are provided by this system and muon momenta are precisely determined
by a combination of measurement in the central tracking system and by deflection measurements in the
iron toroids. The high data rates at the SSC require a very sophisticated electronics plant. In general,
front-end circuitry is located either on or very close to the active detection elements for all systems to
preserve high-rate capability. ‘Data are stored locally on the detector and then shipped via high-speed
optical fiber links to the data collection point located on the surface above the interaction hall. Data are
stored, discarded or transmitted in response to trigger signals from a three-level trigger system. The Level 1
system provides triggers within 4 us of an event, and the Level 2 system within about 50 us. The Level 3
trigger is formed by an extensive array of parallel processors controlled by high level software to select
events for permanent storage. An online computing and control system monitors and controls the detector.

Elevation and end views of the detector are shown in Figs. 2-2 and 2-3, respectively. The detector sits in
a pit in the interaction hall and is supported by a jacking system to accommodate floor movements during
installation and operation. The central calorimeter is also supported by an hydraulic jacking system to
allow small movements and adjustment independent of the barrel toroid. The superconducting coil and the
tracking system are attached independently to the barrel calorimeter. Electronics for the tracking system
and central calorimeter are located in crates on the back of the calorimeter. Access to these electronics
is obtained via pathways on either side of the forward muon system. The endcap calorimeters may be
retracted by about 1.2 m for access to the tracking system. The bulk of the forward muon system remains
stationary and only the chambers FW1 (Fig. 2-2) move to allow the endcap to retract. Hence routine
maintenance of the detector may be performed without moving the heavy components of the forward muon
system and the delicate alignment of this system can be preserved. For major repairs or upgrades to the
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tracking system, the forward muon system components can be moved on rails and temporary bridges onto
the operating floor of the underground hall.

A summary of the major parameters of the detector is given in Table 2-1.

2.2. Tracking system

The preliminary baseline tracking system is composed of an inner silicon tracker, a barrel straw-tube
tracker and a gas microstrip intermediate tracker. A schematic drawing of the baseline configuration is
given in Fig. 2-4. We are also considering the option of an all scintillating-fiber layout for the outer tracker,
as shown in Fig. 2-5. The parameters of the preliminary baseline configuration and of the scintillating fiber
option are summarized in Table 2-2. Each of the elements of the tracking system is described briefly below.

2.2.1. Sili ]

The silicon tracker consists of approximately 17 m? of instrumented silicon strip detectors. The silicon
tracker is composed of a barrel region consisting of eight cylindrical layers of double-sided silicon strip
detectors, which provide axial and small-angle stereo measurements. Thirteen double-sided disk detector
arrays on each side of the barrel complete the system. Each double-sided detector is about 300 pm thick
and has a strip pitch of about 50 pm. The detectors and the on-board electronics are mounted within a
low mass, highly precise space frame. This structure is in turn enclosed by a thin double-walled vessel,
since cooling of the electronics heat load is provided by evaporating butane. We are considering the
implementation of the two innermost layers as pixel devices as a possible option or upgrade, if research and
development indicate the feasibility of doing so at a reasonable cost.

The silicon tracker covers the rapidity range [n| < 2.5, and is the key element for pattern recognition
within the tracking system. In combiration with the outer tracker, the track finding efficiency for isolated
tracks (e.g., leptons from standard Higgs particle decay) is near 100% over the entire rapidity range at
design luminosity. The silicon tracker also provides the ability to reconstruct, with good efficiency, tracks
of p; above a few GeV/c even within jets of transverse energies up to a few hundred GeV. The presence
of b-hadrons may be tagged with reasonable efficiency from the displaced vertices produced by their weak
decays.

The silicon tracker does not contribute to the Level 1 trigger, but is used in the Level 2 trigger to
provide precise information in ¢ and in p, for combination with calorimetric information or data from the

muon system.

At the design luminosity, the expected lifetime of the silicon tracker, including the on-board electronics,
ranges from about 10 years at the innermost radius to about 100 years at the outermost radius.

2.2 2. Straw-tube barrel tracker—baseline

We have chosen a straw-tube barrel tracker for the preliminary baseline configuration because its
performance is relatively well understood. At the present time, we believe that the combination of the
established drift tube technology together with the new gas microstrip technology has lower risk than an
all scintillating fiber option for the outer tracker. The status of all three technologies will be reviewed in
depth in early August 1992 to determine if a final baseline design can be selected.

The layout of the straw-tube barrel tracker option has already been shown in Fig. 2-4. The 4 mm
diameter straw tubes are contained in carbon-fiber-foam modules that provide a precise and rigid structure
to both locate the straws and maintain the wire tension. The modules are located precisely on machined
composite rings supported by carbon-fiber-foam composite cylinders. The cylinders are supported by a
spaceframe composed of carbon-fiber-epoxy elements. All structural elements have been designed to be as
low-mass as possible while still providing structural rigidity to maintain alignment tolerances. Both axial
and stereo measurements are provided by this system. A Level 1 trigger is provided by identifying high-p;
local track vectors in any two out of the three axial superlayers. Each axial (stereo) superlayer contains
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FIG. 2-4. Schematic view of baseline tracking system configuration (silicon tracker, barrel straw-drift-tube
tracker and gas microstrip intermediate tracker). Support structures and cables are not shown.
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FIG. 2-5. Schematic view of the scintillating fiber option for the outer tracker. The details of the support
structure are not shown.
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Table 2-1
Summary of preliminary baseline detector parameters.
Tracking system
Silicon tracker
Number of channels 5.8 x 108
Total active area (m?) 17
Rapidity coverage fn|< 2.5
Barrel straw-tube tracker
Number of channels 137,164
Number of superlayers 5
Rapidity coverage Inl <18
Gas microstrip intermediate tracker :
Number of channels 1.4 x 10°
Number of superlayers (each end) 3
Rapidity coverage 18<|n|<2.8
System performance Ap;/p: @1 TeV/c p; 0.16 (n = 0), 0.60 (n = 2.5)
Calorimetry .
Barrel scintillating-tile/fiber
Number of tower channels 10,624
Number of shower-maximum detector channels 28,672
Total depth including coil (n = 0) 10 A
Total weight (metric tons) ~ 2,400
Endcap scintillating-tile/fiber
Number of tower channels (both ends) 9,728
Number of shower-maximum detector channels 18,432
Total weight (metric tons) (both ends) ~ 1,200
Total depth (n = 3) 12.1 )\
Forward high pressure gas or liquid scintillator
Number of tower channels (both ends) 1,056
Total weight (metric tons) (both ends) ~ 300
Total depth 12 )

System performance
Central calorimenter (|| < 3)

AE;/E¢|EMm ~0.14//E; & 0.01
AE;/E|uap (single ) ~ 0.60//E; & 0.04

Forward calorimeter (3 <| 7 |< 5.5)
AFE;/E:|uap ~1.0/vE; & 0.08

Muon system

Barrel toroid weight (metric tons) 16,406

Forward toroids weight (metric tons) (both ends) 4,689

Number of muon chamber channels 89,864

Number of scintillator counters 4496

System performance Ap;/p, Q1 TeV/c p; 0.11 (p=0), 0.3 (p = 2.5)

Superconducting magnet
Field (T) 2.0
Stored energy (MJ) 146
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Table 2-2

Summary of the major parameters of the preliminary baseline tracking system (silicon tracker, straw-tube
tracker, and gas microstrip intermediate tracker) and of the scintillating fiber option.

Silicon tracker
Number of channels
Number of layers (measurements on both sides)-barrel

Number of layers (measurements on both sides)-forward (each end)

Total silicon area (m?)

Power dissipated (kW)

Lifetime at design luminosity

Occupancy at design luminosity
Straw-tube tracker

Straw diameter

Number of channels

Number of axial superlayers

Number of stereo superlayers

Straw layers per superlayer

Power dissipated (kW)

Lifetime at design luminosity
Occupancy at design luminosity
Gas microstrip intermediate tracker

Number of channels
Number of superlayers (each end)
Measuring layers per superlayer
Power dissipated (kW) (both ends)
Lifetime at design luminosity
Occupancy at design luminosity
Performance of preliminary baseline option at design lumininosity

Ap:/p: (pr =1 TeV/c)

5.8 x 108
8
13
17
~T

10-100 yr (inner to outer layers)

< 0.001

4 mm
137,164
3
2
8 (axial), 6 (stereo)
~4
> 10 yr (inner layer)

0.02-0.10 (outer to inner layers)

1.4 x 10°
3
2 (radial) + 2 (stereo)
~ 30
To be determined by R&D
0.001-0.002

0.16 (n =0), 0.60 (n = 2.5)

Rapidity coverage |n|< 2.5
Isolated track finding efficiency (p; > 10 GeV/c) ~ 99%
b-hadron tagging efficiency at pg"‘ = 100 GeV/c ~ 30%
Rapidity coverage for 3o sign determination at

pirack = 500 GeV/c |nl<25

Scintillating fiber option

Rapidity coverage in] <2.3
Fiber diameter 925 pum
Number of channels 473,200
Number of superlayers 6
Measuring layers per superlayer 4or8
Number of axial-only superlayers 4
Number of axial-plus-stereo superlayers 2

Lifetime at design luminosity
Occupancy at design luminosity

> 10 yr (inner layer)

0.003-0.022 (outer to inner layers)
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eight (six) layers of straws. The modules are 4 m long or less with a termination, but no active electronics,
at the middle at || = 0.

A gas mixture of tetrafluoro-methane (80%) and isobutane (20%) is used in the straws. The mixture
provides a maximum drift time of about 30 ns, which is reasonably matched to the SSC interaction rate.
The straw-tube cathodes are very thin copper-coated Kapton, which has been demonstrated to have better
radiation resistance than aluminum cathodes. The expected lifetime of the straw-tube system, including
the front-end electronics on the ends of the straws, exceeds ten years at the minimum superlayer radius at
the design luminosity.

The pattern recognition and track finding capability of the straw system, in conjunction with the silicon
tracker, are under study and preliminary results are reported in Chapter 4. At the design luminosity,
the expected occupancy of the innermost (outermost) straw superlayer is 0.10 (0.02). Preliminary pattern
recognition studies indicate that isolated tracks, for example, leptons from standard Higgs decay, can be
found with efficiency > 97% by the combined silicon-straw system even at six times design luminosity.

2.2.3. Gas microstrip intermediate tracker—baseline

In the rapidity interval 1.8 <| 77 |< 2.8, we propose to use a new technology, gas microstrip detectors. A
gas microstrip detector (GMD) consists of fine metallic anode and cathode traces placed on a thin substrate
(e.g., glass) separated by a gap of a few millimeters from an electrode to provide a drift region. High
voltage connections are made to the cathodes, drift electrode and substrate and signals are read out on the
anodes. The anode pitch is typically a few hundred microns and in our design, varies with rapidity. The
GMD technique has spatial resolution, two-track resolution, and speed of response that are well matched
to the requirements of the intermediate tracker.

The gas microstrip intermediate tracking detector (ITD) consists of three sets of planes (superlayers)
on either side of the silicon and barrel trackers. A layer in the ITD consists of an array of gas microstrip
tiles approximately 15 cm on a side finely segmented in ¢. Each superlayer consists of two layers with
radial anodes (¢ measurements) and two layers with stereo anodes of opposite inclination to provide a local
space point. A Level 1 p;-sensitive trigger is formed from the radial layers by measuring the change in ¢
from one superlayer to the next, in coarse 7 bins defined by the tile dimensions.

Gas microstrip detectors are a new technology that has not been used extensively in previous
experiments. An aggressive international research and development program is underway to demonstrate
that these detectors can be used on the scale envisioned for the ITD and that they have adequate lifetime
for use at the SSC. The ITD resides in a region where the annual radiation dose is up to 10 krad at design
luminosity. Research and development is required to demonstrate survivability of the GMD in such an
environment. ’

2.2.4. Barrel tracker—scintillating fiber option

The layout of the fiber tracker option has already been shown in Fig. 2-5. Doublets of scintillating
fibers are precisely arrayed on the inside and outside of carbon-fiber foam composite cylinders. The
cylinders are held by a precise composite framework located at the ends of the cylinders. Both axial and
small-angle-stereo measurements are provided by the fibers. The scintillating fibers are coupled to clear
fibers that transmit the light to solid state photosensors, Visible Light Photon Counters (VLPC’s) that
are located on the outside of the central calorimeter. The VLPC’s have high quantum efficiency (up to
80%) and are located in helium cryostats to maintain the 7 K temperature required for their operation.
Electronics for the fiber tracker are also located on the back of the central calorimeter.

The scintillating fiber option has an occupancy that is significantly less than the straw-tube option
and thereby might be expected to have better performance at luminosities greater than the design value.
The trigger is implemented by correlating signals in the inner three superlayers, providing uniform trigger
coverage up to |p| < 2.3. However, there is somewhat greater material, on average, in the fiber option
although concentrations of material due to electronics and supports in the straw-tube/GMD option are
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eliminated by the design. There is also a reduction in rapidity coverage in the present fiber design, which
covers only | 7 [< 2.3.

A substantial R&D program is underway to demonstrate the feasibility of fiber readout with VLPC
arrays on a large scale. Small scale tests have been done that demonstrate the basic concept, but large
VLPC arrays with high quantum efficiency remain to be tested. Such tests are planned for 1992. The
progress of this R&D and of efforts to develop accurate fiber ribbon placement will be reviewed in early
August 1992, along with the progress in the straw-tube/GMD outer tracker. If sufficient data are available
at that time, one option will be selected.

2.3. Superconducting solenoid

The tracking system is enclosed within a thin superconducting solenoid that provides a peak field of
2.0 Tesla. The principal parameters of the solenoid are given in Table 2-3. A research and development
program is underway to verify the design of the solenoid and to make the thinnest feasible structure. This
program will culminate in late 1993 with the construction of a quarter-length full-radius prototype that can
be tested to simulate the compressive forces anticipated in the final coil.

Table 2-3
Parameters of the superconducting coil.
Inner radius of cryostat (mm) 1700
Outer radius of cryostat (mm) 2050
Total length of cryostat (mm) 8726
Mean conductor radius (mm) 1810
Central magnetic field (Tesla) 2.0
Nominal operating current (amps) 8000

Maximum temp. after quench (°K) < 100
Maximum voltage after quench (V) < 500

Stored energy (MJ) 146
Thickness at 8 = 90° 1.2 X, 0.25 A
Total weight (tonnes) 25
Cold mass (tonnes) 20
J B x dl (tesla-meters at 90°) 34

2.4. Calorimetry

The goals of the calorimeter systems are to provide electron and photon identification and energy
measurement (in conjunction with the tracking system), to measure the energies and directions of jets and
to provide hermetic coverage for missing transverse energy measurements. In the central region (|n| < 3)
we have chosen scintillation calorimetry with lead absorber and iron absorber for the electromagnetic and
hadronic sections, respectively. The scintillating detection elements are divided into tiles, each tile being
read out by a waveshifting fiber. The fibers are brought to the rear of the calorimeter, bundled, masked
and read out by photomultiplier tubes. In the forward region (3 < || < 6), we are considering two options:
high pressure gas ionization readout or liquid scintillator in small tubes. ‘
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2.4.1. Central calorimetry

An elevation view of the central calorimeter is shown in Fig. 2-6 and the parameters are summarized
in Table 2-4. The central calorimeter is composed of a barrel section, which in turn is built in two halves,
and two endcap sections. Each endcap section has a removable “hadronic plug” covering the high rapidity
region (about 2 < |g| < 3) that is most susceptible to radiation damage. In the barrel region there is a
single electromagnetic depth segment, which can be upgraded to two depth segments by rerouting fibers
and adding phototubes. In the endcap section, there are two electromagnetic depth segments to allow for
better correction of radiation-damage effects, which are more important in this region. In both the barrel
and endcap, the iron hadronic absorber is segmented into two depth compartments (HAC1 and HAC2).
The transverse segmentation is é7 x §¢ = 0.05 x 0.05 in the electromagnetic sections and 0.1 x 0.1 in the
hadronic sections, except near || = 3 where the granularity is coarser.

A shower maximum detector (SMD) composed of crossed strips of scintillator about 1.2 cm wide is
located near the shower maximum point in both the barrel and endcap regions. The SMD aids substantially
in the identification of electrons and photons by measuring the shape and location of the electromagnetic
shower. The SMD is also used in the trigger to provide correlations with the central tracker.

Both the tiles in the tower segments and the strips in the SMD are read out by waveshifting fibers
embedded in grooves located in each tile or strip. The fibers are routed to the back of the calorimeter.
For the tower segments they are bundled and masked on a fiber-by-fiber basis using filters placed between
the fiber bundle and the photomultiplier tube. This masking technique can smooth out variations from
tile to tile to provide a more uniform response in depth. The required degree of masking as well as the
responses of the tiles are determined by an extensive system of remotely movable radioactive sources that
can illuminate and calibrate all tiles. The fibers from the SMD are read out by multianode phototubes
(baseline design) or by avalanche photodiode arrays. Local electronics for the calorimeter (and the central
tracker) are mounted in crates on the back of the calorimeter to minimize the high-bandwidth cable paths.

Scintillation calorimetry has the advantage of an intrinsic speed of response that comes close to
matching the 16 ns time between crossings at the SSC. However, degradation of light output from radiation
damage is an obvious concern. At design luminosity the maximum dose at electromagnetic shower maximum
is about 6 krad/yr in the barrel region. Irradiation of electromagnetic modules in intense electron beams in
China, Japan and France have demonstrated that readily available scintillators will allow electromagnetic
energy measurements in the barrel region for about 100 years at design luminosity with little degradation
in resolution. The radiation dose varies strongly with polar angle, approximately as (1/6)%, and thus the
annual dose in the forward part of each endcap will be large. We are continuing the development of new
scintillators with increased resistance to radiation, and designing the endcap region so that the scintillator
in the region of highest dose can be removed and replaced. At the design luminosity, replacement would
be necessary every few years if new scintillators cannot be developed. Preliminary results on radiation
resistance of small samples of newly developed scintillators indicate potential lifetime improvement factors
of two or more, but large scale tests are required to validate these results.

2.4.2. Forward calorimetry

The forward calorimeter covers the rapidity range from || = 3 to about || = 6. Measurement of jet
energies and angles in this region is critical to the measurement of missing transverse energy. In addition,
tagging the presence of jets in this rapidity region may reduce backgrounds in the observation of signals
in the central detector. The energy resolution and segmentation requirements for the forward calorimeter
are not as stringent as in the central region. Table 2-5 summarizes the energy resolution and segmentation
parameters of our current design. The forward calorimeter is located about 12.5 m from the interaction
point. With the segmentation given in Table 2-5, the angular resclution provides adequate measurement of
missing transverse energy, and identification of forward jets.

Radiation doses are much higher in the forward direction, and the feasibility of operation under such
extreme conditions to a large extent determines the technologies that can be employed. Two options are
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Table 2—4
Parameters of the central calorimeter.

Barrel calorimeter EM HAC1 HAC2
Absorber material Pb Fe Fe
Number of absorber plates 29 28 15
Absorber thickness (mm) 4 23.95 53.90
Number of tile layers 30 28 15
Tile thickness (mm) 4 4 4
Depth (at |7| = 0) (not including coil) 21X, (0.85)) 4.14 A 491 A
Segmentation (dn = §¢) 0.05 0.1 0.1
Number of channels 7186 1792 1664
Barrel modules 64
Barrel weight (tonnes) ~ 2400

Shower maximum detector
Number of channels 28672
Depth in calorimeter (not including coil) 5 Xo

Endcap calorimeter EM1 EM2 HAC1 HAC?2
Absorber material Pb Pb Fe Fe
Number of absorber plates 6 17 20 11
Absorber thickness (mm) 6.0 6.0 42.0 90.0
Number of tile layers (including SMD) 9 17 20 11
Tile thickness (mm) 4 4 4 4
Depth (at | n |=3) 6.9 X(0.3)) 18.3 X(0.81) 5.04 A 5.99 A
Number of channels (both ends) 3200 3200 1536 1792
Segmentation (én = é6¢) (n dependent) 0.05-0.2 0.05-0.2  0.1-0.2 0.1-0.2
Endcap modules 64
Endcap weight (tonnes) (both ends) ~ 1200

Shower maximum detector
Number of channels 18432
Depth in calorimeter 7 Xo

Hadronic endplug
1 boundary 2
Total weight (tonnes) (both ends) 180

under consideration for the sampling medium in the forward calorimetry: -high pressure gas (about 100 atm
of argon) and liquid scintillator in glass tubes. In both cases the sampling medium may require periodic
replacement after accumulation of large doses of radiation.

2.5. Muon system

The muon system provides the capability to identify muons, trigger on them, and make independent
measurements of muon momenta. Large magnetized-iron toroids (see Fig. 2-7) cover the rapidity range
Inl < 2.5. Drift tube chambers measure the deflections of muons in the iron toroids and scintillation
counters provide a precise timing signal to tag the bunch crossing of interest. At design luminosity, the
primary muon momentum measurement in the central rapidity region is performed by the central tracker.
In the forward region, the muon system itself has better momentum measurement capability at high p;,
since the central tracker resolution is poorer at high rapidity.
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Table 2-5
Parameters of the forward calorimeter.

Technology: High-pressure gas or

Liquid scintillator
z position (mm) 12476
Inner radius (mm) 50
Outer radius (mm) 1500
Weight (both ends) 300 tonnes (approx)
Number of depth segments 2
Number of channels (both ends) 1056
Total thickness 212
Segmentation (6¢ = 67) 0.2-0.8 (1 dependent)
AE,;/Etluap ~ 1.0/vE & 0.08

The barrel iron toroid is composed of large iron segments bolted and welded together. The barrel
toroid sits on a support structure that is designed to accommodate to both long-term floor motion and
short-term motion from the movement of the remaining detector components into the toroid. The thickness
of the toroid is the minimum depth needed to provide a reasonable Level 1 trigger rate and good muon
detection efficiency.

The forward toroids are octagons with inserts to make the field as uniform as possible. Muons in the
forward direction typically have higher momenta than those in the central region and greater stand-alone
momentum measuring precision is also required. Three meters of magnetized iron is just sufficient to
provide adequate measuring power for TeV muons.

In the baseline concept, all muon chambers consist of round drift tubes with field-shaping electrodes,
which provide a near-linear time-to-distance relationship with the appropriate gas mixture (for example
Argon-CO3) and thus better spatial resolution (about 250 um) than simple drift tubes without field
shaping. In addition, the field shaping allows for two-track resolution of -about 5 mm, which is needed to
find muon tracks in the presence of electromagnetic debris created by the passage of multi-hundred GeV
muons through the iron toroids and the chamber walls. The diameter of the drift tubes is larger in the
barrel and intermediate regions, where the muon rates are lower than in the forward region. In the barrel
and intermediate regions, the chamber elements are packaged as supermodules on the surface, lowered into
the underground hall and mounted on the barrel toroid. A similar procedure is used for the forward system.
Alignment systems are used throughout to calibrate the plane-to-plane alignment to an accuracy of about
150 pm in the barrel/intermediate region and the forward region.

Measurements in the muon chamber system are primarily for determining the muon deflection in the
toroids (# measurements), but ¢ and stereo measurements are also made in barrel/intermediate region and
stereo measurements in the forward region. Stereo measurements are needed to associate tracks in the
non-bend direction. The ¢ measurements are used for pattern recognition and, in association with the
central tracker, to improve the momentum measurement precision at high transverse momentum.

A pi-sensitive Level 1 trigger is formed by measuring the track deflection due to the toroids in the outer
chamber layers (BW2/BW3, IW2/IW3 and FW4/FW5). The drift tubes are arranged to be projective
to the interaction point. The measurement of drift-time differences between selected planes provides
information related to the transverse momentum of the muon. Trigger p; thresholds can be varied by
selecting different windows in the time differences. Since the drift time in the tubes can be as much as
1 microsecond, the scintillators are used to identify the correct beam crossing. There is a single layer
of scintillation counters, each with two phototubes, in the barrel/intermediate region and two layers of
counters, each with one phototube, in the forward region, where rates are higher. We are considering
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the option of using a Cerenkov counter in the forward direction to reduce the sensitivity to neutron
backgrounds, but further study is required.

The parameters of the muon system are summarized in Table 2-6.

Table 2—-6
Summary of the major parameters of the muon system.

Toroids

Barrel Forward
Thickness (mm) 1500 2 x 1500
Total weight (tonnes) 16406 4689 (both ends)
Chambers

Barrel Intermediate Forward
Number of channels 44,376 13,248 32,240 (both ends)
Scintillators

Barrel Intermediate Forward
Number of PMT channels 3,840 640 2256 (both ends)
PMT per counter 2 2 1

2.6. Electronics systems and online computing

The general flow of data from detector elements to permanent storage is given in Fig. 2-8. Front-end
electronics will be designed to match the requirements for each distinct detector subsystem. All detector
subsystems require the design and fabrication of application-specific-integrated-circuits (ASIC’s) to meet
performance requirements for the front-end systems. Specific front-end circuits are required for the silicon
tracker, the straw-tube tracker or the fiber tracker, the gas microstrip tracker, the calorimetry and the
muon chambers. The circuitry for the gas microstrip tracker shares many features with the silicon design,
and the muon front-end circuitry is similar to but less complex than the straw-tube circuitry.

The information from the detector subsystems that is used by the trigger system is summarized in
Table 2-7. Correlations among the trigger elements at Level 1 are used to form a complex array of triggers.
At Level 2, additional information and correlations are added to reduce the rate flowing into the Level 3
processor farm. Selection at Level 3 is controlled entirely by software, which may include near-complete
event reconstruction. The data acquisition and online computing systems control the flow of data from the
detector to the Level 3 farm and its subsequent permanent storage, and provide the interface to control all
detector subsystems.

2.7. Ofﬁihe computing

The principal challenges for offline computing are the storage of and access to the vast amount of data
that will be accumulated during the operation of the experiment, and the management of the software
development for event reconstruction and analysis by the diverse international community of the SDC.
The actual processing hardware requirements of about 10° mips are probably not as challenging, but will
represent a significant investment.

The development of code for the detector is envisioned to be divided into two broad categories. First,
there will be a “kernel” of software that provides the structure to which other code may be attached. This
development requires close cooperation of a core group, including software professionals, and is envisioned
to occur primarily at the SSC Laboratory. The second category comprises the detector-specific codes that
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FIG. 2-8. Schematic representation of the data flow from the detector to permanent storage.

will be developed throughout the collaboration by physicists and a few software professionals within the
collaboration. One must start now to develop the core group at the SSC Laboratory in order to have
sufficient personnel in place to begin development of the “kernel” software in 1993.

At present, the processing hardware is envisioned to be an extension of the RISC-based multiple
independent processor “farm” or “ranch” system in existence at a number of institutions, including the SSC
Laboratory. The bulk, if not all, of this system would be located at the SSC Laboratory. Entry into this
system would be provided, as now, via individual workstations either from local area or wide area networks.

Data storage and access to data perhaps represent the most challenging problems. Automated data
storage systems containing upwards of 10* volumes will be required. More challenging is the development
of suitable databases to allow fast access to data in response to very diverse sets of interests and criteria
from the hundreds of physicists who will eventually be analyzing the experiment.

2.8. Test beams

Our plan for test-beam utilization is given in Chapter 14. The SDC plans to use test beams for
radiation-damage tests, calorimeter testing and calibration, tracking system and muon system tests. Test
beams in China, Japan, Europe, Russia and the United States, including low-energy electron beams for
radiation-damage measurements, will be utilized during the next decade for the SDC. The major effort for
testing and calibrating calorimeter modules will be done at Fermilab and eventually transferred to the test

beam facilities at the SSC Laboratory medium-energy booster.
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Table 27
Summary of detector subsystem information to be used by the Level 1 and Level 2 trigger
systems.
Level 1 Level 2
Segmentation Level 1 Segmentation Level 2
per half/end Data/bin per half/end Data/bin
Silicon — — 2048 ¢ x 6 1 5 p; bits
Barrel tracking 64 ¢ 2 p; bits 1024 ¢ 4 p; bits
Intermediate tracking 64 ¢ 1 p; bits 1024 ¢ x4 4 p; bits
Cal |7 < 1.8
Cal. towers 64¢px187 EM&HAC 64¢x18n EM & HAC
8 bits Egy 8 bits Egy
Shower maximum 64 px97n Hit flags 1024 ¢ < 7 8 bits Egy
Cal. 1.8<|n| < 2.6
Cal. towers 64 o x81n EM & HAC 64 ¢px819 EM & HAC
8 bits Egy 8 bits Egy
Shower maximum 64px4n Hit flags 512 ¢ x4 8 bits Egy
Cal. 26 < |n| < 3.0
Cal. towers NR2¢x27 EM & HAC 2¢x2n EM & HAC
. 8 bits Egy 8 bits Egy
Shower maximum 64dgpx21q Hit flags 256 g x 2 9 8 bits Egy
Cal. |n| > 3.0 8¢px4dn EM & HAC 8dx4n EM & HAC
8 bits Egy 8 bits Egy
Muon |7| < 1.0 32¢x57n 2 p; bits 1024 ¢ x5 5 p; bits
Muon 1.0 < [n] < 2.5 32¢x87n 2 p; bits 1024 ¢ x 8 9 5 p; bits

2.9. Civil construction and installation

A summary of the status of the design of the underground hall and the surface buildings required to
assemble, install and operate the detector is given in Chapter 12 and the installation plan is described
in Chapter 13. Only final assembly of detector components will occur at the interaction region site. All
production of calorimeter wedges, individual muon chamber components, scintillator, electronics, etc. will
occur at the home institutions of the collaboration members. Objects too large or too heavy to transport
will be assembled at the interaction region. Final assembly of tracking systems that are too delicate to
transport long distances will also occur at the interaction region site.

A detailed installation plan has been devised and indicates the need for beneficial occupancy of the
underground hall in January 1996. Installation and checkout of the detector components as well as the
interaction region accelerator components is expected to require more than three years.

2.10. Examples of physics performance

The range of physics accessible to the SSC, with its 20-fold increase in collision energy and 1000-fold
increase in luminosity over the present generation of hadron colliders, is immense. Figure 2-9 provides a
visual survey of the physics processes that are described in more detail in Chapter 3. The total inelastic
cross section gives an interaction rate of 10*® events per SSC year (defined to be 107 seconds of operation
at the design luminosity of 1033cm~2s~!). Most of these events involve small momentum transfer and do
not probe the mass scales of interest. Nevertheless, processes involving production of heavy objects which
are rare at today’s hadron colliders (the CDF detector at Fermilab recorded about 40 W — ev events per
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FIG. 2-9. Examples of total cross sections at the SSC. The jet-jet and -7 cross sections are for
wide-angle jet or v pairs (| 7jet| and |n,| < 2.5) with invariant mass greater than M. For heavy-quark pair
(gluino pair) production, the cross section is evaluated at M = Mg (M = M;). The Higgs cross section
assumes Mo, = 150 GeV. The left scale is total cross section divided by 100 mb, the approximate total
pp cross section, and so the numbers are approximate production probabilities per collision. The scale on
the right is the number of produced events per year under “standard conditions,” defined as operation
at £ = 1033 cm~2s~! for 107 s. These rates must be further downrated by branching fractions and
experimental cuts to obtain measurable rates. References and further discussion are given in Chapter 3.
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day towards the end of their last run) become commonplace at the SSC (the SDC detector will be capable
of recording W — ev events at a rate of 10 Hz at design luminosity). A second example is the production
of the ¢t quark. For Mi,, = 150 GeV, Fermilab would produce about 100 events during the next several
years, whereas the SSC would produce 10® events per SSC year.

The largest interesting cross section at the SSC is that for the production of two jets. One event out
of 10% (i.e., a rate of 10* Hz) has two jets with a dijet mass of greater than 400 GeV. This cross section is
107 times larger than that for photon pair production, serving as a reminder that robust photon and lepton
identification are essential for SSC physics. Heavy quarks and other colored objects such as gluinos would
be produced with large cross sections. Even for a mass of 1 TeV, there are at least 10¢ events produced
per year. Heavy new Z bosons are also prolifically produced, with the observable cross section extending
out to a mass of 4 TeV. Finally, the Higgs production cross section is very small. At most one event out of
10° would contain a Higgs boson, and the branching ratios useful for its detection are also small. For the
decays of the Higgs to two photons or to four leptons, the branching ratios are typically 10~3.

In the sections below, we briefly describe the physics capabilities of the proposed SDC detector, and
summarize its performance in Table 2-8.

Electroweak symmetry breaking

The single most important physics issue for the SSC is the study of electroweak symmetry breaking.
In the context of the Minimal Standard Model, the existence of a fundamental scalar field provides the
symmetry breaking mechanism. In this case, a single Higgs boson is the only observable particle associated
with the symmetry breaking sector, and its mass is the only unknown parameter. It is imperative that a
general-purpose SSC detector be capable of observing such a Higgs boson at any allowable mass in order
to either verify its existence, or to rule it out and force consideration of alternate mechanisms.

The search for the Standard Model Higgs divides naturally into three mass regions, each with its
associated strategy. For the low mass region (80 < Miggs < 130 GeV), the dominant Higgs decay modes
are H — bb and H — 7+7~, which are both overwhelmed by backgrounds from the decays of ¢ quarks. The
most useful mode in this kinematic region is the rare decay H — ~v, which occurs at next-to-leading order
through loop diagrams. The Higgs itself is very narrow in this region (the width is less than 100 MeV for
Higgs masses below 160 GeV) so that this decay mode provides a very distinctive signature. However, the
direct production of the Higgs through gluon fusion suffers from a large background of QCD continuum
production of photon pairs. The production rate for a Higgs in association with a W or #f pair is suppressed
by a factor of 10-20 compared to the gluon-fusion rate, but the presence of an additional high-p; lepton
from the W or t decay provides significant background suppression. A complete analysis of the associated
production processes shows that the SDC detector, studying the fyv final state, should be capable of
discovering a Higgs in the low mass region within a single SSC year (see Fig. 3-11 and Fig. 3-13).

For the intermediate mass region (130 < Mpiggs < 180 GeV), the branching ratio for H — ZZ* becomes
significant (the * denotes a virtual particle). This decay mode provides a very distinctive signature of four
isolated high-p; leptons, with little background. The SDC detector, studying this final state, should be able
to observe a Higgs anywhere in the indicated mass region after one SSC year (see Fig. 3-18).

For the heavy mass region (180 < Mujggs < 800 GeV), the WW and ZZ decay modes dominate. In the
lower part of this mass range, discovery via the H — ZZ — 4£ mode appears straightforward (see Fig. 3-22
and Fig. 3-23). As the Higgs mass increases, the cross section for its production decreases, and its width
increases dramatically (an 800 GeV Higgs has a width of 270 GeV), making discovery more difficult. We
have studied the H — ZZ — 4£ and H — ZZ — 2{2v decay modes in detail. The latter has six times
the event rate of the former, but requires particular scrutiny because of the requirement of observing the
missing transverse energy from the neutrinos. The conclusion is that, through a combination of these two
final states, a Higgs with a mass of < 800 GeV should be observable within one SSC year (see Fig. 3-25 and
Fig. 3-28). Above this mass region, the signal becomes marginal at SSC design luminosity. For this reason,
the H — ZZ — 2¢ + 2 jets and H - WW — {v +2 jets decay modes were also studied (their branching
ratios are 20 and 150 times larger than that of the H — 4/ mode). The signal to background ratio is much
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Table 2-8
Examples of the expected physics performance of the SDC detector described in this Report. The results displayed
- here assume data samples corresponding to an integrated luminosity of 10 fb~!, or one year at the SSC design
luminosity of 1033 cm~2s='. Any exceptions are explicitly noted.

Mass Region (GeV) Physics Signature

Physics Process

Associated Higgs Production

80 — 150 W+ H, &+ H — Lyy
Direct Higgs Production
130 - 180 H—2Z2Z* - 4
180 - 800 H—-ZZ — 4¢
500 - 800 H—ZZ — 2020
High Mass Boson Pairs
Requires integrated luminosity of Zy -ty
at least 50 fb~! for complete studies 1-2 TeV WtZ — et
WHW+t — e+
Discovery of t Quark
<1 TeV BoWItW-+X s T+ X
Mass Measurement of ¢ Quark
Sequential Dilepton Mode < 500 tt,onet - Wb, W—oev; b—pu+X
the other ¢t — 3 Jets
Lepton + Jets + b-tag Mode < 500 tt,onet - W+ X; Wty

the other t — Wb — b + 2 Jets
Non-standard t Decays

Violation of 7 Universality
Peak in 2-Jet Mass Distribution
Gluino and Squark Searches

Mg < Myop — 15
MH 5 Mtop -25

t— H*;, H* w13y, 2ot X
t— H*b; H* - ¢35

Missing-E; + Jets 300 - 1000 §5 — EMss 4 36 Jets
Like-Sign Dileptons 200 —- 2000 §9 — £54F + 4 Jets
New Z Searches
Discovery S4 TeV AR A
Width and Asymmetry <2 TevV Z' — e
Compositeness
A 225 TeV

Inclusive Single Jet Spectrum

less favorable, due to the large contributions from the W/Z + jets and # processes. Nevertheless, these
modes could provide an additional method for studying the very heavy Higgs region, allowing searches to
be extended into the TeV region.

Following these studies in the context of the Minimal Standard Model, it is natural to explore what
happens in more general models of the symmetry breaking sector. A more complex, but theoretically
attractive, model is the minimal supersymmetric version of the Standard Model (MSSM). In this model,
there are five Higgs bosons: three neutral (k% H?, A°), and two charged (H*). The theory has two
fundamental parameters and the analysis is more complex. It appears that over much of the parameter
space, at least one of the neutral Higgs bosons should be visible, either in the SDC detector, or at LEP-II.
However, some regions of the parameter space remain inaccessible.

The previous discussion focussed on the W*W=.and ZZ final states, where the Higgs appears directly
as a resonance. It is also important to study other boson pair channels to probe the electroweak theory
more thoroughly. In particular, if no Standard Model Higgs is found below 1 TeV in mass, it is almost
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certain that the symmetry breaking sector is strongly coupled. In this case, in analogy with QCD, one
might expect resonant analogues of the p and w to appear in the WW, W2Z, and Z+ channels (see
Fig. 3-37). The discovery of such resonances is well within the capabilities of the SDC detector. The
strong breaking could also manifest itself in non-resonant channels such as W+W™, where the strong
coupling would produce an excess of events over the Standard Model predictions. Further work remains to
demonstrate convincingly that one can reduce the large like-sign ¢{f background to the W+W™ final state
to a manageable level. Preliminary studies, using lepton isolation and topological cuts, appear promising.
The excellent lepton-charge measurement ability of the SDC detector plays a crucial role in removing the
large opposite-sign backgrounds to the like-sign WW signal.

Physics of the ¢ quark

The t quark is one of the few remaining ingredients of the Standard Model that has not been directly
observed. Its existence is crucial to the Standard Model, and precision electroweak measurements restrict
its mass, in the context of the Minimal Standard Model, to lie in the range 90 < Miop < 200 GeV. The
discovery and study of this quark thus allows stringent tests of this model.

The CDF and DO experiments at Fermilab may very well discover the ¢t quark in the next several
years. If its mass is 150 GeV, these experiments may hope to reconstruct a handful of events. However,
the SDC detector will be capable of reconstructing approximately 107 ¢f pairs in a year of SSC running.
Such data samples will allow an accurate determination of the ¢ quark mass by one of several methods. We
have studied the mass measurement using the sequential decay of the ¢ quark to an isolated electron (from
the W decay) and a non-isolated muon (from the b-decay product of the same t quark). The dilepton
mass spectrum provides a useful estimate of the ¢ quark mass, with an estimated uncertainty, which is
predominantly systematic, of 3 GeV after one SSC year (see Fig. 3-44). A second study has also been
performed, using a lepton tag for one ¢ quark decay and then reconstructing the mass of the three-jet
system arising from the decay of the recoiling ¢ quark via t — Wb — b+ 2 jets, where the b-jet is tagged
in the SDC tracking system (see Fig. 3-51). This method would have a statistical error of 100 MeV after
one year of running, but suffers from systematic uncertainties on the jet energy scale. The mass of the two
non-b jets provides a clean W peak which can be used for a calibration, and we estimate the remaining
systematic error on the mass measurement to be 3 GeV.

In addition to the mass measurement, it is important to study as many other properties of the ¢ quark
as possible. For example, in supersymmetric and other non-minimal models of the Higgs sector, the ¢ quark
can decay to a charged Higgs instead of a W. The charged Higgs will then decay to a tau lepton (H+ — 7v)
or to two jets (H* — ¢3). The branching fractions depend on the values of the parameters in the model.
The former process manifests itself as a violation of lepton universality in ¢ decays (see Fig. 3-56). The
latter appears as a second peak in the mass distribution for the two non-b jets (see Fig. 3-66). In the
context of the Minimal Supersymmetric Standard Model, if the charged Higgs is at least 20 GeV lighter
than the ¢ quark, it is possible for the SDC detector to observe its effects in ¢ decays for any value of the
remaining free parameter in the model.

SUSY searches

Supersymmetry has many theoretical attractions. For this discussion, we assume that SUSY particles
must be produced in pairs, and that the lightest supersymmetric particle (LSP) is stable and neutral, and
therefore behaves like a heavy neutrino. These assumptions are natural in many theoretical models. We
have considered two basic discovery signatures that we can use to search for squarks and gluinos (the
supersymmetric partners of ordinary quarks and gluons).

The first signature involves jets and missing transverse energy. The expected final state involves 3—6 jets
plus missing transverse energy arising from the missing LSP. The cross section for gluino pair production is
large, allowing the exploration of masses up to 1 TeV. The most difficult case, due to the small expected
missing transverse energy, is for a relatively light gluino with mass < 300 GeV (see Fig. 3-70). The SDC
detector should be capable of finding a gluino in the mass range of 300 GeV to 1 TeV.
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The second signature involves like-sign dileptons and jets. The like-sign dilepton signature is sensitive
to a wider range of gluino masses than is the missing transverse energy signature. We have considered final
states with two like-sign leptons and four additional jets, and estimate that a gluino in the mass range of
180 GeV to 2 TeV could be found in this manner (see Fig. 3-73). Furthermore, this signature provides a
useful method to estimate the gluino mass with a precision of 10%.

Heavy boson searches

Models that enlarge the gauge group of the Standard Model predict the existence of additional gauge
bosons. We have considered new Z bosons that arise in E¢ models (these models are theoretically very
popular, and arise in many grand unification schemes, e.g., “superstrings”). We have studied the properties
of the new Z bosons that arise in such models, concentrating on their decays to lepton pairs, where we can
measure the mass, width, cross section, and forward/backward asymmetry. Two extreme models within
the Eg family have been chosen, and new Z bosons with masses of 800 GeV and 4 TeV have been studied.
The former provides a striking signal of more than 10* events per SSC year in the final state Z — £1£~
(see Fig. 3-75), while the later is at the limit of observability, giving some tens of events per SSC year (see
Fig. 3-76). The detector resolution for the two-electron final state is adequate to extract the width of a new
Z, and hence deduce some information about its couplings. Studies of the forward/backward asymmetry
are possible in both the electron and muon pair final states, again providing strong separation between
different models.

Compositeness

If quarks are made of more fundamental objects with a binding scale of order A, then one expects an
enhancement of the inclusive jet cross section, relative to QCD predictions, at large values of the transverse
momentum. In order to observe this effect, one fits to the shape of the inclusive jet spectrum for small
transverse momentum and then extrapolates to large values to look for an excess. This technique places
stringent requirements on the linearity of the jet energy measurement. With the jet linearity expected in
the SDC calorimeter, and with proper single-particle calibrations, the systematic errors can be controlled,
and the measurement is limited by statistics, leading to a bound on A of about 25 TeV after one SSC year.

QCD tests

When the SSC first turns on, we expect that our inmitial physics priorities will include Standard
Model processes with large cross sections. We have surveyed the expected rates for single and multiple
jet production, heavy quark cross sections and distributions, as well as single and multiple gauge boson
production. The study of these theoretical predictions plays a particularly important role in understanding
the expected backgrounds in the more exotic processes which the SDC detector will study.

References:

1. SDC Detector Parameters, SDT-000010, Rev. D, (April 1, 1992).



Physics and detector requirements 3-1

3. Physics and detector requirements

3.1. Overview

The role of this section is to survey the SSC physics relevant to the SDC detector, attempting to isolate
the most demanding aspects of that physics, and derive the corresponding detector requirements. In doing
so, it is appropriate to retain a certain scepticism towards the specific details of the physics analyses. One
can reasonably expect some progress in our understanding during the intervening years, and our concept of
exactly what physics is relevant may change somewhat. In striving for as much generality in the present
analysis as possible, certain physics processes are used as archetypes to study, in a somewhat more abstract
fashion, the capabilities that a general purpose SSC detector should possess.

. In carrying out these studies, simple detector models have been used to try to capture the essentials of

the behavior of the SDC detector in the SSC environment. More detailed considerations, and interactions
with engineering designs, are confined to the subsequent detector sections. The design process for so
complex a detector is highly iterative, moving back and forth between physics, instrumentation, engineering,
and economics. The following work captures the collaboration at some intermediate point in that process,
and attempts to render the process in a more logical and sequential fashion than is strictly correct. In
that spirit, the models frequently used are parametrizations of the current baseline detector configuration
in which some key parameters are varied in order to quantify the impact on the physics performance and
capabilities.

In most plots in this section, there are far more Monte Carlo events than the number of events expected
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 “SSC
year” of 10 cm~2 or 10 fb~! unless otherwise stated. Pileup events for the calorimeter simulations are
included assuming an SSC luminosity of 103 ¢cm~2s~! and a sensitive time of a single beam crossing. To
the extent that the response time of individual detectors is slower than this, additional pileup events would
need to be included.

3.1.1. Detector mo

Tracking system

The performance of the tracking system is parametrized in terms of a resolution for charged tracks as
a function of their 3-momenta. The parametrizations have been derived from the behavior of the baseline
detector with the aid of a simulation of the measurement errors, misalignments, and multiple scattering in
the material present in the tracking volume, as described in Chapter 4. Figure 3-1 displays the expected
resclution as a function of pseudorapidity (n) for various values of p;, where a beam constraint has been
used to achieve the best possible resolution. We note that with the performance indicated here, the tracking
resolution is better than the EM calorimeter resolution for p; values less than about 100 GeV. The baseline
tracking detector covers a pseudorapidity region of || < 2.5. The efficiencies for finding and identifying
isolated individual tracks have been taken to be constant, independent of the details of the event topology.

Trigger system

The trigger system should be capable of selecting leptons and jets over the required angular range
with an efficiency which is perfect above some threshold in transverse momentum. For lepton triggers, it
is assumed that a single lepton trigger exists over the rapidity range |9} < 2.5 with a threshold of p; > 40
GeV. A dilepton trigger with a threshold of p; > 20 GeV for each lepton is alse assumed for multilepton
physics. Single and multiple jet triggers over the full calorimeter acceptance are also required for many
generic studies, but are not directly addressed in this section. Finally, a missing transverse energy trigger
with a threshold of 100 GeV is needed to select hard neutrinos or weakly interacting SUSY particles such
as the photino. More complete evaluations of the expected performances of these triggers are contained in

Chapter 8.
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FIG. 3-1. The resolution of the baseline tracking system as a function of 5 for several p, values. The solid
curve is for p; = 1000 GeV, and the dashed (dotted) is for p, = 250 (100) GeV.

Calorimeter system

The calorimeter is assumed to cover the angular region |§| < 6 with a basic transverse segmentation
that is a multiple of 0.05 in Ay and A¢. The unit in phi is actually A¢ = 27/128 ~ 0.049. In the
simulations described in the remainder of this section, the segmentation will be varied within the range
of 0.05 to 0.8, but keeping a constant segmentation as a function of eta. The current electromagnetic
(EM) calorimeter design has an 7-dependent segmentation that increases by a factor of two from a base
value of 0.05 at 7 values of 1.8, 2.6, 4.4, and 5.2. The current hadronic (HAD) calorimeter starts with
a segmentation of 0.1 and increases by a factor of two at # values of 2.2, 4.4, and 5.2. The calorimeter
is longitudinally segmented into an EM segment (EM) and two hadronic segments (HAD1 and HAD?2),
with depths given in Table 3-1. Parametrizations of the longitudinal and transverse distributions of energy
deposited in individual calorimeter cells have been derived from EGS Monte Carlo simulations for electrons
and ZEUS test beam data[l] for hadrons. These parametrizations are subsequently used, in conjunction
with the single particle resolutions and nonlinearities, to simulate the response of the calorimeter in the
following sections. A uniform magnetic field of 2.0 T is assumed to exist inside the barrel region.

In designing the SDC calorimeter, complex tradeoffs have been made between EM and hadronic
single-particle response. High performance EM calorimetry demands fine sampling and large sampling
fraction. Maintaining this sampling throughout the hadron calorimeter would be prohibitively expensive.
The resulting discrepancy between the sampling in the EM and HAD calorimeters induces a m/e response
ratio different from unity. There are other factors which further enhance this nonuniform response (choice
of absorber material, ratio of absorber to scintillator thickness, etc.). A careful analysis of the physics
requirements has been an essential ingredient in optimizing the SDC calorimeter, and the resulting design
places greater emphasis on EM than on hadronic calorimetry.

The single particle resolution has been parametrized in terms of a stochastic term (a) and a constant
term (b):

U(E)_L
_E_—\/E$b°

The symbol & means that the two terms are added in quadrature. This model can be generalized to
the case where the sampling plates in the calorimeter are not projective, assuming that the stochastic
term is due to the sampling, and hence varies as the square root of the effective plate thickness. The
parametrization for the barrel ( 5| < 1.4 ) is:

®b

o(E)
E

Ek
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and for the endcap and forward ( 1.4 < 5| < 6.0 ) is:

oB) _ _a
E  VE

where E; is the transverse component of the energy (in GeV) and E; is the longitudinal component of the
energy (in GeV). All calorimeter models presented in the subsequent sections use this resolution model in
which the barrel plates are parallel to the beam, and the endcap plates are perpendicular to the beam.

For the EM calorimeter designs currently under consideration for the SDC detector, plate thicknesses
of 2-4 mm for the barrel and 2-8 mm for the endcap are being considered. To explore the performance
implications, we have examined families of resolutions covering the range of 7.5% to 20% for the stochastic
term and 0, 0.5%, 1.0%, and 2.0% for the constant term. The resclution for the baseline detector is given
in Table 3-1. This corresponds to a design with 4mm lead plates in the barrel, 6mm lead plates in the
endcap, and 4mm scintillator throughout. A higher performance option has also been considered. In this
case, the stochastic term is taken to be 0.09 for the barrel and 0.14 for the endcap. This corresponds to
the performance expected from 2mm lead plates in the barrel and 4mm lead plates in the endcap, keeping
the 4mm scintillator throughout. The baseline constant term of 0.01 has been retained. We also assume
that the electron response is linear, as detailed studies have shown that with a massless gap correction for
energy deposited just behind the SDC coil, it is possible to achieve a linear response for energies above
roughly 10 GeV (see Chapter 6).

The single particle response for hadrons has been parametrized from CALORS9 simulations. The
stochastic and constant terms are displayed in Table 3-1. For the reasons outlined above, the hadron
calorimeter is noncompensating with a resulting =/e response ratio as a function of energy that is
parametrized as follows:

eb,

B8

7r/e=a—-E—0—_E.

The coeflicients in this expression have been derived from CALORS9 simulations. In order to fully define
the coefficients, it is necessary to specify the calibration scheme. Here, we assume that the calorimeter
has been calibrated in such a way that m/e = 1 at an incident energy of 300 GeV. This results in a 7/e
response that is less than one at lower energies and greater than one at higher energies. Preliminary test
beam results indicate that the performance of the actual calorimeter may be slightly better than that given
i Table 3-1 (smaller stochastic and constant terms in the resolution and a better /e response ratio have
been observed).

Muon system

The performance of the muon system is described in terms of a momentum resolution that is a function
of p; and 7. The parametrization used here is shown in Fig. 3-2 for several values of muon p,. This
resolution has been derived from the covariance matrix for fits to simulated measurement points, ignoring
any pattern recognition effects, but including the effects of multiple scattering and misalignments between
different elements of the tracking system. The reconstruction efficiency is taken to be the same as that of
the tracking system. The baseline design has a coverage in pseudorapidity of n < 2.5. More detailed studies
are presented in Chapter 7.
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Table 3-1
A summary of the parameters of the baseline SDC calorimeter which have
been assumed in the subsequent analyses. The calorimeter depth is quoted in
interaction lengths ().

Parameter Barrel Endcap Forward
Coverage nj <14 14<|n]<3.0 3.0<|n <6.0
Radius of front face (m) 2.10
z position of front face (m) 4.47 12.00
Compartment depth

EM (+ Coil) 1.1 0.9
HAD1 4.1 5.1 13.0
HAD2 4.9 6.0
EM resolution
a 0.14 0.17 0.50
b 0.01 0.01 0.05
HAD resolution
a 0.67 0.73 1.00
b 0.06 0.08 0.10
HAD nonlinearity
a 1.13 1.16 1.16
B8 0.31 . 0.38 0.38
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FIG. 3-2. The resolution of the combined baseline tracking and muon system as a function of # for several
pe values. The solid curve is for p, = 1000 GeV, and the dashed (dotted) curves are for p; = 250 (100)
GeV.

Lepton and photon identification

We take the global electron and muon efficiencies within the detector acceptance to be 85% for analyses
requiring isolated leptons. This 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[2]. 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 second lepton, and the efficiency for the second lepton is taken to be 95%. For electrons,
this efficiency includes the effects of track finding and fitting as well as electron identification (e.g., an Efp
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cut, Shower Max Detector profile cut, HAD/EM leakage cut, etc.). For muons, the efficiency includes track
finding in both the inner tracker and the muon system, as well as a matching efficiency for associating the
two detectors. Further details of the individual efficiencies are discussed in the relevant detector chapters.

When considering backgrounds to leptons or photons, it is necessary to assess the performance of the
combination of all systems in the detector which contribute to rejecting the QCD jet backgrounds that
are the major sources of fake electrons and photons. This is extremely difficult to simulate properly, and
we have chosen to use measured values from current hadron collider experiments with similar identification
strategies as a reference. For the identification of photons, the major source of background is the
fragmentation of a jet into a leading neutral meson (7%, 7%, or KE). We have used the current rejection
factor obtained by CDF in their single photon analysis|3], which is here defined as the ratio of background
in their inclusive single photon cross section to the total inclusive jet cross section at the same p;. This
gives a rejection of roughly 5 x 10~* against jets after a strict isolation cut of E; < 2 GeV in a cone of
R < 0.7 around the photon (where R? = (An)? + (A¢$)?). This is valid in the p; region above about 20
GeV. For the identification of electrons, the major source of background is either the overlap between a
charged pion track and a neutral meson in a jet, or a charged pion which interacts in the calorimeter in
such a way that it looks very electromagnetic. In addition, conversion electrons arising from neutral meson
decay or from photons interacting in the material in the tracking volume, although they are real electrons,
are not primary electrons and hence must also be considered a background. We have again turned to CDF,
using the ratio of the background in their inclusive electron sample (after conversion subtraction) to the
total inclusive jet cross section at the same p;. This gives a rejection factor of slightly better than 107, or
a factor of 50 better than that obtained for photon identification.

Jet definition

Jets are defined from the transverse energy deposition in each cell. Seed towers are found by
summing over the three longitudinal calorimeter compartments using the coarsest segmentation of the three
compartments (e.g., the SDC baseline calorimeter with 0.05 EM and 0.1 HAD towers uses a seed tower
with a size of 0.1). These seed towers are required to pass a threshold cut of 5 GeV in transverse energy,
and then serve as the axis for a cone of the specified radius (typically R = 0.6 is used). All of the towers
whose centers fall inside the cone are summed, using a threshold of 0.1 GeV in transverse energy. The
momentum for the jet is then defined by vectorially adding all of the individual vectors pointing to the
center of each tower in the jet. The jet energy is defined as the scalar sum of the individual tower energies.
Using this definition, the jet acquires a mass, as though it were a massive particle decaying to a large
number of massless particles. The original information about the directions of the individual particles in
the jet is degraded by binning the energy depositions into calorimeter cells.

Using the ISAJET generator to create QCD two-jet events, and passing them through a detector with
the properties described in Table 3-1, one obtains an energy resolution for jets in the barrel calorimeter of
0.61/+/E; ® 0.016. The major feature of interest is the decrease in constant term, relative to that observed
for single pions, due to the averaging which takes place when measuring the response to the many particles
contained in the jet.

3.2. Electroweak symmetry breaking

In the simplest form of the Standard Model, the masses of the W and Z bosons, as well as the
masses of the charged fermions, result from their interactions with a fundamental scalar field whose vacuum
expectation value is not zero. One component of the scalar field manifests itself as the Higgs boson. The
couplings of this boson are completely determined once the masses of the fermions and gauge bosons in
the theory are known. The expected cross sections for producing the Higgs boson at the SSC via several
different mechanisms are shown in Fig. 3-3.

Two mechanisms dominate the production of Higgs bosons in hadron-hadron collisions: the process
g9 — H which proceeds via a virtual quark loop[4], and the process g¢ — ggH via the exchange of two W
or Z bosons(5]. Since the coupling of the Higgs to a quark is proportional to the quark mass, the production
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rate from the first process is dependent on the ¢ quark mass. Figure 3-3 shows the Higgs cross section that
results from these processes at the SSC. It can be seen from this figure that the current allowed range of
t-quark masses between the lower limit of 91 GeV from CDF [6] and the upper limit of 200 GeV inferred
from precision tests of the standard model[7] produces an uncertainty of approximately a factor of four in
the Higgs production cross section. In the remainder of this work we shall use a t-quark mass of 150 GeV.

If the mass of the Higgs boson exceeds 180 GeV, it is expected to decay predominantly to W+W~ and
ZZ pairs. At lower masses, the pattern of branching ratios is more complex, as indicated in Fig. 3-4. In
making this figure we have taken into account the QCD corrections[8] which act to reduce the decay width
for H — bb and hence increase the branching ratio to other decay modes. Note that below the kinematic
threshold for WW or ZZ production, the decay can still proceed through virtual W or Z production.
This figure shows that the branching ratio to ZZ* has a dip near Mpiggs = 2Mw where the decay channel
H — WW opens, and then falls rapidly as the Higgs mass is reduced below 140 GeV. The branching ratio
to <y is small but significant for Higgs masses below 160 GeV.
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FIG. 3-3. The cross section for the production FIG. 3-4. The branching ratio for a Higgs boson
of a Higgs boson in pp collisions at /s = 40 into various channels as a function of its mass.

TeV as a function of the Higgs boson mass
for several different production mechanisms: gg
fusion (solid), WW/ZZ fusion (dotted), tf + H
production (dot-dashed), W + H production
{(upper dashed), and Z + H production (lower
dashed). When the cross section depends on the
t-quark mass, several curves have been included
for different values of Miop.

In the following, we present a systematic analysis of Higgs discovery strategies and their impact on the
SDC detector design. The first sections cover the Minimal Standard Model Higgs in three different mass
regions (the strategies are different for each). Following that, there is a brief description of the impact
of a more general Higgs sector (that of the Minimal Supersymmetric Standard Model) on the strategies
developed for the Standard Higgs. Finally, an overview of the phenomenology of a strongly interacting
Higgs sector is presented, with an example of how to search for it in the W+ W™ channel.
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- 3.2.1. Low-mass Higgs (80 < Mp;ges < 130 GeV)

The LEP-II exclusion region for the Standard Model Higgs is expected to extend up to roughly 80
GeV [9], using the ete™ — H + Z — bbuv process. This process results in about 10 detected events for
500 pb~! of data (several years of running at the 103! cm~2s~! design luminosity), and is expected to
be the most powerful channel for Higgs discovery. Note also that the cross section for ete™ — ZZ is
several times larger than the signal process for a Higgs mass of 80 GeV, so that it is necessary to use
kinematic constraints to improve the bb mass resolution in order to separate a possible signal from the
nearby background. These complications make it unlikely that LEP-II will be able to improve its mass
- reach, and hence hadron colliders will need to extend their sensitive range down into the 80 < Mp;ggs < 140
GeV range in order to conclusively explore the Standard Model.

Previous discussions of this region concentrated on direct Higgs production followed by the rare decay
H — «~. This decay mode has the advantage that it does not suffer from the profuse Z background that
will exist at the SSC, and the branching ratio BR(H — <) is relatively constant over the Higgs mass
range of interest. Unfortunately, the QCD backgrounds to the direct production mechanism, ¢g§ — vy and
g9 — 77, are very large, requiring a detector with extraordinary photon energy resolution [10] in order to
see the signal. In addition, there are vast numbers of 7%’s from QCD 2-jet production which require a very
high quality preshower detector in order to achieve the necessary rejection factor of at least 107 against
QCD 2-jet backgrounds.

In the SDC Lol, an alternative solution was presented, relying on the associated production of a
W boson and the Higgs [12], followed by the decay H — . In this case, one uses the leptonic decay
W — {v to tag the event, and then requires two additional photons arising from the Higgs decay. An
extensive background analysis was performed, indicating that with an accumulated luminosity of 104! cm™2,
a significant signal would be visible above the backgrounds which arise predominantly from non-resonant
W + vy and W + 7 + jet processes. Meanwhile, the process gg — tf + H was re-discovered, long after the
original calculations had been performed [13]. For the heavier t-quark masses now current, this process
provides a substantial increase in the expected “high p; isolated lepton” + Higgs rate (a factor of roughly 5
at the SSC, somewhat less at the LHC) over the W + H process alone. Several phenomenological analyses
have already appeared in the literature [14], demonstrating that the expected improvement is relatively
insensitive to the ¢-quark mass, provided it is in the range 100 < M;,, < 200 GeV. In the remainder of this
work we shall use a t-quark mass of 150 GeV. We also assume that the ¢ quark decays with the expected
Standard Model branching ratio to leptons.

In the present section, we first review the signal which would be expected in the SDC baseline detector
for direct Higgs production followed by the decay H — 4. The marginal nature of this signal leads
naturally into the analysis of the more complex associated production processes W + H and # + H. For
associated production, we first summarize the current situation for calculations of the signal and background
processes. Next, full event simulations using PYTHIA for the two signal production mechanisms W + H
and tt + H are described. The intent is to demonstrate that these events still allow identification and
isolation of the leptons and photons with reasonable efficiency, as well as reconstruction of a narrow peak
in the two-photon invariant mass distribution, despite the complex nature of the final states. Finally,
parton level calculations of the signals and backgrounds are used to explore the acceptances and to look for
kinematic cuts which can suppress backgrounds. This leads into a discussion of the expected significance of
the signal and implications for detector performance requirements.
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Direct Higgs production

The direct production of a Higgs boson in the intermediate mass region followed by its decay to vy
has a relatively large cross section at the SSC. For the best case, a Higgs mass of 150 GeV, there are
several hundred events after experimental cuts. Unfortunately, these events sit on top of a large irreducible
background from the QCD production of photon pairs via the processes ¢ — v and gg — vy. This
is evident in Fig. 3-5, which indicates the continuum of events expected from these background sources
in addition to the narrow peaks expected from Standard Model Higgs signals with masses as defined in
the caption. In addition, there is a very large background arising from QCD 2-jet production, where the
two jets are mis-identified as photons. Reducing this background source to a level below that of the two
photon background requires a rejection factor for both jets of at least 107, which is somewhat beyond the
SDC detector performance discussed in Section 3.1.1. Although it is clearly important, we have neglected
this background in the subsequent discussions. Furthermore, the precise mass reconstruction required for
this final state implies knowledge of the event vertex at the millimeter level. For events with multiple
interactions within a beam crossing, there is no unambiguous way of associating charged tracks which
contain precise vertex information with the particular interaction which produced the Higgs.
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FIG. 3-5. The two-photon invariant mass distribution including the signals from Higgs bosons with masses
of 80, 100, 120, 140, and 160 GeV. The background includes only the irreducible backgrounds arising from
the ¢g — 77y and gg — vy7v processes.

In order to explore the ability of the SDC detector to observe this final state, studies have been
performed including only the real vy backgrounds mentioned above. Two different calorimeter models have
been used, one with the SDC detector baseline performance given in Table 3-1, and the second being the
high performance option described in Section 3.1.1. This latter option has a stochastic term of 9% in the
barrel and 14% in the endcap, combined with the baseline constant term of 1%. The two photons were
required to satisfy acceptance cuts of p; > 20 GeV and |n] < 2.5. To further suppress the backgrounds,
a cut on the angle of the photons in the two-photon center of mass, |cos8*| < 0.8, was also made. The
precision of the photon angular measurements was assumed to be 1 mrad, corresponding to the expected
precision of the SDC Shower Maximum detector of 2 mm (and assuming that the event vertex can be
located unambiguously). We note that this particular analysis was performed at the particle level only—no
account was taken of actual shower shapes or realistic energy reconstruction algorithms in the calorimetry.

The resulting signals are displayed in Fig. 3-6, where the irreducible backgrounds shown in Fig. 3-5
have been subtracted using the statistical errors expected after one year of data at SSC design luminosity.
This optimistic estimate of the signal assumes that no systematic errors are present in the background
subtraction. Signals have been included at Higgs masses of 80, 100, 120, 140, and 160 GeV. The
signal remaining after the background subtraction is rather marginal, even with the optimistic background
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treatment assumed here. For the baseline case, the statistical significance, evaluated by fits to the signal
plus background, is roughly five sigma for a mass of 140 GeV. This rises to seven sigma for the high
performance case shown in Fig. 3-7. These numbers suggest the possibility of confirming a Higgs in this
channel for masses of roughly 120 to 150 GeV, but further analysis of the jet backgrounds is required before
this claim could be made with confidence.
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FIG. 3-6. The expected signals from Higgs FIG. 3-7. The same as Fig. 3-6 except that the
bosons with masses of 80, 100, 120, 140, and 160 high performance calorimeter option described
GeV. The irreducible backgrounds displayed in * in the text has been assumed.

Fig. 3-5 have been statistically subtracted using
an exponential fit to the background shape.
The baseline calorimeter performance has been
assumed.

Associated Higgs production

In studying the associated production of the Higgs boson, we have used the matrix elements for
the W + H and ¢t + H processes to study the signal. For the background analysis, we have included
contributions from those irreducible backgrounds which already contain the two photons as part of the
matrix element. In addition, estimates have been made of the contributions from events where at least one
of the photons in the matrix element is replaced by a jet. Such contributions are then reduced by the
experimental rejection factor of 5 x 10~ given in Section 3.1.1. Although the required matrix elements for
heavy quark production (QQ + v + jet and QQ + 2 jets) are not yet available, the dominant source of jets
in these final states is from the decays of the QQ system itself. We have therefore used the matrix elements
for QQ + « and used the jets produced in the Q decays as candidates for the second photon. Similarly,
for the case where both photons arise from mis-identified jets, inclusive W + jets and tf events are the
dominant background sources.

Physics simulation

The results in this section were produced using the PYTHIA[17] Monte-Carlo event generator (version
5.5) and the partonic generator PAPAGENO (version 3.60). The PYTHIA generator contains only the signal
processes, and uses the original calculation of Kunszt[13) to implement the ¢qg — tf + H and gg — tt + H
production mechanisms. Its advantage is in using phenomenological strings in the parton-shower framework
to give a detailed description of all produced particles in a hadron collider event.

The PAPAGENO generator includes all of the processes relevant to the present study. It uses an
independent calculation by Ian Hinchliffe for the t¢ + H matrix elements. The W + vy background process
uses a matrix element calculation from Mangano[12]. The Q@Q~v backgrounds are implemented using the
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calculation of Ballestrero and Maina[15]. The QQ~ backgrounds are implemented using the calculation of
Ellis and Kunszt[16]). This generator contains a reasonably accurate model for the sequential decay of heavy
quarks to leptons, but does not provide an accurate estimate for the flow of hadronic energy arising from
the quark fragments or the underlying event and so cannot be used to estimate the effects of isolation or
lepton identification requirements. It also does not incorporate any branching ratios for Higgs decay, so we
have chosen to use the Kunszt and Stirling results [8], including the O(a,2) QCD corrections which result
in a running b-quark mass. These corrections significantly reduce the rate for Higgs decay to b quark pairs,
resulting in an increased branching ratio to two photons in the intermediate mass region. The PYTHIA
calculation also includes these QCD corrections in an approximate form.

The # + H cross section increases slowly with Miop (£15% variation for 100 < Mi,p, < 200
GeV). In contrast, the ¢fyy background is strongly dependent on M., (varying in the ratio 9:3:1 for
Miop = 100,150,200 GeV). We have adopted the nominal value of Mio, = 150 GeV. As this background
gives the dominant contribution, should M;p really be as low as 100 GeV, the overall background would be
increased by roughly a factor of three. It is also worth noting that the background processes include only
those contributions obtained by attaching photon lines to the primary partons (W, b, or £). Potentially
important contributions can also arise where one photon is attached to a primary parton and the other is
produced in a radiative decay such as W — vy or t — Wby. These contributions will be most significant
for low photon p; (small compared to the mass of the decaying object). Detailed calculations are required
to estimate their contribution in the kinematic region studied in the present analysis.

For the W + H signal process, the higher order QCD corrections are known (they are essentially the
same as those for direct W production), and the result is a small (10% to 15%) increase at SSC energies[18].
For the tf + H process, the QCD corrections are unknown, but the dependence of the result on the g2 scale
is known to be large. The common (and conservative) choice used in the literature is g> = 3, where % is the
ttH center of mass energy. This choice gives a mean value for ¢ of roughly 700 GeV. The scale used here is
¢* = (M,?), where M,? = p,2 + M? is computed for each of the three primary particles (t£H) in the matrix
element, and then the average of these three values is used. This scale gives a mean g value of roughly 200
GeV, and a cross section which is 30% larger than that obtained with ¢ = 5. We have chosen the smaller
scale because for other processes (e.g., QCD 2-jet production, which has now been calculated to O(c,?)),
scales proportional to p;2 are known to be more reasonable than scales proportional to .

Kinematics and acceptance

The kinematics of the signal events have been studied in order to understand how best to optimize
detection. The two signal processes,.particularly for light Higgs masses, are quite different. For the W + H
process, the mass of the W is quite small on SSC scales, so that the required 7 is also quite small. This
leads to a very broad rapidity distribution and a rather narrow p; distribution. For the ¢f 4+ H process,
the necessity of producing two heavy quarks in addition to the Higgs implies that its rapidity distribution
is much narrower. The Higgs rapidity distribution is reflected in the pseudo-rapidity distribution of the
lepton and photons, leading to very different acceptances for the two processes. For the W + H process,
good acceptance requires coverage out to n = 5, whereas the # + H process is well suited to the 5 = 2.5
coverage of the SDC detector.

The transverse momentum distributions of the lepton and photons are only slightly different for the
two processes. From Fig. 3-8 for the #f + H process with a Higgs mass of 80 GeV, it appears that a
requirement of p; > 20 GeV is acceptable for the photons, and it is possible to use a higher lepton-p;
requirement without significant losses. For the W + H process with a Higgs mass of 80 GeV, the softer p,
spectrum makes the acceptance smaller by a factor of two for the p; requirement of 20 GeV on the lepton
and photons. For a larger Higgs mass of 160 GeV, both processes have good acceptances for the p, > 20
GeV requirement. We note that for the tZH process, decreasing the pseudorapidity coverage from 2.5 to 1.5
decreases the signal acceptance by a factor of 1.8, whereas increasing the coverage from 2.5 to 3.0 increases

the acceptance by about 10%.
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FIG. 3-8. Families of acceptance curves for ¢ + H, with Mpigg = 80 GeV (dashed) and Myigg, = 160 GeV
(solid).

(a) The fraction of events with at least one lepton with p; > po as a function of py. The lepton has
{n} < 1.5 (lowest curve), 2.0 (lower middle curve), 2.5 (upper middle curve), or 3.0 (upper curve).
(b) The fraction of events with at least two photons with p; > py as a function of p9. The photons have
Inl < 1.5 (lowest curve), 2.0 (lower middle curve), 2.5 (upper middle curve), or 3.0 (upper curve).

The lepton acceptance for if events has been checked by comparing PYTHIA and PAPAGENO
simulations of this final state. PYTHIA is observed to give a much softer p; spectrum for the lepton from
the W decay. For a t-quark mass of 150 GeV, the mean p, from PYTHIA is roughly 55 GeV, whereas that
from PAPAGENO is roughly 75 GeV. This is because of the different physics models used. PAPAGENO
decays the ¢ quark directly into a W and a b quark (ignoring any QCD radiation that might accompany
the decay), giving a p, distribution which may be slightly too hard. PYTHIA instead fragments the ¢ jet
into normal mesons and baryons plus a ¢ meson or baryon, which subsequently decays to a W and a b,
etc. This complex model is not expected to work well for large t-quark masses, and will give a significantly
softer lepton p; spectrum. The result is that 38% of the PAPAGENO #f events have a W decay lepton
with p; > 20 GeV, whereas only 32% of the PYTHIA events have such a lepton. For a higher cut of
Pt > 40 GeV, PAPAGENO gives 24% and PYTHIA gives 22%. The PAPAGENO result has been used in
the present analysis, as it is expected to be more accurate for My, = 150 GeV. We further note that for
P > 20 GeV, 70% of the highest-p; leptons in i decays arise from W decays, whereas for p; > 40 GeV, this
number rises to 85%.

Lepton and photon identification and measurement

The associated production of the Higgs with other massive particles is expected to produce significantly
more complex events than the clean H — ZZ — 4( events which are frequently studied as a performance
- reference. This section focuses in particular on the issues related to identifying and measuring electrons
and photons in the calorimeter, as this is where the effects of this additional complexity may be felt most
strongly. Reconstructing non-isolated muons is much easier because of the lack of confusion outside the
calorimeter.

In considering the issue of electron and photon identification and measurement, it is useful to identify
two different types of requirements. The first is the very local (i.e., roughly the size of the EM shower
itself) region where the actual identification and energy measurement take place. Any excess energy in this
“identification” region will both degrade the identification capability and influence the energy measurement.
One of the most critical distributions for electron and photon identification is the transverse shower profile
measured by the Shower Maximum detector. Here, due to the fact that the Shower Maximum detector
represents a thin slice through the electromagnetic shower, the intrinsic fluctuations are large. Estimates
from CDF data indicate that additional energy deposits of less than about 1 GeV will have a negligible
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effect on the shower profile for a 50 GeV electron or photon (one will most likely use Shower Maximum
information from 7-9 strips to define the profile, which corresponds to an area in An x A¢ of roughly
0.05 by 0.05). The more demanding requirement is likely to be the energy measurement, where a 50 GeV
electron or photon is expected to be measured with 1-2% precision, and hence the pileup effects need to be
kept to less than 1% of the electron or photon p;. A measurement of the emergy to this level of precision
in the SDC detector requires an area in An x A¢ of roughly 0.1 by 0.1, and therefore is more sensitive to
pileup than the transverse shower profile. In the following discussions, we will concentrate on the energy
measurement. A further complication arises at larger values of the pseudo-rapidity where the calorimeter
segmentation in pseudorapidity is decreased in order to maintain a reasonable physical cell size (the cell
size is roughly An x A¢ = 0.1 x 0.1 at 7 = 2.0 and 0.2 x 0.2 near 7 = 3.0). In this case, the electron or
photon measurements will require a larger region in (1, ¢} space, and hence the pileup will be larger.

Second, once a lepton (electron or muon) or photon is identified, it is often necessary to further reduce
backgrounds by requiring that the amount of energy observed near the lepton or photon be small. This
“topological” isolation helps eliminate leptonic backgrounds arising from decays of heavy quarks and photon
backgrounds from 7%'s in QCD jets. Studies described in Section 3.2.2 have shown that a cut of 5 GeV of
excess transverse energy in a cone of radius R = 1/(An)? + (A¢)? = 0.3 around the lepton or photon is very
effective at reducing backgrounds from leptons produced in b or ¢ quark decays from #f events, providing a
rejection of 10 to 1000, depending on the p; of the lepton. In the present analysis, the background from the
bby~y process would be unacceptably large without the lepton isolation requirement. Monte Carlo studies
for photons indicate similarly large rejections can be achieved against photons associated with jets.

In order to proceed with a more detailed analysis, it is necessary to define an energy measurement
algorithm. This allows a precise study of the effects of both energy reconstruction and isolation in associated
Higgs production. The minimum region required to measure the energy of an EM shower is clearly a single
EM tower, but this will badly underestimate the true energy when the shower approaches the edge of a
cell due to energy leakage into adjacent cells. Here, we consider two different algorithms — one using a
2 x 2 array of cells, the other using a 3 x 3 array. In order to collect the energy which leaks from the EM
calorimeter into the HAD1 calorimeter, we also include all those cells which lie behind the EM towers used
in the array (if the center of a HADI cell lies behind an EM cell in the array, it is used). The direction
of the electron is defined from the track impact point in the calorimeter, whereas that of the photon is
defined using the Shower Maximum detector. The calorimeter impact point defined in this manner is used
to choose the best 2 X 2 or 3 x 3 array of cells. The energy of the electron or photon is then defined by
summing the EM and HAD1 energies in the cell array.

Once the electron or photon energy has been defined, the isolation variable is defined to be the excess
E; deposit in the cone of radius R (E; in the cone minus the reconstructed E; of the electron/gamma),
rather than a variable which is scaled by the particle p;. The argument is that the excess emergy in
the cone for signal events should be roughly constant (ignoring remnants of the EM shower subtraction),
whereas that for the background should increase with particle p;. Therefore, the fixed cut should have
a constant efficiency and a monotonically improving rejection as a function of the p,. The distribution
of excess E; expected for signal events is shown in Fig. 3-9. It is apparent that the ¢ + H process does
produce significantly fewer isolated photons than does the cleaner W + H process. The signal efficiency for
several different isolation cone sizes is summarized in Table 3-2. The global efficiency of these rather strict
isolation cuts is far from unity, but their background rejection is very high.



Physics and detector requirements

Table 3-2
A summary of the observed efficiencies of energy isolation cuts for events arising from
associated Higgs production versus the size of the isolation cone. These samples used
Mpigge = 80 GeV, but studies with Mpuigg = 160 GeV give identical results. An excess
transverse energy of less than 10 GeV was required (this cut could be optimized for each
cone size). The photons and leptons were required to have |n| < 2.5 and p; > 20 GeV.

3-13

Particle Radius W + H process tt + H process
0.2 0.99 £+ 0.003 0.94 £ 0.008
Highest p; £ from W 0.3 0.97 + 0.004 0.87 £ 0.01
0.4 0.95 + 0.006 0.80 +0.01
0.2 0.13 +0.02
Highest p; £ from b 0.3 0.058 + 0.013
0.4 0.035 £+ 0.010
0.2 0.99 + 0.003 0.95 £+ 0.007
Either 4 from Higgs 0.3 0.97 + 0.004 0.90 £ 0.009
0.4 0.96 £ 0.005 0.82 £ 0.01
0.2 0.97 £ 0.004 0.86 £+ 0.01
Isolation on all lepton/photons 0.3 0.93 £ 0.006 0.73 £0.01
0.4 0.89 = 0.01 0.58 4+ 0.02
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FIG. 3-9. The distribution of excess E; in a cone of radius R = 0.3 around the photon direction for photons
from associated Higgs production. The photons were required to have |n| < 2.5 and p; > 20 GeV. (a) for
photons from the W + H process with Mg, = 80 GeV. (b) for photons from the #f + H process with
MHiss- = 80 GeV.

Mass resolution

The energy resolution of the EM calorimeter is the major factor influencing the invariant mass resolution
for the two photons from the Higgs boson decay. A series of studies have been done at the particle level,
simply smearing the energy of each photon by the expected calorimeter resolution. The mass resolution as a
function of Higgs mass for several relevant cases is summarized in Table 3-3. Several features are apparent.
First, for the stochastic terms of the baseline design, the constant term also plays a significant role. It is
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desirable to keep it below the 1% level. Second, in order to take full advantage of the improved stochastic
terms characteristic of the high performance option, it is desirable to have a constant term of 0.5%.

Table 3-3
Two photon invariant mass resolutions in GeV for events from the #f + H process. The
entries in the table are the sigma of a Gaussian fit to the signal (in GeV). The simulation
was done at the particle level using parametrized resolutions, where “Base” refers to the
terms given in Table 3-1. The final columns summarize the resolution expected for the
high performance option defined in Section 3.1.1.

' ea=Base a=DBase a=Base 10%/VE a=29%/14% a=9%/14%
Mpiggs b=0% b=DBase b=2% b=0.5% b = Base

80 1.08 1.23 1.56 0.67 0.80 0.93
100 1.24 1.44 1.89 0.78 0.93 1.11

- 120 1.39 1.65 2.19 0.87 1.056 1.28
140 1.52 1.81 2.51 0.96 1.16 1.44
160 1.64 2.00 2.81 1.03 1.25 1.61

Using the photon energy measurement algorithm discussed previously, it is possible to study in detail
the effects of segmentation and pileup on the mass resolution. A series of simulations have been performed
for a fixed Higgs mass of 80 GeV, using segmentations between 0.05 and 0.2, and luminosities between
1033 cm~257! and 5 x 1033 cm—2s~1. Several features are apparent from this study; in Fig. 3-10, we attempt
to summarize them. First, a region of 0.1 x 0.1 in (7, ¢) is not sufficient to contain the energy of an EM
shower for || > 2.0 (the SDC calorimeter design changes the EM cell size from 0.05 to 0.1 at = 1.8).
Second, the effects of shower spreading and pileup in the energy measurement region induce an additional
smearing in the mass resolution of roughly 0.4 GeV, thereby increasing the parametrized result of 1.1
GeV for the SDC baseline calorimeter to about 1.2 GeV. Third, the resolution is not a strong function of
HAD1 segmentation, even at elevated luminosities of 5 x 1033 cm~25~! (the mean value of the true minus
observed mass changes by less than 250 MeV and the resolution deteriorates by less than 5% for a HAD1
segmentation of 0.2). Finally, the resolution is a strong function of EM segmentation, and An x A¢ of
0.1 is the coarsest segmentation which gives acceptable performance (the mean value of the true minus
observed mass shifts by 800 MeV and the resolution deteriorates by 20% at five times design luminosity).
Figure 3-10 indicates that even for this segmentation, the mass resolution is developing a non-Gaussian tail
at higher luminosity. These studies support the SDC baseline choice of 0.05 EM segmentation, and indicate
that the performance of such a calorimeter is adequate for precision mass measurements well beyond the
SSC design luminosity.

Stignificance of signal

Finally, the signals from the two production mechanisms are combined with ihe events from the different
background processes to give the mass plots shown in Fig. 3-11 and Fig. 3-12. The bbyy background has
been reduced by a factor ten to account for the isolation cut applied to the lepton. The plots contain
the expected data sample obtained after one year of running at the SSC design luminosity. The actual
contributions to the signal peaks are itemized in Table 3-4 and Table 3-5. An additional requirement that
all leptons and photons be separated from each other by at least AR = 0.4 has been added. This cut is
very useful for reducing bbyy backgrounds with negligible loss of signal events.

From these plots, it is possible to extract the statistical significance of the expected result. The proper
way to do so involves performing a polynomial fit to the background, excluding the signal region. These
background parameters, plus a Gaussian for the signal, are then fit to the full distribution. An analysis of
the integral of the Likelihood function leads to the best estimate of the significance of the signal. Such an
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FIG. 3-10. The observed two photon invariant mass resolution as a function of the calorimeter segmentation
and luminosity. The variable plotted is the true yy mass minus the reconstructed ¥y mass. (a) Mass
resolution for a 2 x 2 cell algorithm. The solid curve is for 0.05 EM and HAD1 segmentation at design
luminosity. The dashed curve is for 0.05 EM segmentation and 0.2 HAD1 segmentation at five times design
luminosity. The dot-dashed (dotted) curve is 0.1 (0.2) EM and HAD1 segmentation at five times design
luminosity. (b) Mass resolution for a 3 x 3 cell algorithm.

' Table 3-4

A summary of the number of events produced in and detected by the SDC
detector per SSC year as a function of the Higgs mass. The detected events
are required to satisfy p; > 20 GeV and || < 2.5. A AR = 0.4 cut between all
of the leptons and photons was also applied. A factor (0.85)3 = 0.614 has been
used to account for lepton and photon efficiency. An additional factor of 0.93
for W + H events and 0.73 for tf{H events has been applied to account for the
isolation requirement of less than 10 GeV of excess E; in a cone of radius R = 0.3
(see Table 3-2). All results are derived from a simulation using PAPAGENO,
BR(H — vv) as given in Ref. 8, and BR(t — { + X) = BR(W — {+ X) = 0.22
(only W leptons are accepted from the ¢ quark decay—all others will fail the
isolation cuts).

Mgpiggs W +H events W + H events i+ H events tf+ H events

Produced Detected Produced Detected
80 25.0 4.0 49.6 12.2
100 22.0 4.2 48.9 13.7
120 18.4 3.7 45.5 13.7
140 10.2 2.2 28.0 8.8
160 1.6 04 5.0 1.6

analysis is lengthy, and must be performed on many statistically independent samples in order to guarantee
the detection of the (eagerly awaited) signal. Here, a standard naive approximation is made, namely the
background is estimated, and the significance is defined to be d = signal//background. This is a measure
of the probability that a Gaussian distributed background sample could have fluctuated up to impersonate
a signal. If one wants to include some estimate for the background uncertainty, the background value used
in the calculation can be chosen to be the largest reasonable estimate.

The significance d defined in this manner is a useful criterion for evaluating the relative performance
of different detector options, although a value greater than five is likely to be necessary for discovery. This
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Events/0.5 GeV/SSC Year

Table 3-5
A summary of the number of signal and background events observed within two sigma of the peak for
different Higgs masses, where sigma is the expected mass resolution for the given Higgs mass. The event
sample is identical to that described in Table 3-4. The baseline sample is shown in Fig. 3-11 and the high

performance sample is shown in Fig. 3-12.

MH,“, Signal events Background events Signal events Background events
Baseline resolution  Baseline resolution =~ High performance High performance
80 15.6 7.7 15.8 6.2
100 17.2 7.5 17.5 6.2
120 16.9 7.3 17.2 6.3
140 10.7 6.6 10.6 4.9
160 1.9 5.6 1.9 4.3
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distribution for the expected signals from Higgs
bosons of mass 80, 100, 120, 140, and 160
GeV. The background curves are cumulative,
and are (from lowest to highest): bbyy, tiyy,
and W~+. The baseline detector resolution has
been assumed.
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distribution for the expected signals from Higgs
bosons of mass 80, 100, 120, 140, and 160 GeV.
The background curves are cumulative, and
are (from lowest to highest): bbyy, tfyy, and
W<~. The high performance calorimeter option
defined in Section 3.1.1 has been assumed.

definition has very simple scaling properties, namely the significance decreases as the square root of the
resolution for fixed integrated luminosity, and increases as the square root of the integrated luminosity for
fixed resolution. This means that a factor of two improvement in resolution will do the same physics in one
half the elapsed time. Figure 3-13 and Fig. 3-14 display the results of this simple calculation for several
families of resolution functions. From these figures one can conclude that with the baseline stochastic term
(see Table 3-1), a constant term of 1% is an appropriate goal. If the stochastic term can be reduced to 9%,
then a reduction in the constant term to 0.5% is desirable (see also Table 3-3).
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FIG. 3-13. A series of curves showing the FIG. 3-14, A series of curves showing the
expected significance of the combined W + H expected significance of the combined W + H
and ¢f + H signal above the background for one and #f + H signal above the background for one
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Higgs masses. Events from both W + H and Higgs masses. Events from both W + H and
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the stochastic term is assumed to be that of is fixed to be 1% and the four curves represent,
the baseline detector (see Table 3-1), and the from highest to lowest, stochastic terms of 7.5%,
constant term is taken to be, from highest 10%, 15%, and 20%.

to lowest, 0.5, 1.0, or 2.0%. For the dotted
curves, the stochastic term is assumed to be
that of the high performance option defined in
Section 3.1.1, and the constant term is taken to
be 0.5 and 1.0%. Finally, an additional dashed
curve with 10%/vE resolution is included for
reference.

3.2.2. Intermediate-mass Higgs (130 < Mpiggs < 180 GeV)

As long as the Higgs boson mass is below the threshold for W*W ™~ and ZZ decays, it remains
very narrow (T'Higgs is less than 100 MeV for Mp;ges < 160 GeV). The most spectacular signature in the
intermediate mass region is the decay H — ZZ* — 4¢ (here * indicates a virtual particle). The branching
ratios for the Standard Model Higgs shown in Fig. 3-4 indicate that this mode has a reasonable branching
ratio for Higgs masses above 130 GeV. This provides good overlap with the vy mode which is useful below

150 GeV.

Physics simulation

Studies of the signal for direct Higgs production followed by the decay H — ZZ* have been performed
using the WW/ZZ fusion and gg fusion processes contained in the PYTHIA generator. Note that in all
calculations made by this version of PYTHIA, the Z’s are allowed to be off-shell as demanded by the
available phase space, so that ZZ* or even Z*Z* production will automatically be generated. The ZZ
continuum background is also generated using PYTHIA. This process includes the contribution from both
the Z and the v propagators, and hence also contains the process Zv* in the approximation that the ~*
is radiated from a quark line (this is relevant for small Mz.). The PAPAGENO generator was used to
efficiently generate the leptons arising from heavy flavor decays (¢, Z + bb, and Z + #) which provide

additional multi-lepton backgrounds.
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Acceptance and kinematics

Events are selected by requiring two leptons with transverse momenta greater than 20 GeV. This results
in a trigger efficiency of ~ 50% (70%) for a Higgs mass of 120 (160) GeV. Figure 3-15 shows the acceptance
of the detector as a function of the minimum lepton transverse momentum for several values of the rapidity
coverage (the default coverage is || < 2.5). In this study we assume that leptons of p; less than 10 GeV
cannot be detected with adequate background rejection. Hence it can be seen that requiring that the four
leptons be in the SDC detector fiducial volume and pass the triggering (2 leptons with p; > 20 GeV) and
detection (4 leptons with p; > 10 GeV) requirements results in an efficiency of 17% (42%) for a Higgs mass
of 120 (160) GeV. This acceptance would decrease by roughly a factor of 2.5 if the lepton coverage were
restricted to |n| < 1.5, and would increase by 25% if the coverage were increased to |n| < 3.0.

To simplify the analysis, only the four highest-p; leptons inside the acceptance are used in the
subsequent calculations (this also provides some further rejection against backgrounds which produce more
than four leptons). The charge-zero lepton pair with mass closest to Mz is required to satisfy My = Mz +10
GeV. The other lepton pair is required to have My > 20 GeV to reduce the qg — Z~v* background.
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FIG. 3-15. Families of acceptance curves for H — ZZ*, for Myiggs = 120 GeV (solid), 140 GeV (dotted),
and 160 GeV (dashed). (a) The fraction of events with at least two leptons with p; > py as a function of
po. Both leptons have |n| < 1.5 (lower curve), 2.0 (lower middle curve), 2.5 (upper middle curve), or 3.0
(upper curve). (b) The fraction of events containing two leptons with p, > 20 GeV and |n| < 2.5 plus two
others with p, > po and |7| < 1.5 (lower curve), 2.0 (lower middle curve), 2.5 (upper middle curve), or 3.0
(upper curve).

Lepton identification

In order to study the background rejections and signal efficiencies as a function of the lepton isolation
requirement, we have used a sample of tf and H — 4¢ events from PYTHIA. The isolation requirement has
been studied for cone sizes varying from R = 0.2 to R = 0.4. The definition of this quantity has been given
in the Section 3.2.1. The results of this study, summarized in Table 3-6, show the signal efficiency and
background rejection for different bins in lepton p;. The lepton class was defined based on the process and
the identity of the lepton’s parent. In this table, only electrons have been included since the additional EM
shower energy they produce inside the isolation cone makes them more difficult to isolate than muons.

Further insight into these efficiencies can be gained by looking at the distribution of E; in the isolation
cone for the different classes of leptons. Figure 3-16 shows distributions of the isolation variable for the
lowest p; bin defined in this study (10 < p; < 20 GeV) for a cone of R = 0.3. The first distribution in
the set of four is for leptons coming from a sample of H — ZZ* events, assuming Mp;iges = 140 GeV. The
other three distributions are for leptons coming from a large sample of ¢{f events, where the parent was a
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Table 3-6
A summary of the observed efficiencies for detecting electrons with different parents arising from two different
processes as a function of the electron p, and the radius of the surrounding cone. Electrons are accepted if
there is less than 5 GeV of excess transverse energy in this cone. The “Z parent” column refers to electrons
arising from H — ZZ* with My;gg, = 140 GeV. The other columns are for tf events with Miop = 150 GeV.
Some entries are 68% confidence limits based on no observed events.

p: range Radius Z parent W parent b parent ¢,d, u parent
0.2 0.98 + 0.005 0.96 + 0.01 0.27 +0.01 0.034 + 0.004
10 < p; <20 0.3 0.95 £ 0.007 0.88 £+ 0.01 0.11 +0.008 0.010 + 0.002
04 0.90 + 0.01 0.79 = 0.01 0.046 + 0.005 0.005 + 0.002
0.2 0.98 £ 0.003 0.94 £ 0.01 0.13 +£0.01 0.015 £ 0.004
20 < p; < 30 0.3 0.96 + 0.01 0.88 +0.01 0.045 + 0.007 0.004 + 0.002
0.4 0.89 £+ 0.01 0.79 £ 0.01 0.015 = 0.004 0.001 + 0.001
0.2 0.98 £+ 0.003 0.94 £0.01 0.047 4 0.008 0.013 + 0.004
30 < p, < 50 0.3 0.93 = 0.005 0.89 + 0.01 0.0012 £ 0.004 0.006 £+ 0.003
04 0.87 £ 0.01 0.79 £ 0.01 0.005 +0.003 0.002 & 0.002
0.2 0.96 £ 0.004 0.95 + 0.005 0.006 £+ 0.003 . 0.001 + 0.001
50 < p; < 150 0.3 0.89 +0.01 0.87 £ 0.01 0.002 + 0.002 < 0.001
04 0.81 £ 0.01. 0.77 £ 0.01 < 0.002 < 0.001

W, a b quark, or a c or lighter quark. This figure and Table 3-6 indicate a problem that occurs when
trying to reject low p; b quark backgrounds, namely the b decay products are not tightly collimated, and
even a moderate cone size may often not include them, thereby leading to many “isolated” background
leptons. This emphasizes the need for relatively large isolation cones for low-p; leptons, placing stringent
constraints on the allowed calorimeter noise contributions. As the p; of the lepton increases, the p; of the
heavy parent also increases, so that the decay products are more energetic and more collimated, making
the isolation requirement increasingly powerful. For p; of the lepton in the lowest bin (mean p; of order 15
GeV), rejections of roughly ten are possible using a cone of R = 0.3 while maintaining a high efficiency for
true isolated leptons. When the p; of the lepton has risen to 100 GeV, these rejections increase to almost a
factor of 1000 (the present study lacked the statistical power to evaluate this factor in detail).

Mass resolution

For the SDC baseline detector, in the kinematic region relevant for H — ZZ* decays, the parametrized
tracking resolution is significantly better than the calorimeter resolution. For Mryiggs = 140 GeV, the
four-muon mass resolution is almost identical to that of the four-electron mass measured with the tracking
system, and is 0.8 GeV. The four-electron mass resolution measured with the calorimeter is 1.9 GeV for
the same Higgs mass. For the muon final states, it is possible to take full advantage of this resolution.
However, for final states with electrons, the parametric resolution is degraded by the passage of the
electrons through the material in the tracking volume and the subsequent induced bremsstrahlung. A
detailed simulation, described in Chapter 4, and summarized in Fig. 3-17, indicates the severity of the
effect. For the calorimeter, even at a p; of 10 GeV, the bremsstrahlung photon and the original electron
will almost always lie within 10 cm of each other, and hence be included in the 2 x 2 cell array used to
reconstruct the energy (although the track will no longer point exactly to the centroid of the energy cluster
in the calorimeter). Thus, the calorimeter energy measurement is largely immune to the bremsstrahlung
effects which degrade the tracking performance. It is possible that more sophisticated track reconstruction
algorithms can be developed to cope with the bremsstrahlung problem, but in the present analysis we have
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FIG. 3-16. The distribution of excess E; in a cone of radius R = 0.3 for different classes of electrons. The
electrons are all in the range 10 < p; < 20 GeV. (a) Electrons from H — ZZ* for Myiggs = 140 GeV.
(b) W electrons coming from ¢ quark decays (Meop = 150 GeV). (c) b electrons coming from ¢ quark decays.
(d) ¢ (or u, d) electrons coming from ¢-quark decays.

50 L ) T L] ¥ I T ¥ L T I T T ] 1 I ) ] i L] i 150 | 1 1 ) 1 ) 3 1 1 l T T T ¥ I 1 ¥ L T i

- (a) 3 C (®)

- - e ———l

40— —] 125 - _‘_ j

- ] . 100 -

30 4 % - :

= ] & r ]

" 1 & v —

C N < o ]

20— -] v s ]

N . = 50— —]

i ] o ]

o E 25 - =

0 i 1 ' I 1 [ _} I_h ' e = | l o | 3 ] L o : 4 L L l L i | 1 1 I i | — i :(.
120 130 140 150 160 120 130 140 150 160

Four Electron Invariant Mass (GeV) Four Muon Invariant Mass (GeV)

FIG. 3-17. The invariant mass reconstructed by the SDC tracking system for ZZ* decaying to four leptons
for a Higgs mass of 140 GeV. The plots comtain events which have been passed through a detailed
simulation of the tracking system, and contain the effects of material in the tracking volume, which severely
degrades the performance for electrons due to the induced bremsstrahlung. (a) the mass distribution for
the 4e final state. (b) the mass distribution for the 4y final state.

chosen to use calorimetric reconstruction for the electron pairs.

For the calorimetric reconstruction, a study of mass resolution using the energy reconstruction

algorithms described in Section 3.2.1 has been performed. The results of this study, in which various
segmentations were examined, are very similar to those for the H — vy case (the H — 4e case is more
sensitive to pileup and segmentation since there are four measurements rather than two). The effect of
the transverse shower size and pileup at design luminosity is to add a smearing of roughly 0.5 GeV in
quadrature with the parametrized calorimetric resolution of 1.9 GeV for a Higgs mass of 140 GeV. For
EM segmentation of 0.05 and HAD1 segmentation of 0.2, the mean value of the true mass minus the
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reconstructed mass is shifted by 500 MeV and the mass resolution is degraded by 15% at five times design
luminosity. If both EM and HAD1 segmentation are 0.1, the mean value of the true mass minus the
reconstructed mass is changed by 1.8 GeV and the mass resolution is degraded by 25% at five times design

luminosity.

Signal significance
For a Higgs mass of 140 GeV, there are approximately 250 produced events in final states with e’s or
p#’s in one standard SSC year.

There are four potential sources of lepton backgrounds. Note that by requiring four identified leptons,
all non-leptonic backgrounds become negligible. First, the production of ZZ* or Z~* final states from either
gg or gg initial states can give rise to the 4/ final state. The rate from the ¢ process is smali[19]. The rate
from gg initial states is not known; we have increased the rate from ¢g by a factor of 1.65 to estimate its
effect. The rate for the process gg — Z+ (with an on-shell photon) is known [20); it is approximately 20%
of that for qg — Z+, and hence our background may be an overestimate. Our larger estimate is based upon
comparisons of the calculated rates for g¢ — ZZ and g9 —+ ZZ at larger ZZ invariant masses (see Ref. 21).
Next, there are backgrounds from final states containing a Z and a pair of heavy quarks (Z + bb or Z + 1),
where semileptonic decays of the ¢t and b quarks give rise to additional leptons. While the cross section for
the former process is much greater than for the latter, the leptons from ¢ decay tend to be isolated while
those from b decay are not. Finally, there is the contribution from the i¢f final state. Four semileptonic
decays resulting from this final state will give rise to a potential background. Two of the leptons (from the
decays of t and ?) are likely to be isolated, while the others are not. Hence the isolation requirement is very
effective in removing this background.

The signal events have one pair of leptons whose invariant mass reconstructs to the Z mass. Unlike
the other backgrounds, the ¢f final state does not have such a pair of leptons. Hence, it can be reduced
by requiring that there be one pair of leptons whose invariant mass reconstructs to the Z mass. The
background rejection achieved by this requirement will depend on the resolution of the detector. Omce the
resolution is comparable to the natural width of the Z no further improvements in resolution will reduce
this background. A further rejection can be obtained by removing like-sign lepton pairs which are produced
by the heavy flavor decays discussed above. This provides a reduction of roughly 1.5 for the Z + bb and
Z + tt backgrounds, and roughly 2 for the #f background.

The isolation rejection defined in the previous section, requiring that the excess E; in a cone of radius
R = 0.3 be less than 5 GeV, has been applied to these backgrounds. We have used the conservative
assumption that this requirement reduces the non-isolated backgrounds by a factor of ten, independent of
the p; of the lepton (see Table 3-6). This means that tf and Z + bb cross sections are reduced by a factor
10? ( assuming that only 2 of the 4 leptons come from b or lighter quark decays), and the Z + # cross
section is left unchanged (assuming that all 4 leptons come from Z’s or W’s).

Applying the isolation requirement discussed above to all four leptons in the signal results in an
additional loss of roughly 6% of the events for each isolated lepton (a total efficiency of 78% for all four
leptons). Finally there is an efficiency for the identification and reconstruction of electrons and mmuons in
the detector. This is assumed to be 85% for each lepton unless the leptons reconstruct to a Z, in which
case we assume an efficiency of 95% for the second of the two leptons. The total effect of acceptance and
efficiency is to reduce the number of events from 250 produced to roughly 40 observed for a Higgs of mass
140 GeV.

Figure 3-18 shows the reconstructed invariant mass distribution for Higgs bosons with masses in the
range 120 to 170 GeV, together with the expected backgrounds, using calorimeter measurements for the
electron momenta. Although the mass resolution for the four muon channel is twice as good as for the four
electron channel, the signals in the different channels have been combined.

The statistical significance of the peaks shown in Fig. 3-18 has been evaluated by counting the number
of events predicted above the expected backgrounds in the vicinity of each peak (a region of £2¢ was
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FIG. 3-18. The reconstructed Higgs mass for ZZ* decaying to 4e, 4y, and 2e2u with Muig,. = 120, 130,
140, 150, 160, and 170 GeV, including the expected backgrounds. The backgrounds curves are cumulative,
and are (from lowest to highest): ¢g — ZZ*, multiplied by 1.65 to account for gg — Z2*, Z + bb, Z + 11,
and tf. The invariant mass has been calculated using calorimeter measurements for the electrons.

used, where the o is an average resolution from a fit to the 4y, 2e2u, and 4e channels combined). The
Muyiggs = 130 GeV through Mp;g,, = 170 GeV peaks are unambiguous. There are 18 signal events over an
expected 3.5 event background for 130 GeV, and 32 signal events over an expected 10 event background
for 170 GeV for one year of SSC running at nominal luminosity. The Mpyigs = 120 GeV peak has one fifth
the signal and one half the expected background when compared to the 130 GeV peak, and consequently
requires several years of SSC running to establish a convincing signal. At lower masses the rates are very
small due to the rapidly falling branching ratio into the ZZ* final state (see Fig. 3-4). Our requirement
that leptons have p; > 10 GeV also results in an acceptance that falls as the Higgs mass is reduced. An
increase in the integrated luminosity in excess of 10**cm~2 will enable the mass range to be extended
slightly downwards, but no significant result below about 120 GeV can be expected from this mode.

3.2.3. Heavy Higgs (180 < Mpjges < 800 GeV)

A Standard Model Higgs whose mass is above the WW and ZZ thresholds decays predominantly inte
these final states. As the mass approaches 800 GeV, the width of the resonance increases dramatically:
CHiggs = 1.4, 30, 269 GeV for Mp;ges = 200, 400, 800 GeV. Furthermore, the small production cross section
makes discovery more difficult. In this section, we first review the leptonic decay modes ZZ — ¢te—(+¢~
and ZZ — £t{"vD, where the signals are relatively clean but statistically limited. In order to study the
higher mass region with higher statistics, it is very attractive to try to use the hadronic decays of the W and
Z bosons. The branching ratio for H — ZZ — £*{~ + 2 jets is roughly 20 times that for H — ZZ — 44,
and the branching ratio for H — WW — {v + 2 jets is roughly 150 times that for H — ZZ — 4{. Due
to the additional W/Z + jets and { backgrounds for these. final states, the signal to background ratio is
much less favorable than that for the purely leptonic decays. Nevertheless, there are two techniques that
play an important role in rejecting the large backgrounds. The first involves reconstructing the mass and
decay angular distribution for the W/Z — 2-jet decay, the second involves searching for the very forward
jets produced by the WW/ZZ fusion process (Fig. 3-3 indicates that for large Higgs mass, this process
dominates Higgs production at the SSC). These two techniques and their detector implications are discussed

in detail.
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H—o 77 — 4L

The gg fusion and WW/Z Z fusion processes have been studied using the PYTHIA generator. It should
be noted that the s-pole approximation is used for the Higgs matrix elements (although an energy-dependent
Breit-Wigner is used for the line shape), which is known to overestimate the very high mass tail of a heavy
Higgs. It is claimed that PYTHIA overestimates this rate by about 10% for Mzz < 1200 GeV with an 800
GeV Higgs mass. A detailed discussion of a complete matrix element calculation, with comparisons to the
approximations used here, may be found in Ref. 22.

In this section, we consider the specific cases of Mpiggs = 200 GeV, 400 GeV, and 800 GeV. Once we
are above the ZZ threshold, the signal consists of two pairs of leptons each of which has an invariant mass
consistent with the Z mass (defined as Mz & 10 GeV). Again, we select events with two leptons of p, > 20
GeV and require that all four leptons be isolated and have p; > 10 GeV. The background arises from the
processes q§ — ZZ (23] and gg9 — ZZ[21]. Backgrounds from the final states Z + tf, Z + bb, or ¢f have also
been considered. It is apparent that these backgrounds are small once we require that there are two lepton
pairs whose invariant mass reconstructs to Mz + 10 GeV (the backgrounds are much lower than those in
the intermediate mass case because we can require two lepton pairs close to the Z mass). They become
negligible once we make the additional requirement that the four leptons be isolated.

When the Higgs mass is as large as 800 GeV, the Z bosons produced in its decay have a substantial
Lorentz boost, and their decay products will frequently lie close together. Figure 3-19 shows the distribution
in the minimum AR (the distance in (7, ¢) space) between any two leptons in such events. This distribution
has significant implications for the segmentation of the EM calorimeter. In order to identify and reconstruct
the electrons in such cases, one will probably need at least one quiet cell separating the 2 x 2 or 3 x 3 cell
arrays used for the reconstruction. This requires that the EM cells be smaller than 0.1 units in An and A¢

in order to maintain high efficiency.
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FIG. 3-19. The distribution of the minimum AR (the distance in (1, ¢) space) between any two leptons in
Higgs events with a Higgs mass of 800 GeV.

Figure 3-20 shows the reconstructed Z mass for lepton pairs produced in the decay of an 800 GeV
Higgs. The charge-zero pair with invariant mass closest to the Z mass is selected as the first Z candidate,
and the other lepton pair is taken to be the second Z candidate. Figure 3-20 contains both pair masses,
plotted separately for the individual lepton types. Note that as the p; of the leptons increases beyond
roughly 100 GeV, the SDC tracking system has worse resolution than the SDC EM calorimeter. The figure
indicates that the resolution for the SDC detector, as assumed in the baseline design, is a good match to
the 10 GeV window around the Z mass used in this analysis. In more quantitative terms, the acceptance
for the Mz £+ 10 GeV requirement on both pairs for the 4u channel (reconstructed using the combined
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tracking and muon system) is reduced by 12% relative to that for the 4e channel (reconstructed using the
EM calorimeter) due to this difference in resolution. The acceptance of the detector as a function of the
minimum lepton transverse momentum for several values of rapidity coverage is shown in Fig. 3-21. The
acceptance for the cuts used in the present analysis varies from 53% for a 200 GeV Higgs mass to 70% for
an 800 GeV Higgs mass. It is evident that the p,; threshold has little influence on the acceptance, whereas
increasing the 1 coverage from 2.5 to 3.0 would increase the acceptance by ~ 20%. Decreasing the lepton
coverage from |n| < 2.5 to |p| < 1.5 would decrease the acceptance by a factor of roughly 2.5.
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FIG. 3-20. The invariant mass distribution for lepton pairs from H — ZZ events for a Higgs mass of 800
GeV. The tracking measurements are used for the muons, whereas the calorimeter measurements are used

for the electrons. :
(a) the distribution for the 4e final state. (b) the distribution for the 4u final state.
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FIG. 3-21. Families of acceptance curves for H — ZZ, for My;ges = 200 GeV (solid), 400 GeV (dotted),
and 800 GeV (dashed).

(a) The fraction of events with at least two leptons with p; > pp as a function of pp. Both leptons have
In| < 1.5 (lower curve), 2.0 (lower middle curve), 2.5 (upper middle curve), or 3.0 (upper curve).(b) The
fraction of events containing two leptons with p; > 20 GeV and 5| < 2.5 plus two others with p; > py and
jnt < 1.5 (lower curve), 2.0 (lower middle curve), 2.5 (upper middle curve), or 3.0 (upper curve).

Figure 3-22 through Fig. 3-24 show the result of adding the signal and expected background for the

three Higgs masses considered here. The electrons have been reconstructed from the calorimeter information
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(giving better resolutions in this kinematic regime), whereas the muons use the combined tracking and muon
system resolutions. The different resolutions in these channels do not manifest themselves in significantly
different ZZ mass spectra, due to the large intrinsic width of the Higgs boson at these masses. The
continnum background from ¢g — ZZ has been multiplied by 1.65 to take account of the gg — ZZ process
which is not included in the Monte-Carlos. In the case of Higgs masses of 200 and 400 GeV, a clear peak
above background can be seen and the rates are sufficient for a discovery to be made. In the case of a
Higgs mass of 800 GeV, there are fewer signal events and no clear peak. We note that the line shape for an
800 GeV Higgs is sufficiently broad (the intrinsic width is 270 GeV) that the mass distribution no longer
peaks at 800 GeV, due to the falling parton flux. The peak of a relativistic Breit-Wigner with an energy
dependent width will be shifted downwards by about 50 GeV by the exponentially falling parton luminosity.
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FIG. 3-22. The ZZ invariant mass distribution FIG. 3-23. Same as Fig. 3-22, except that the
showing a peak due to a Higgs of mass 200 Higgs mass is 400 GeV.
GeV. The two lepton pairs were both required
to have My, = Mz 3 10 GeV. The background
curves have the same significance as those of
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12 :l T I ] 1 1 T l ¥ LI ] f ¥ LA R 6 ’-| L r ] ¥ ] ] I i Ll LA l ¥ L} T :1
5 10 — 5 sf- —
O v o .
> o . P C ]
@ 8 [— ‘ - A 4+ —
& N —— ] ] a L ]
> " ] > o ]
S 8 — & 8 —3
10 E 3 0 o 3
~ 3 ~ - 3
E 40— 7 :_,"} R 1
a - ~1 n - -
> F ] » - 3
= 2 — R | =
:l I_L 1 i i ‘ 1 L L 1 l 1l J : ;l i ‘ L 1 i L L.l A1 J L i L . :
600 800 1000 1200 600 800 1000 1200

Four Lepton Invariant Mass (GeV)
FIG. 3-25. Same as Fig. 3-24, except that both
2’s were required to satisfy p,(Z) > 200 GeV.

Four Lepton Invariant Mass (GeV)
FIG. 3-24. Same as Fig. 3-22, except that the
Higgs mass is 800 GeV.



3-26 Physics and detector requirements

The signal to background ratio for the 800 GeV Higgs can be improved by requiring that the transverse
momenta of the Z’s be more than 200 GeV. As is evident in Fig. 3-25, the background has been reduced
with little loss in signal. The peak region contains 20 events with 6 expected background. To claim a signal
in the 800 GeV case, one must have confidence in one’s knowledge of the ZZ continuum rate at large Z2Z
invariant masses that would be expected in the absence of a Higgs boson. The measured ZZ rate at lower
invariant masses can be used to reduce the uncertainties in the theoretical predictions for the ZZ rate at
large values of the invariant mass. The major uncertainties in this extrapolation arise from the structure
functions and higher order QCD corrections[24]. We estimate that we can determine the background with
an uncertainty of 20%, and therefore the Mp;gs = 800 GeV signal would require 2-3 years of SSC running
at the nominal luminosity to be sufficient for discovery.

At very large values of the Higgs mass, we are limited by event rate. In the case of the four lepton
channel, we are confident that the effect of pile-up will not significantly modify the backgrounds displayed in
Fig. 3-25 as the luminosity approaches 1034 cm~2s~!. Preliminary studies of the muon resolution, assuming
that the silicon and outer layers of the central tracker as well as the full muon system function normally,
indicate that the resolution in the relevant p; range will deteriorate by only a small amount. This change
in resolution can be easily compensated by slightly enlarging the window used for Z selection, with oanly

small increases in the background.

HoZZ - e vp

In view of the limited rate for My = 800 GeV, we have looked at the channel with ete~ or
utp~ and missing-E; in order to extract the signal from the decay H — ZZ — £Y¢~vv. This decay is
analogous to the W — {v decay, in which the transverse mass distribution shows a narrower peak than the
Jacobian seen in the transverse momentum distribution (this occurs because the transverse mass also uses
the information contained in the angle between the two decay products in the transverse plane). Here, the

appropriate variable would be:

M} = {[Pt(Z)2 + M%]I/Z + [(B=)? + M2] 1/2}2 ~ pe(Z)? — (EF=%)2 — 2p,(Z)E™* cosé ,

where & is the angle between the Z — ¢f vector and the missing-E; vector in the transverse plane. The
missing-E; vector approximates the momentum carried by the Z which decayed to Z — v77. Because the
Higgs peak has become extremely wide for Myges > 700 GeV, the missing-E; and M; distributions look
almost identical. We have chosen to use the missing-F;, due partially to the simpler behavior of the
backgrounds. The impact of the large Higgs width is shown in Fig. 3-26, where the signal in the missing-FE,;
distribution for H — ZZ — £Y£~v7 is quite apparent, albeit less prominent than the signal in the invariant
mass distribution for the H — 4¢ final state. The branching ratio for the former is six times larger than
that for the H — 4¢ mode.

Just as for the four-lepton final state, one of the backgrounds is from continuum ZZ production.
However, additional backgrounds arise from: Z + jets final states where the jets are mis-measured or lost
in the forward direction, from Z + heavy quarks where the missing-E,; arises from semileptonic decays,
and from if events where two isolated leptons are produced that have an invariant mass close to the Z
mass. The missing-E,; capability of our detector now plays a vital role in our ability to extract a signal.
This is emphasized in Fig. 3-27, which displays the overwhelming background to the missing-FE; signature
in a detector without a forward calorimeter. Additional discussions of the missing-F; signature appear in
Section 3.4.

The background from the £ final state is computed by requiring that there be a pair of isolated leptons
(these arise almost exclusively from the decay ¢t — bfr) of opposite charge whose invariant mass is Mz % 20
GeV. The resolution of the SDC detector is somewhat better than this but the limited Monte-Carlo
statistics prevent us from making a tighter cut. In this case the missing-E; is mainly due to neutrinos and

not to resolution effects.
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FIG. 3-26. The invariant mass distributions FIG. 3-27. The comparison of the missing-E;
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Higgs mass of 800 GeV has been assumed.

In the case of the Z + jets background, there are two detector effects that contribute to the background.
The jet resolutions assumed for our detector [25] have very long non-Gaussian tails {modeled on those
observed in the CDF detector) and hence there is a non-negligible possibility that the jet will have its
energy mis-measured by a very large amount and will give rise to a large apparent missing-E;. These tails
are due to cracks in the CDF detector as well as to neutrinos arising from semileptonic decays (mainly
bottom and charm quarks). In order to reduce the background from the final state Z + jets we have
required that there be no jets in the event that are measured to have transverse energy above 300 GeV.
This has a negligible effect on the signal but reduces this background by at least a factor of five for a
missing-E; of 300 GeV or greater. If the non-Gaussian tails from our jet resolutions are much less severe,
we can drop this jet veto since the background from Z + jets becomes insignificant provided the calorimetry
coverage is adequate to prevent high p, jets from being lost. The second detector effect is that caused by
jets in the forward region being lost out of the end of the forward calorimeter. In this context, it is worth
remarking that a jet with transverse momentum of 300 GeV at 7 = 5 has an energy of 22 TeV and hence is
kinematically forbidden. The SDC baseline design includes fiducial coverage for 7 < 5 in order to eliminate

this background source.

There are several possible final states involving a Z and heavy quarks. We have looked at the
background from the Z + tf and Z + bb final states. There are two ways in which these processes can
contribute. First, events can have Z — v7U decays and two leptons from semileptonic heavy quark decays,
in which the two leptons have an invariant mass close to the Z (we require Mz + 20 GeV). Second, events
can have Z — £{ and missing-E; arising from the heavy quark decays. Summing these two contributions
produces fewer than 3 events (without the jet veto) in the bin of Fig. 3-28 with missing-E, of 300 GeV
where there are about 30 signal events. The background contributions from Z — £¢ are the dominant ones,
with the process Z + #f giving about 2 events and the process Z + bb giving one event. By including the jet
veto, the ¢ quark contribution does not change much but the bottom contribution falls by at least a factor
of ten (this estimate is limited by Monte-Carlo statistics).

Figure 3-28 shows the missing-E; distribution for events where we have required that there be an e*e™
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or ptu~ pair with mass Mz £ 20 GeV and p; > 250 GeV, and that there be no detected jets with p; > 300
GeV. The two dominant detector dependent backgrounds are shown separately. It can be seen that these
are negligible compared with the irreducible background from continuum production of the ZZ final state.
Again, this method of searching for the Higgs is therefore limited by the production rate and not the
background. The strategy for extracting a signal from this final state is similar to that in the 4-charged
lepton channel. Measurements of that channel and of the missing-F; spectrum at lower values are used to
reduce the uncertainties in the predicted overall missing-E; spectrum in the absence of a Higgs boson. The
observed excess of events, in conjunction with results from the 4¢ channel, could provide strong evidence

for the existence of the Higgs boson within one SSC year.

In the case of the H — ¢+{~ 7 final state, experiments at higher luminosity are likely to be affected
by the need to modify or replace the calorimetry for the most forward rapidities. In order to estimate this
effect, we have recomputed the Z+ jets background assuming that the calorimetry would not extend beyond
In| = 4, where the radiation dose for 1034 cm~2s~! is comparable to that at 7 = 5 for 1032 cm~2s~1. This
loss of coverage will worsen the missing-E; resolution of the detector, as shown in Fig. 3-29. Nevertheless,
this figure shows that we are still dominated by real (detector independent) backgrounds and that therefore
this decay mode remains viable at higher luminosity. This conclusion is valid because the signal is confined
to missing-F, greater than 300 GeV. The smaller missing-E; signal that would result from the decay of
a 300 GeV Higgs would be compromised at higher luminosity. However, as we have seen, such a particle
would have already been discovered before the luminosity was raised.
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FIG. 3-28. The distribution (solid histogram) in FIG. 3-29. The impact on the missing-E, distri-
missing-E; for the final state Z{(— u*tu~,ete™) bution for the H — ZZ — &£~ v¥ of reducing
+ missing-E, including the effect of a Higgs the coverage for the forward calorimeter to
boson of mass 800 GeV and the various back- [n] = 4. The area between the solid curve and
grounds. The reconstructed Z is required to the dashed curve is the increased background as
have p, > 250 GeV and the events are rejected coverage is reduced from |5} < 5 to |n] < 4. The
if they contain a jet with E; > 300 GeV. The cuts are the same as those used for Fig. 3-28.

background shown as a dashed curve arises from
¢4 — ZZ (multiplied by 1.65 to account for the
99 — ZZ process). The dot-dashed background
arises from the final state Z + jets where the
missing-E, is generated by calorimeter resolu-
tion or by losing energy out of the end of the
detector. The dotted background arises from
the final state ¢ where there is an e*e™ (or
ptu~) pair of mass Mz + 20 GeV and the
missing-E; is due to neutrinos; the Z + QQ
background is negligible in this figure.
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H—->WW/ZZ — v/el 42 jets

The signal to noise ratio for the mixed hadronic and leptonic decays of the Higgs is much less favorable
than that for the purely leptonic decays due to the large contributions from W/Z + jets and ¢ production.
Several phenomenclogical studies exist that suggest various means for reducing these backgrounds to a
manageable level[26]. These analyses are very complex and involve a number of cuts which are very difficult
to simulate accurately, due both to the reliability of the parton-shower Monte Carlo generators and to
uncertainties in the modeling of the detector response. Here, we have not tried to present a complete signal
to background analysis, but instead have concentrated on two general capabilities that are relevant for high
mass symmetry breaking studies, and that should not be compromised in the detector design. The first
involves reconstructing the mass and decay angular distribution for the W/Z — 2-jet decay, the second
involves searching for the very forward jets produced by the WW/ZZ fusion process (Fig. 3-3 indicates
that for large Higgs mass, this process dominates Higgs production at the SSC).

High py W/Z — 2-jet reconstruction

The first of these capabilities is the reconstruction of high p; W/Z — 2-jet decays. For a Higgs mass in
the region of 800 GeV or above, the interesting W/Z bosons have transverse momenta in excess of Myiggs/4
(see Fig. 3-25). In this kinematic region, the W/Z decay products are highly boosted, resulting in two very
narrow jets which are typically separated by 0.5 in (7, ¢) space (see Fig. 3-19). These two jets will both
normally lie inside of a jet definition cone of R = 0.6. This observation leads to the following strategy for
reconstructing these jet pairs. First, find all of the jets using a large cone size of R = 0.6. Second, find all
jets with a small cone size of R = 0.15 and match these narrow jets with the larger jet cones. To compute
the mass of the system, all cells inside the larger cone are treated as massless 4-vectors and summed. The
invariant mass of the sum is a good estimate of the W/Z mass[27]. The energies of the two narrow jets
give a measurement of the decay angle: '

E, - B,
E,+ B,y )

In order to explore the viability of this approach, a sample of 1 TeV Higgs events with H — WW —
fv + 2 jets has been generated using the HERWIG generator. After reconstruction of the events, we select
those events in which the highest p; jet has p; > 250 GeV and || < 2.5. The mass of this jet in these
events is shown in Fig. 3-30. A background sample is selected by applying the same criteria to a sample
of W + jets data containing ten times as many events as the signal sample (in the absence of any other
cuts beyond the p, requirement, the expected ratio of signal to background is 1 to 300). This sample is
also shown in Fig. 3-30. It is apparent from this figure that the additional requirement that there are
at least two narrow jets with p; > 25 GeV inside the larger cone of R = 0.6 is a very powerful cut for
rejecting backgrounds. The actual separation of the two peaks is somewhat sensitive to the size of the cone
used in the jet definition—a larger cone size makes it easier for an ordinary QCD jet to acquire a mass of
order My,

The mass resolution has been studied as a function of the calorimeter resolution and segmentation.
The results are summarized in Table 3-7. Note that the fitted mean value of the W peak is also a strong
function of p;(W'), and increases by almost 10 GeV as p;(W) increases from 250 GeV to 750 GeV (this
effect arises because, for the highly collimated jets at large p(W) values, the finite cell size systematically
increases the opening angle of the decay products, thereby increasing the observed mass). From this table,
it appears that the performance of a calorimeter with 0.1 HAD1 segmentation is only slightly worse than
that expected from a calorimeter with 0.05 HAD1 segmentation, with the exception of the highest bin in
pt(W). As the segmentation is further increased, the mass resolution quickly degrades to an unacceptable
level. It is worth noting that this conclusion depends strongly on including the effects of finite shower sizes.
Simulations carried out at the particle level, ignoring shower spreading, show much greater deterioration of
the mass resolution for segmentations in the range 0.1 to 0.2. Furthermore, the effects of extreme variations
in the hadron calorimeter resolution (both stochastic and constant term), are rather minor, due to the
strong dependence of the measurement on angular resolutions.

cos 6" =~
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FIG. 3-30. The invariant mass distribution for the highest p; jet in H — WW — &v + 2 jets events. A
background contribution from W + jets has been added to the plot to indicate the shape of the background
(but the expected size of this background, in the absence of any other cuts, is thirty times larger than
what is shown here). The jet mass has been computed using a cone of R = 0.6. The dotted curve indicates
the size of the background before any requirement is made on the number of narrow jets identified inside
the large cone. The dashed curve indicates the effect on the background of requiring at least two narrow
jets with p; > 25 GeV inside the larger cone. The solid histogram includes both signal and background
after the requirement of two narrow jets inside the larger cone.

(a) with an EM segmentation of 0.05 and a HAD1 segmentation of 0.05

(b) with an EM segmentation of 0.05 and a HAD1 segmentation of 0.1

(c) with an EM segmentation of 0.05 and a HAD1 segmentation of 0.2

(d) with an EM segmentation of 0.05 and a HAD1 segmentation of 0.4

The ability of the calorimeter to reconstruct the individual narrow jets inside the larger jet definition
cone of radius R = 0.6 is important for measuring cos9*. Note that after choosing a cone of R = 0.15 for
the narrow jets, the jet definition no longer makes sense for cell sizes which are greater than or equal to 0.2.
Once two narrow jets are found inside the larger cone, the energies of the two with the highest p; are used
to define cos #*. Using this definition, the reconstruction efficiency for cos #* has been studied as a function
of p:(W) and calorimeter segmentation. Recall that this variable is particularly interesting because, for
large Higgs masses, the W/Z decay products are strongly longitudinally polarized (this effect represents
the W/Z boson’s memory that it gets its longitudinal component from the Higgs sector). This polarization
leads to a decay distribution proportional to sin? §*. The W + jets background tends to produce a strongly
forward/backward peaked distribution due to the soft bremsstrahlung spectrum of the second jet in these
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Table 3-7

3-31

A summary of the mass resolution in GeV obtained for W — 2-jet decays as a function of p,(W), calorimeter
resolution, and calorimeter segmentation (A is the cell size in (7, ¢) space). The entries represent the sigma in
GeV from a Gaussian fit to the distribution of the true mass minus the observed mass. For the upper three
sets of values, only the HAD1 segmentation was changed, whereas for the bottom set, both the EM and HAD1
segmentation were changed. The top set is for a detector with a hadron calorimeter resolution described by
a stochastic term of 40% and a constant term of 2%. The second and fourth sets are for the SDC baseline
performance defined in Table 3-1. The third set is for a hadron calorimeter with a stochastic term of 100%

and a constant term of 10%.

pe range (GeV) A =10.05 A=0.1 A=02 A=04

250 < py(W) < 500 4.00 &+ 0.08 4.28 + 0.08 5.92 4+ 0.09 11.95 £+ 0.22
500 < p,(W) < 750 4.00 +£0.10 4.54 £0.11 7.06 +0.15 12.96 + 0.30
750 < p(W) 5.55 % 0.33 6.20 + 0.34 9.98 + 0.57 244 £5.2

Al 5.42 £ 0.09 5.90 £ 0.09 7.56 £ 0.11 15.31 £ 0.24
250 < p(W) < 500 4.99 +0.08 5.34 +0.08 6.63 = 0.10 12.45 £ 0.22
500 < p(W) < 750 4.75 £0.11 5.31 £0.13 7.56 £ 0.16 13.26 £ 0.32
750 < p(W) 6.27 £ 0.30 6.92 +0.36 10.33 £+ 0.65 17.7 +£6.9

All 6.14 £ 0.09 6.63 £ 0.09 8.25 +£0.11 15.84 £ 0.24
250 < p (W) < 500 5.82 £ 0.08 6.14 + 0.09 7.34 +£0.10 12.80 £+ 0.22
500 < pe(W) < 750 5.66 £ 0.12 6.17 £ 0.14 7.92 +0.17 13.14 £ 0.29
750 < p(W) 6.71 +0.38 7.43 £0.39 9.90 + 0.58 245 +6.3

All 6.90 + 0.09 7.38 £0.10 8.72+0.11 15.77 £ 0.23
250 < pr(W) < 500 — 5.88 £+ 0.09 9.41 £0.13 18.83 £ 0.28
500 < py(W) < 750 — 6.52 +0.14 11.77 £ 0.19 21.85 £+ 0.82
750 < p(W) — 7.72+041 16.35 £ 1.07 48.5 +15.1
All — 7.38 £0.10 11.81 £ 0.15 21.28 £ 0.31

events. This is apparent in Fig. 3-31, which shows the observed cos¢* distribution from the Higgs signal
and from the W + jets background. The reconstruction efficiency for cos@* in the signal events is fairly
flat out to |cos8*| < 0.8 for p:(W) < 750 GeV. Larger values of cos8* correspond to asymmetric decays
where the softer jet was outside the single reconstruction cone. Despite the decrease in pattern recognition
information, the efficiency and resolution for cos#* reconstruction for a HAD1 segmentation of 0.1 is found
to be almost identical to that for a segmentation of 0.05.

Summarizing this discussion, the performance of the proposed SDC calorimeter has been studied for
high p; W/Z decays to 2-jet final states. The present design appears to have the minimum segmentation
required for effective reconstruction of such final states.

Forward jet tagging

For large Higgs masses, the WW/ZZ fusion process becomes the. dominant mechanism for producing
the Higgs. This process, which has a unique kinematic signature that might be used to distinguish it from
many backgrounds, initially produces W/Z boson pairs by radiating them from incoming quark lines. The
WW/ZZ pairs then fuse to form the Higgs, leaving the parent quarks to continue on in the forward and
backward directions (the typical transverse momenta of the radiated bosons are O(Myy)). In principle, if a
Higgs is discovered by other means, it should be possible to establish its couplings to W/Z bosons and t
quarks by measuring the cross section for WW/ZZ fusion using jet tagging, and attributing the remainder
of the observed production cross section to the gg fusion process which involves a ¢ quark loop. This
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FIG. 3-31. The distribution of cos#* reconstructed for the highest p; jet defined using a cone of R = 0.6.
The decay angle cos6* is defined using the energies of the two highest p; narrow jets which fall inside the
larger cone. The solid curve is for the H — WW — fv + 2 jets signal events, and the dotted curve is for
the W 4+ jets background (the relative normalization is arbitrary).

measurement is very important in checking whether the observed Higgs couples as the Minimal Standard
Model says it should, or whether there are likely to be other Higgs bosons which modify the expected
couplings. In practice, the gg fusion process will produce jets from initial state radiation which can mimic
the jet signature, and the jet tagging signature is somewhat ambiguous.

Two major issues need to be addressed in this context. The first is to determine the detector
requirements for observation of the signal. To this end, a Monte Carlo sample of 1 TeV Higgs events has
been generated using the HERWIG generator. This generator does not use the effective W approximation,
and hence provides a better model of WW/ZZ fusion than other parton-shower Monte Carlos. The jets
are defined in the conventional manner by clustering the observed transverse energy into cones in (7, ¢)
space with a radius of R = 0.6. In this analysis, the jet is required to have a minimum p; in order to
separate it from the soft scattering backgrounds. It is not yet known what the minimum p; for reliable jet
definition will be at the SSC; Table 3-8 includes results for two possible thresholds, the higher of which is
almost certainly reliable. Furthermore, one of the defining features of the tag jets is their very high energy
(they are initial state partons which have received small transverse momentum kicks). This naturally leads
to a tag jet definition which uses the energy of the jet, after it has passed a minimum p, requirement, to
distinguish it from other jets.

This table suggests that efficient jet reconstruction for this process requires a fiducial coverage which
extends to at least 7 = 5, while demonstrating that the effects of jet definition on the tagging efficiency in
the baseline SDC forward calorimeter design are modest. It is also worth noting that the p; of the tag jets is
very low (the mean p, for tag jets in the region 2.5 < || < 5 is 100 GeV), and hence accurate measurements
of their energy are not possible, due to the large smearing induced by intrinsic effects (fragmentation,
etc.). This reduces the need for precision hadronic calorimetry in the forward region. Studies of the
angular and energy resolutions have been performed as a function of the forward calorimeter segmentation
(varying the cell sizes from 0.05 to 0.8 in An x A¢) and performance (varying the performance from the
baseline single-particle resolution given in Table 3-1 to that expected from a homogeneous 5 cm iron plate
calorimeter with an EM resolution of 0.30/+/E @0.02 and a hadronic resolution of 0.80/vE ©0.05). In order
to characterize the resolutions, several key jet observables were chosen (7, ¢, p;, and E), and an absolute
resolution was defined using the generated partons. This definition includes the effects of fragmentation and
hadronization, thereby providing a scale by which to measure the additional resolution effects induced by
the detector. Figure 3-32 indicates that a An x A¢$ segmentation of 0.2 gives little degradation in angular
or transverse momentum resolution when compared to 0.05 segmentation, and hence is well matched to
the intrinsic resolution arising from jet definition effects. In fact, the p; resolution is somewhat better for



Physics and detector requirements 3-33

Table 3-8
A summary of the acceptance for requiring one or two tag partons or jets in the forward region. The
single tag case requires one parton or jet with E > 3.0 TeV, whereas the donble tag case requires two
partons or jets at opposite 7 with E > 1.5 TeV. The jets were reconstructed using cones with R = 0.6
in a forward calorimeter with cells of size Anp x A¢ = 0.2 x 0.2. The missing entries correspond to cases
where the jets lie beyond the fiducial calorimeter coverage.

Parton Parton Jet Jet
Fiducial region p; > 25 GeV  p; > 50 GeV  p; > 25 GeV  p; > 50 GeV

25<|n <6 0.40 0.32 - -

Single tag 25<ip <5 0.27 0.26 0.23 0.23
25<|ng <4 0.076 0.076 0.068 0.068

25< |l <6 0.16 0.090 - -
Double tag 25 < |p <5 0.10 0.072 0.078 0.052
25<|n <4 0.015 0.015 0.012 0.012

a segmentation of 0.2 than for 0.05 due to the large effect of the compartment threshold of £; > 100 MeV
for these low p; jets (there are sixteen times as many cells which must pass the threshold cut for 0.05
than for 0.2). Furthermore, for the 0.2 segmentation, Fig. 3-33 indicates that the two different calorimeter
resolutions are indistinguishable.
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FIG. 3-32. The resolution for two tag jet observables in the H — WW — {v + 2 jets analysis as a function
of the forward calorimeter segmentation. The solid curve is for a segmentation of 0.05 in both EM and
HAD1. The dashed (dotted) are for 0.2 (0.4). The dot-dashed curve is for the extreme case of 0.8
(a) The ¢ resolution, defined to be ¢(true) — ¢(observed). (b) The p; resolution, in percent, defined to be
(p:(true) — p,(observed))/p:(true).

The second major issue that must be addressed is to what extent the jet tagging signal just described
is unique. The very forward region has many jets arising from initial state radiation which can then imitate
the tag jets. The literature contains several studies at the parton level{28]. Here, the problem has been
studied using the HERWIG generator. The results of this study are summarized in Table 3-9. These results
indicate that there are large contributions from the backgrounds in the interesting regions, in contrast to
the more optimistic assessments in the literature[28].

We have checked our results for the 1 background against a recent complete O(a?) calculation of
the QQ + jet matrix element [29], and found reasonable agreement (see also Section 3.7.2). In order to
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Table 3-9
A summary of the acceptance for requiring one- or two-tag jets for the signal and background processes
of interest. No requirements on the event configuration in the central region have been made. The
single tag case required one jet with E > 3.0 TeV, whereas the double tag case required two jets at
opposite n with E > 1.5 TeV. The jets were reconstructed using cones with R = 0.6 in a forward
calorimeter with cells of size A x A¢ = 0.2 x 0.2 and were required to have p; > 50 GeV and

2.5 < in} < 5.0.

WW/ZZ fusion gg fusion W + jets background #f background
Single tag 0.23 0.082 0.11 0.035
Double tag 0.052 0.007 0.005 0.002

perform this check, we compare the fraction of ¢ events which contain additional jets in the matrix element
calculation and in the parton-shower Monte Carlo. To approximate the matrix element calculation with our
HERWIG event sample, we assume that the highest p; additional jet is the one that should be compared
with the matrix element (the remaining jets correspond to higher order effects). We find that the fraction of
i events with an additional jet of p; > 50 GeV anywhere in the event is 50%, whereas the matrix element
calculation gives a result of 44%. Confining our attention to the tag region of || > 2.5, we find 18% of the
tt events have the highest p; jet with p; > 50 GeV in this region, whereas the matrix element predicts 13%.
If we include all additional jets in the event with p, > 50 GeV, the number rises to 23%, and if we also
include the decay products from the ¢ quarks, the fraction of events that have a jet with p; > 50 GeV in
the tag region reaches 38%.

This leads us to the conclusion that a forward calorimeter such as that in the SDC baseline design is
vital for studying jet tagging physics. Although the efficiencies are low and the background rejections are
not as large as one would like, there is clearly enough information present to untangle the two processes
contributing to heavy Higgs production, and hence add a new dimension to such studies.
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Conclusions

With the procedures discussed above for W/Z — 2-jet reconstruction and jet tagging, ome can
investigate the effects of simple cuts on the signal and the major backgrounds. For this purpose, we have
used large event samples generated using HERWIG to study the H — WW — v + 2 jets final state. We
choose the highest p; jet and require it to satisfy p; > 250 GeV. Then, two narrow jets with R = 0.15 and
Pt > 25 GeV are required to be reconstructed inside the larger cone of radius R = 0.6, and the mass of the
combined jet is required to lie in the W region (65 < Mjet < 95 GeV). These requirements have a 61%
efficiency for the signal events, a 6% efficiency for W + jets background, and a 2% efficiency for inclusive t¢
events (the W + jets events were generated with the requirement that p,(W) > 250 GeV). Next, the event
is vetoed if there is a second jet found with p; > 25 GeV in the central region (|n| < 2.5). This has a 71%
efficiency for the signal, a 36% efficiency for W + jets events, and a 7% efliciency for inclusive #{ events.
Finally, we require a single tag jet as defined in Table 3-9. Note that for the background, lack of Monte
Carlo statistics forces us to assume that the rejection from the central cuts (the mass cut and the second
jet veto) is independent of the rejection from the forward jet tagging, and therefore the total efficiency is
the product of the central efficiency given above and the forward efficiency given in Table 3-9. For the
signal events, the product gives a slightly smaller result than the full sequence of cuts (the 23% efficiency
shown in Table 3-9 becomes 25% if the cuts are made in the correct sequence).

The result is a signal efficiency of 11%, and rejections of 500 against high p; W + jets events and
2 x 10* against inclusive tf events. When these factors are multiplied by the expected cross sections, the
result is that both the W + jets and inclusive #f backgrounds are reduced to roughly five times the size
of the expected signal. The signal after cuts is expected to be about 300 events (including both electrons
and muons) for a 1 TeV Higgs after one year at SSC design luminosity. Clearly, further reductions in
the background rate must be sought in order to isolate the signal, but the large background reductions
achieved using the simple cuts described here make this pursuit plausible, and emphasize the importance
of reconstructing W/Z — 2-jet and tagging forward jets in the SDC detector.

3.2.4. SUSY extensions

The preceding Higgs discovery strategies relied on the properties of the Minimal Standard Model Higgs
boson. In particular, the cross sections shown in Fig. 3-3 and the branching ratios shown in Fig. 3-4 are
crucial ingredients. In this section, we consider a generalization of the Higgs sector, increasing the number
of complex Higgs doublets from one to two. This leads to five observable Higgs states, which we denote
as: h9 (the lighter CP-even neutral Higgs), H? (the heavier CP-even neutral Higgs), A° (a CP-odd neutral
Higgs), and H* (the charged Higgs). The simplest and most popular form of this model is the Minimal
Supersymmetric Standard Model (MSSM), which is described in more detail in Section 3.4.1.

In this model, the neutral component of one of the Higgs doublets is responsible for generating the
mass of leptons and charge —1/3 quarks, while the other generates the masses of the charge +2/3 quarks.
At the tree level, this model has two basic parameters, which are taken to be tan 3 (the ratio of the vacuum
expectation values of the two Higgs doublets) and M,4. In the limit that M, becomes very small (very
large), the behavior of the heavier (lighter) Higgs H? (h®) approaches that of the Minimal Standard Model
Higgs. On the basis of renormalization group arguments, it is generally expected that 1 < tanf < Mo /M.
There are some important mass relations which also exist in this model (for example, Mo < Mz and
My > Mw). Radiative corrections to this model introduce several important changes to this picture (we
assume that the mass scale of new supersymmetric particles such as squarks is large enough that they
decouple from the calculations). The most significant of these is an expansion of the allowed mass regions
for the lightest Higgs: Mpo < 110 (140) GeV for Mo, = 150 (200) GeV. This allows the lightest Higgs to
move beyond the mass region accessible to LEP-II and into the mass region discussed in Section 3.2.1 and
Section 3.2.2.

In order to assess more carefully what happens to the previous discovery scenarios, it is necessary to
understand how the production cross sections and the branching ratios of the different Higgs bosons behave.
The branching ratios are substantially modified, as shown in Fig. 3-34 and Fig. 3-35. The implications of



3-36 Physics and detector requirements

these changes (and additional changes in the production cross sections) have been analyzed in detail [30]
for a total integrated data sample of 30 fb~! (three SSC years at design luminosity). We summarize the

conclusions in the following paragraphs.
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FIG. 3-35. The branching ratios for the decay
of the neutral Higgs bosons in the MSSM to the
ZZ or ZZ* final state, assuming M, = 150
GeV. The solid curve is for the k%, the dotted
curve is for the H®, and the dashed curve is
for the A®. The three different plots are for
tan 8 = 0.5, 2, and 20.

The lighter Higgs (h°) is either in the low mass (Section 3.2.1), or the intermediate mass (Section 3.2.2)
region. For the lower mass region, the preferred strategy is to rely on the h® — ¥y decay mode, using the
associated production processes W + H and ¢+ H. For large values of M4, corresponding to the upper end
of the allowed mass range for 20 in Fig. 3-34, BR(h® — 4v) approaches the Minimal Standard Model value,
and discovery in this mode continues to be possible. For the intermediate mass region, where the preferred
strategy is to search for h® — ZZ*, the only time that the A° mass is large enough for this branching ratio
to become significant is for large values of tan 3 (see Fig. 3-35). In this case, the number of events expected
is adequate for discovery.

The heavier CP-even Higgs HY is normally in the high mass region (Section 3.2.3). It has a reasonable
branching ratio to ZZ only for values of tan < 2. This provides a window for discovery up to the
threshold for tf production, at which point H? — #f becomes the dominant decay. For larger tan 3 values,
the H? decays predominantly to bb for H® masses below 7 threshold. The overwhelming backgrounds, and
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lack of a precise mass measurement, make both the bb and #Z heavy quark decay modes for the H? very
difficult to detect.

The charged Higgs is discussed in more detail in Section 3.3.3, but the situation can be briefly
summarized. For all cases where the charged Higgs mass is at least 25 GeV less than the ¢t-quark mass
(corresponding to BR(t — H* + b) > 1%), discovery appears possible. If the charged Higgs mass is higher
than the #-quark mass, it has a small production cross section and it decays predominantly to tb, making
discovery very difficult.

The CP-odd Higgs A° is very difficult to find except for the case where tan 3 is small and M is below
tf threshold. In this case, the decay mode A® — ~v becomes observable, as suggested by Fig. 3-34. It is also
potentially interesting to look for the decay A? — 717~. This final state is normally overwhelmed by other
background sources, but there may be some regions of the parameter space where it becomes observable.

In conclusion, we summarize this discussion as a function of the location in the (tan 8, M) parameter
space, assuming an integrated luminosity of order 30 fb~!. For small My, the h® is likely to be seen at
LEP-II and the H% is likely to be seen at the SSC. For moderate M4 and small tan 3, the A? is likely to
be seen at LEP-II, the H® — ZZ is likely to be seen at the SSC, and the H* might be seen in ¢ quark
decays at the SSC. For larger tan G, none of the Higgs boson states may be easily observable. Finally, for
large My, the h° is likely to be seen at the SSC instead of LEP-II, and the other Higgs bosons may be
almost undetectable.

These conclusions are not strongly dependent on the particular detector under consideration. The
significance of any narrow peak in ZZ* or vy will scale as the square root of the resolution, and hence
only modest gains are possible. The major problem is that for large regions of the parameter space, the
various Higgs bosons decay predominantly to heavy quarks, and thus become almost irretrievably buried
by background. One possible technique is to use the #f + H production mechanism and look for events in
which there are three or four b quarks tagged by the tracking system. Such complex final states have not
yet been studied in detail.

3.2.5. Gauge boson pairs

We have already discussed the measurement of the ZZ and WW final states in the context of searches
for Higgs bosons. Other final states of gauge boson pairs to be studied with the SDC detector include
Z~y, WZ and W+. In the Standard Model, the rates for these final states are well predicted. The WZ
final state is particularly useful for testing our understanding of the quark distribution functions. It can
be much more reliably estimated than the ZZ final state since it arises only from ¢g annihilation, and the
QCD corrections are consequently much easier to calculate. They can be expected to be of the same order
as those to ¢g — ZZ[31] which are of order 20%. The rate for WZ production is approximately twice as
large as that for ZZ

The W Z final state can be reconstructed by the SDC detector using the final state £véf, where £ is
either an electron or muon. This mode has a combined branching ratio of 1%. A measurement of the
missing transverse momentum together with the constraint of the W mass enables one to reconstruct the
invariant mass of the W Z system, up to a possible twofold ambiguity. The only background once we require
three isolated leptons, two of which reconstruct to a Z, arises from the Zif final state. This final state
was investigated as a possible background to H — ZZ — {{vv and found to be negligible compared to the
intrinsic ZZ background. We assume that it will not be a problem for the W Z final state. Figure 3-36
shows the invariant mass distribution for W*Z. Here events are selected that contain etete~. All three
leptons are required to have p; > 20 GeV and || < 2.5. Using the W mass as a constraint the longitudinal
momentum of the neutrino is determined. There are in general two solutions, and if both are physical, they
are both plotted. A comparison of the reconstructed and true WZ mass indicates that the SDC detector
can reconstruct the invariant mass distribution of the pair very well. Perfect missing-F; resolution was
assumed in making this plot.

In technicolor models of weak interaction breaking, resonances may appear in the ZZ, WW, WZ or Z~
channels. These resonances are analogous to the p and w mesons of QCD. The masses of these resonances
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are model dependent, but in order to detect them, assuming a sufficiently large number are produced, the
SDC detector must be able to reconstruct the invariant mass of the boson pair with a resolution comparable
to the width of the resonances. The width of the techni-rho (p7) which decays to WZ is expected to be
large (of order 25% of its mass). Mass resolution of this order can easily be achieved in the WZ channel
since three of the decay products are measured completely and the neutrino’s transverse emergy can be
inferred from the missing transverse energy.

The techni-omega has a much smaller natural width and can be detected via its decay to Z~ (32].
Figure 3-37 shows the invariant mass distribution of the Zv where the Z is detected via its decay to lepton
pairs. The small natural width of the techni-omega (of order 10 GeV) enables a peak to be clearly seen
over the background which arises from ¢g — Z+; the resonance is clearly visible at a mass of 1.46 TeV.
There is an additional background from the final state Z + jets where a jet fragments so that a single 7d
carries most of its energy. This background is a factor of 10 below that of Zv, provided that the ratio of
isolated 7%’s to jets at the same p, (> 200 GeV in this case) is less than 0.001. The expected ratio is less
than 5 x 104,
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FIG. 3-36. The distribution of invariant mass FIG. 3-37. The distribution of invariant mass
for the final state system of a W+ and Z for the final state system of a photon and an
detected via the final state etvete™. One ete™ e*e~. The lepton pair is required to have mass
pair is required to have mass Mz +10 GeV. The Mz +10 GeV. The leptons have || < 2.5 and
leptons all have || < 2.5 and p; > 20 GeV. In the photon has || < 3.0. The peak corresponds
the events where there are two physical solutions to the production and decay of the techni-omega
for the neutrino’s longitudinal momentum, both particle of mass 1.46 TeV discussed in the text.

possibilities are plotted.

3.2.6. Strong breaking

The existence of fundamental scalar particles (Higgs bosons) with masses less than 1 TeV is only one of
the possible manifestations of Electroweak Symmetry Breaking. An alternative scenario is that the scalar
sector of the theory is strongly interacting (i.e., the Higgs boson self-coupling is of order unity). These
strong interactions will manifest themselves as modifications to the Standard Model scattering amplitudes
for the longitudinal components of the W and Z bosons at large  (this scattering is formally equivalent to
the scattering of Goldstone bosons from the symmetry breaking sector (33]). In principle, it is possible to
search for such effects in any gauge boson pair channel (ZZ, W£Z, W*W~, or WTW+/W-W~).

If the strong interactions in the symmetry breaking sector produce resonances similar to those arising
from QCD in 77 scattering (e.g., as expected in Technicolor theories), one would expect large peaks in the
W+W=, ZZ and W*Z invariant mass distributions, such as that shown in Fig. 3-36. A complementary
approach involves a study of like-sign W production[34]. In particular, in a pp machine, W+W* production
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is
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approximately a factor of three larger than W~W~ production. This is expected to be a non-resonant

channel, and is complementary in that one expects that if the resonant signals are suppressed, this
non-resonant channel is enhanced, and vice versa. It has an additional advantage in that the lowest order ¢§
and gg diagrams which produce large numbers of transversely polarized background events in the channels

W+W~—, WZ, and ZZ do not exist for the W+W* channel.

A number of phenomenological studies

exist[35] that suggest it is possible to isolate the very small expected signal after a number of complex cuts.
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FIG. 3-38. The lepton transverse momentum distribution expected for the W+ W+ signal and backgrounds
(there are two entries per event, one for each lepton). The signal is shown as the solid histogram, the
dashed histogram is for tf = W+W~ + X, and the dot-dashed histogram is for ##f —» W+bb+ X — £+¢+ + X.
Note that the curves for these two backgrounds sources lie on top of each other. The dotted histogram is
for the direct production of opposite-sign ¢g — W+ W~ background.
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FIG. 3-39. The curvature distribution for a sample of events consisting of lepton tracks with p; = 500 GeV

superimposed on a minimum bias background corresponding to a luminosity of 3 x 1033 cm—2s~1.

The

curves represent Gaussian fits to the data, and demonstrate the absence of any non-Gaussian tails towards
small values of the curvature (the relevant aspect for charge mis-measurement studies). (a) The distribution
for p, = 500 GeV electrons. (b) The distribution for p, = 500 GeV muons.

There are two major sources of experimental backgrounds. The first arises from opposite-sign W pairs

(produced either directly by ¢qg — W*W ™, or indirectly by gg — tf — W*W~ + X) in which the charge

of

one of the relevant tracks is mis-measured. Note that the direct production process is indistinguishable

from the signal if the charges are mis-measured, whereas in the case of the f process, there are other
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potential means to distinguish signal and background (e.g., extra jet activity in the event). The second
background arises from like-sign W pairs coming from gg — tt — W*bb+ X — £*£+ + X. Figure 3-38
shows the expected lepton transverse momentum distribution for the signal and these backgrounds, without
any p; requirements (both leptons are required to have || < 2.5). The signal is derived from a calculation
by Chanowitz (Ref. 34), in which the lowest partial wave is allowed to increase linearly until it saturates
at the unitarity bound. This provides a signal somewhere in the middle of the range of allowed models.
The backgrounds have been computed using PAPAGENO. From this figure, we infer that the fraction of
leptons with mis-measured charge is required to be less than 1073 at p; < 100 GeV, and less than 10~ at
pt = 500 GeV in order to completely suppress the opposite-sign backgrounds. For the like-sign background,
the charges are correct but one of the two leptons is not isolated. Studies carried out in Section 3.2.2
indicated that rejections of about 1000 were obtainable for leptons with p; > 100 GeV by requiring the
excess E; in a cone of radius R = 0.3 around the lepton to be less than 5 GeV. Furthermore, the ¢ events
will have additional jet and lepton activity in the detector which can be used to veto them. Although we
have not performed the necessary simulations to confirm that the required rejections are feasible, it appears
plausible that an additional factor of 100 (on top of the factor of 1000 obtained from local isolation) could
be obtained [35). Figure 3-38 indicates that this should be sufficient to see the signal.

Due to the vital role that charge separation plays in this analysis, the ability of the SDC detector to
separate charges has been studied in more detail. The parametrized resolution of the tracking system is
adequate to achieve the stated goals for j| < 2.0, and becomes more marginal beyond this value (Fig. 3-1
shows that at 1 TeV, the resolution is 15% for || < 1.6), but complete tracking simulations are needed,
including all of the underlying tracks in the event, in order to search for non-Gaussian tails on the
momentum resolution. Figure 3-39 presents the result of such a simulation, performed at a luminosity of
3 x 1038 cm~2s~!. For this analysis, a sample of lepton tracks with p; = 500 GeV has been reconstructed,
including the appropriate background events, and also including all of the effects of hit generation, pattern
recognition, and fitting. This simulation covers the region || < 1.6 only because the present simulations
of the intermediate tracking system are still under development. Due to the difficulty of performing such
simulations, we have chosen to generate the event sample at large p;, where sign measurement errors
are most likely. Several effects might appear. First, non-Gaussian errors might arise from confusion
caused by the additional hits due to nearby soft tracks. Second, in the case of electrons, the presence
of bremsstrahlung from the material in the tracking volume could occasionally cause a large momentum
mis-measurement in the wrong direction. Figure 3-39 plots the appropriate variable (the track curvature,
defined to be p = 0.03B/p,, where B is in tesla and p, is in TeV) for samples of 900 electron and muon
tracks. The tracks have been selected to be of high quality by requiring a small x? from the fitting
procedure. The reconstruction and fitting procedure, including the quality cuts, has an efficiency of roughly
80% for both electrons and muons. Only a single muon event was observed to have the wrong sign for the
curvature, and there are no other events even close to the wrong sign. This leads us to set an upper limit,
based on our current somewhat immature track reconstruction codes, of 10~3 for the wrong sign charge
rejection at p; = 500 GeV. Simulations with larger event samples will be required to extend this limit to
lower values of the transverse momentum where the charge separation is expected to be significantly better.

3.3. Physics of the t Quark

The ¢t quark is one of the few ingredients of the Standard Model that has not been directly observed.
The discovery of this particle and studies of its properties will stringently test the Standard Model.
Furthermore, since the t quark production cross section at the SSC is expected to be large (~ 10 nb for
a t-quark mass of 150 GeV), it is potentially a serious background to much rarer processes such as the
production of a Higgs boson followed by its decay into a W+ W ~ final state (see Section 3.2.3). Extensions
to the Standard Model involving a more complex Higgs sector may also be most readily observed in the
decays of ¢t quarks. Finally, recent calculations have indicated that the associated production of Higgs
particles with ¢ quarks is quite large at the SSC. The tagging of t quarks can therefore be an effective
signature for a Higgs particle search (see Section 3.2.1). For these reasons, the SDC detector has as one of
its design goals the ability to efficiently detect and study ¢ quark production and decay.
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Direct searches for the ¢ quark have been made at e*e~ and pp colliders, and these searches have
ruled out a t quark with mass less than 45 and 91 GeV at 95% CL, where the first limit is independent
of the ¢ quark decay mode [36] while the higher limit is obtained when one assumes that it decays to a
Wb final state as predicted by the Standard Model [38]. Recent hadron collider measurements of the W
width [37] also constrain the mass of the ¢ quark to be above 55 GeV at 95% CL, independent of the ¢
quark decay mode. Combined fits, including the recent precision measurements of the Z mass, width and
decay asymmetries, as well as deep-inelastic results and the recent precise measurements of the W mass
from hadron colliders, predict an allowed region for the ¢-quark mass. It is restricted to lie in the range
90 < Miop < 200 GeV at 95% CL, independent of the ¢ quark decay modes. This limit is valid, within the
context of the Minimal Standard Model, for 50 < Mp;ges < 1000 GeV [39]. The CDF and DO experiments
at Fermilab may very well discover the ¢t quark within the next few years. In this case, the SSC will be a
copious source of ¢ quarks, and detailed study of ¢ quark pair production will be possible. If the ¢t quark
remains undetected by the time the SSC is commissioned, the search for this particle will be one of the
first challenges facing the SDC experiment.

The production cross section for ¢ quarks, shown in Fig. 3-40 as a function of the t-quark mass, has
been calculated to next-to-leading order, and has an uncertainty of ~ 25% due to structure function and
Q?2-scale uncertainties. The dominant production mechanism at the SSC is gluon fusion that produces ¢
quark pairs with a ¢t quark p; spectrum peaking around half the mass of the ¢ quark. Since the Standard
Model predicts the ¢ quark to decay almost completely to Wb final states, ¢ production will result in
events with typically two high-p, W* bosons and two b quarks. The SDC detector is ideally suited to
identify such events by tagging one or both W= bosons through their leptonic decay modes, and tagging b
quarks with the silicon tracking system.
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FIG. 3-40. The production cross section for heavy ¢ quarks. The band corresponds to the envelope of the
smallest and largest rates obtained by varying the factorization scale between 0.5 and 2 times the quark
mass, and by using the following sets of structure functions{40}: DFLM160, DFLM360, HMRSB, and MTB.

In the following sections, we will review the techniques we have developed to study ¢ quark decays with
the SDC detector. We first outline several methods for detecting the t quark and measuring its mass. We
then outline two methods that can be used to search for a charged Higgs particle produced in the decay of
a heavy t quark.

We note below that the measurement of the ¢ quark branching fractions can be used to search for a
charged Higgs particle. However, this also provides a means of indirectly detecting the coupling of the ¢
quark to other final states not predicted by the Standard Model. The accuracy with which the branching
fractions can be measured depends on our understanding of the systematic uncertainties associated with
the backgrounds in each channel. We therefore will not discuss this topic in full generality, and instead
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focus on the specific case of the charged Higgs as an example of how the SDC detector can perform such
searches.

The analyses described below have used the ISAJET event generator to model # production and
decay. We have modelled the detector response using the parametrizations described in Section 3.1.1 which
incorporate effects resulting from the finite calorimeter segmentation, as well as the magnetic field and the
calorimeter non-linearities.

3.3.1. Detection and mass measurement for the ¢ quark

We have considered three methods for detecting ¢t quarks and measuring the {-quark mass. The first
technique involves detecting the final states produced when one ¢t quark decays to ev, + b while the other
decays to pv, + b. The second method involves searching for “sequential” ¢ quark decays, where a ¢ quark
decays semileptonically and the decay of the associated b quark results in a non-isolated muon. The third
method uses the events resulting from the semileptonic decay of one ¢ quark into either eve + b or pv, +b
and the hadronic decay of the other ¢t quark into three jets.

Direct ¢t quark decays to dilepton final states

The cleanest signature for ¢ quark production is expected to be the isolated high-p; electron and muon
that result from the semileptonic decays of both ¢ quarks. The requirement of two different lepton species
avoids backgrounds from Z% and Drell-Yan production, and the rate of e*u¥ events is twice the rate of
either ete™ or u*p~ final states. The most effective dilepton search would include these latter two final
states (as demonstrated recently by the CDF collaboration(38]) but the detection efficiency will be reduced
relative to the etuF mode because of the need to reject the backgrounds mentioned above. We therefore
focus our discussion on the et y¥ final states.

Candidate events are selected by requiring isolated electron and muon candidates of opposite charge,
with p; > 20 GeV and |n| < 2.5. This selection is expected to yield 10° events per SSC year for Myop = 150
GeV, and should be essentially free of background. Thus the analysis becomes a counting experiment,
and we can use the observed number of candidate events to estimate the ¢ quark production cross section.
Since the cross section falls as a function of {-quark mass, we can use the observed tf cross section to
estimate the mass, assuming the Standard Model ¢ quark branching ratios into semileptonic final states.
The uncertainty in this ¢ mass measurement is dominated by the uncertainty in the predicted cross section,
shown in Fig. 3-40, and is estimated to be 10-15 GeV. '

The uncertainty in the t-quark mass determined in this way is quite large, and depends on the
assumption of the Standard Model branching ratios. We therefore consider this analysis to be a clean
method for discovering the ¢ quark or confirming its existence, but it is not competitive with other methods
for measuring the mass.

The sequential ey method for #-quark mass determination

A second method for measuring the ¢-quark mass relies on events with one isolated electron (from ¢
decay) and one non-isolated muon of opposite sign (from the b-decay product of the same t quark) [41].
We have studied this technique for ¢-quark masses of 150 and 250 GeV. The inclusive electron trigger with
pt > 40 GeV is ideal for obtaining a sample of e*pT events for this analysis. In addition, we require the
electron to be isolated by selecting events with less than 4 GeV of excess transverse energy in a cone of
radius R = 0.2 around the electron direction (where R? = (An)? + (Ag)?).

Muon candidates from the semileptonic b decay are selected by requiring them to have p; > 20 GeV.
In conjunction with the electron requirement, this is expected to yield a sample of clean e*p¥ events.
Non-isolated muons are selected by requiring at least 20 GeV of excess transverse energy in a cone of
radius R = 0.4 around the muon direction. A muon of opposite sign to the electron can also arise from a
charm decay generated in the cascade decay of the other ¢ quark in the event. This background muon will
generally lie in the opposite hemisphere from the electron, as shown in Fig. 3-41. There is a clear separation
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between the sequential muons (i.e., those muons coming from the same ¢ quark as the electron) and the
muons from the charm background. We reduce the charm background by requiring that the azimuthal
distance between the electron and the muon, A¢g, be less than 80°. Finally, we require p;(ex) > 100 GeV to
increase the sensitivity to the {-quark mass. For the case of My, = 250 GeV, this requirement is modified
to be pi(eu) > 120 GeV.

Figure 3-42 shows the invariant mass of the eu pair, M(eu), for t-quark masses of 150 GeV and 180
GeV with the above cuts. The events from the heavier t-quark peak at a higher M(eu). Figure 3-43 shows
a similar plot for ¢t-quark masses of 220 and 250 GeV. The sensitivity to the p;(eu) cut can be seen in
Fig. 3-44 as a function of M;,,. It shows the mean invariant mass of the eu pair as a function of the ¢
quark mass for several values of the p;(eu) cut. The mean M(ex) has an approximately linear dependence
on the t-quark mass and the sensitivity (the slope) increases with the p;(es) cut. Transverse momentum
cuts of 100 GeV and of 120 GeV for the t-quark masses of 150 and 250 GeV, respectively, give adequate
sensitivity while retaining sufficient statistics for a good mass determination. In one year of running at
nominal SSC luminosity, we expect 70,000 and 17,000 events of this type for the two mass values, providing
a measurement of the t-quark mass with a statistical uncertainty of 0.5 (0.8) GeV for t-quark masses of 150

(250) GeV.
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FIG. 3-41. The distance in 1 — ¢ space between FIG. 3-42. The invariant mass distribution

the electron and muon candidates for events
selected as explained in the text. The two
peaks, from left to right, correspond to non-
isolated muons from b and ¢ decays, respectively.
This distribution is for the case of M.p = 150

for the ep pair, M(eu), for two different ¢-
quark masses. The lefthand scale and the
leftmost curve are for Mo, = 150 GeV, while
the righthand scale and curve are for M., = 180
GeV. The cut p;(eu) > 100 GeV has been used.

GeV. The superimposed curves represent Gaussian

fits.

In this analysis, the backgrounds from other processes are very small. We have considered WW,
Z — 77, and W + bb production. Only the last process is a non-negligible source of isolated electrons and
non-isolated muons. We have estimated this background using the ISAJET Monte Carlo program and find
that this process contributes a 3% background to the M{eu) plot for a t-quark mass of 250 GeV and a
0.7% background for a t-quark mass of 150 GeV.

The systematic uncertainty on the ¢t-quark mass using this method is dominated by uncertainties in the
physics inputs. The first is the incomplete knowledge of the b-quark fragmentation function, which affects
the muon momentum distribution. We use the Peterson fragmentation parametrization for heavy quarks
with the value for the ¢ parameter measured by ALEPH [42]. Variations of ¢ by one standard deviation
result in 1.5 GeV and 3.0 GeV variations in the measured ¢-quark mass for M, = 150 and 250 GeV,
respectively. The second uncertainty arises from the imprecise knowledge of the ¢-quark p, distribution. To
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illustrate this point, the dependence of M(eu) on the ¢ quark p; for the case of a ¢ quark with a mass of 150
GeV is shown in Fig. 3-45. In addition, we expect different ¢-quark p; spectra for other ¢-quark production
processes, such as W + ¢ production or ¢f-pair production from gluon splitting. The dependence of M(eu)
on the t-quark p; spectra has been studied by reducing the initial state radiation generated by ISAJET to
obtain a softer p; distribution for the ¢ quark. From this variation, we derive uncertainties on the {-quark
mass of £1.9 GeV and +2.6 GeV for Mo, = 150 and 250 GeV, respectively.
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FIG. 3-45. The invariant mass of the ey pair as a function of the t-quark p, for p;(eu) > 100 GeV. The
data are derived from Gaussian fits to distributions such as those shown in Fig. 3-42, for different ¢-quark

p: bins.

Both of these systematic uncertainties may be reduced after detailed studies of data from the SSC.
Adding all the uncertainties in quadrature, we expect to determine the {-quark mass at 150 GeV with an
uncertainty of £0.5 (stat) £ 2.4 (syst) GeV and at 250 GeV with an uncertainty of 0.8 (stat) =+ 3.9 (syst)

GeV after a run of one year at the SSC design luminosity.
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3.3.2. Decays of tf to lepton + jets final states

The t-quark mass can be measured directly by reconstructing the three jets coming from its hadronic
decay, t — bud or bc3. In pp — tI production, one can trigger on a lepton from the decay of one t quark
into the modes bev, or buv, and then examine the three jets from the hadronic decay of the other ¢ quark.
These events typically have a high-p, charged lepton that is well-isolated from other emergy flow in the
event. The backgrounds to this signature are leptons from b quark decay, which tend to be non-isolated
and to have lower p;, and leptons from the decay of W bosons produced inclusively. These backgrounds
can be reduced to a negligible level with the cuts described below.

We have studied the capability of the SDC detector to measure the t-quark mass in this channel for the
two cases Mop = 150 and 250 GeV. The identical analysis procedure was used to study the ¢t quark decay
via a charged Higgs boson, which is described in a subsequent section. The ISAJET 6.36 Monte-Carlo
was used to generate samples of t{ events at the two masses. In both cases, the generated luminosity
corresponded to a small fraction of an SSC year (about 3% for the 150 GeV case, and 8% for the 250 GeV
case). The subsequent histograms have been scaled up to contain the correct numbers of events, but the
statistical fluctuations visible in the plots are much larger than one would expect for the numbers of events
they are claimed to contain. Additional underlying events, corresponding to design luminosity, were not
added. The events were simulated with the calorimeter model described in Section 3.1.1, which includes
the effects of finite calorimeter segmentation and non-linear response as well as the magnetic field. Jets
were reconstructed using the clustering algorithm described in Section 3.1.1 with a cone size R = 0.4 in the
region |n| < 2.5. This small cone size was chosen in order to minimize losses in efficiency in these complex
multi-jet events, while still maintaining a reasonable energy measurement.

For this analysis, we select events in which the ¢ and 7 are produced recoiling against each other with
high transverse momentum. The event rates and efficiencies for the cuts described below are listed in
Table 3-10. We require an electron or muon with p; > 40 GeV and || < 2.5, consistent with the expected
inclusive lepton trigger threshold. The leptons are required to be isolated by demanding that the additional
E; in a cone of radius R = 0.4 about the lepton is less than 25% of the lepton p;. The lepton efficiency
for these cuts is higher for the 250 GeV case, due to the more central rapidity distribution and harder p,
spectrum.

To select events with a hadronic ¢ quark decay, we require that at least three jets be reconstructed,
each with measured p, > 30 GeV in the opposite hemisphere from the lepton (A¢ > 90°). We note that
this p, cut is made before corrections to the jet energy scale for detector effects have been applied; this
data is referred to as “uncorrected” in the subsequent discussion. One of these jets must be a b jet, within
|7l < 2, which is tagged with a secondary vertex (see the tracking section for more details). Based on our
studies, we estimate the efficiency for the b tag to be 30% for b jets with p, > 30 GeV and inside the
acceptance discussed above, with a background rejection of order 100 to 1 against non-b jets. In principle,
one could also use semileptonic b tags[44], but since these involve neutrinos they could bias the ¢-quark
mass measurement.

In order to reduce combinatoric background, we require the transverse momentum of the three-jet
system to be large, which collimates the three jets, and separates them from other jets in the event. The p;
distribution for three-jet combinations opposite the lepton is plotted in Fig. 3-46. If there is more than one
three-jet combination which passes the selection criteria in a given event, then multiple entries are plotted
for that event. For the 150 and 250 GeV cases, we choose the minimum three-jet p, to be 200 and 300
GeV, respectively, resulting in approximately 160,000 and 40,000 three-jet combinations (¢ candidates) per
nominal SSC year.

The invariant mass distributions for the two jets, not including the b jet, are plotted in Fig. 3-47 (a)
and Fig. 3-47 (b), respectively, and the three-jet invariant mass distributions are shown in Fig. 3-48 for the
150 GeV and 250 GeV cases. Large invariant mass peaks for the W and ¢ are evident and the combinatoric
background is relatively small. Note that in these plots the jet energies have not been corrected for detector
and jet definition effects, and therefore, the peaks appear at lower invariant mass than the actual particle
masses (73.9 GeV for the W, and 134.1 GeV for the ¢, for the My, = 150 GeV case).
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Table 3-10
Summary of event samples and efficiencies for the event selection for M., = 150
and 250 GeV.

Miop = 150 GeV Miop = 250 GeV
o(tf) 12 nb 1.5nb
Ny 1.2 x 108 1.5 x 107
Branching ratio 8/27 8/27
Lepton, geometric 0.43 0.56
Lepton id, isolation 0.85 0.85
b jet, geometric 0.51 0.71
b jet tag 0.30 0.30
N(p:(3-jet)) > 200 GeV 158,000 —_
N(pe(3-jet)) > 300 GeV — 39,400

In general, the jet energies need to be corrected for three effects: (i) non-linearity and other losses
(cracks, neutrinos, leakage) which cause the energy deposited in the jet definition cone to be underestimated;
(ii) energy from the jet that falls outside the jet definition cone (either produced at large angles or swept
away by the magnetic field); and (iii) energy entering the cone from the underlying event or background
events. In Fig. 3-49, we plot the fractional difference between the measured jet p, and the “true” jet p,
as a function of the “true” jet p;, where the true value (p;(true)) is defined as the transverse momentum
sum of particles (excluding neutrinos) inside a cone of R = 0.4 about the direction of the parent. In the
present simulation, there are no crack effects included, and hence the major effects entering the correction
factor are sweeping of charged tracks by the magnetic field and calorimeter non-linearities. The dotted
curve shows an average fractional loss which will be corrected in subsequent plots.
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FIG. 3-46. The three-jet transverse momentum distribution for three-jet combinations (t candidates)
opposite the lepton in t# — WWbb events. The ¢ quark mass was taken to be 150 GeV.

To further reduce the background to the two-jet invariant mass distribution, we require that the
corrected three-jet invariant mass be in the range 135 < M(3-jet) < 165 GeV (225 < M(3-jet) < 275 GeV
for the 250 GeV case). The two-jet mass distributions after this cut are shown in Fig. 3-50 (a) and (b).
After correcting for the fractional loss displayed in Fig. 3-49, the W mass peak appears at 80.5 GeV with a
width of 7.5 GeV, to be compared with the generated W mass of 80.0 GeV.
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FIG. 3-47. The observed (uncorrected) two-jet invariant mass distribution using the cuts described in text
for (a) My, = 150 GeV and (b) 250 GeV.
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FIG. 3-48. The observed (uncorrected) three-jet invariant mass distribution for (a} Mg,p = 150 GeV and
(b) Miop = 250 GeV.

Likewise, if we require the two-jet invariant mass to be in the range 65 to 95 GeV, the three-jet
invariant mass distributions of Fig. 3-51 (a) and (b) show almost no background. The measured ¢ invariant
masses are 147.9 GeV and 243.6 GeV for the 150 (250) GeV true mass. For the lower ¢{-quark mass, the
peak has a width of roughly 9 GeV, whereas the higher ¢-quark mass peak has a width of about 14 GeV.

The t-quark mass can be inferred from the three-jet invariant mass distribution with a statistical
accuracy of ~ 0.04 GeV after one year of operation at standard luminosity. The observed cross section
is large enough that this measurement can be reliably made with a small fraction of this integrated
luminosity, and this statistical uncertainty will simply scale as 4/N.gq, where N_anq is the number of
observed candidates. We expect the {-quark mass uncertainty to be dominated by systematic uncertainties,
with the largest contribution coming from the uncertainty in the calorimeter energy scale. However, the
W signal in the dijet channel in these final states can be used to calibrate the calorimeter mass scale.
We conservatively estimate the remaining systematic uncertainty to be ~ 3 GeV, after taking into account
possible differences in energy response for light quark and heavy quark jets. Another method to reduce the
uncertainty would be to use the tracking system to provide a track-by-track correction for non-linearity; in
CDF this was shown to reduce the systematic uncertainty in the jet energy scale calibration and improve
the jet energy resolution by 10-15% [43].
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FIG. 3-49. The fractional loss of energy in a jet due to detector effects.
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The definition used here is:

(pi(observed) — pi(true))/pe(true), where pi(true) is the transverse momentum sum of particles (excluding
neutrinos) inside the R = 0.4 jet cone, and p;(observed) is the measured energy in the jet cone, including
all detector effects. The dotted curve shows the correction factor applied in subsequent plots.
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FIG. 3-50. The corrected two-jet invariant mass distributions after requiring that the three-jet invariant

mass be consistent with the ¢ mass.

(b) Miop = 250 GeV, requiring 225 < M(3-jet) < 275 GeV.

3.3.3. Decays of the ¢t quark to charged Higgs bosons

Introduction to charged Higgs bosons

(a) My, = 150 GeV, requiring 135 < M(3-jet) < 165 GeV.

One of the most attractive extensions of the standard Higgs sector contains two Higgs doublets and
consequently both charged and neutral physical Higgs bosons (see Section 3.2.4)[45]. If the charged Higgs
boson is lighter than the ¢ quark, then the branching ratio for the decay ¢t — H*b could be comparable
to that for ¢t — W*b. These branching fractions depend on the couplings of the two Higgs doublets to
the quarks and leptons. There are two possible models normally considered for these couplings consistent
with the absence of flavor-changing neutral currents. In the most popular model, the neutral component
of one of the doublets is responsible for generating the mass of leptons and charge —1/3 quarks while the
other generates the mass of charge +2/3 quarks. This is the model predicted by minimal supersymmetry
and will be the one considered here. The couplings of the charged Higgs bosons to fermions are entirely
determined by the quark/lepton masses and by tan3 = v2/v;, where v; (v3) is the vacuum expectation
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FIG. 3-51. The corrected three-jet invariant mass distribution, for (a) Mip = 150 GeV and (b) Miop =
250 GeV. In this plot the two-jet invariant mass is required to be consistent with the W mass
65 < M(2-jet) < 95 GeV).

value of the Higgs field which couples to the down (up) type fermions. Therefore, tan 3 determines the
branching fractions for t — bH+, HT — rv, and Ht — ¢3.
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FIG. 3-52. The branching ratios for the reaction FIG. 3-53. The branching ratios for the reac-
t — H*b as a function of tan. We have tions H*+ — Tv, 3, cb as a function of tanf.
assumed various values of My, and Mys+ as .
labeled.

The predicted branching ratios for t — H*b as a function of the parameter tan 3 are shown in Fig. 3-52
for several values of Mo, and My+. The various H % branching ratios, which are essentially independent
of Miop and Mg+, are shown in Fig. 3-53 again as a function of the parameter tan 3. Very small values
of tang (X 0.2) would place the H* — tb coupling in a non-perturbative regime since Miop is large.
One particularly important feature of Fig. 3-52 and Fig. 3-53 is that the branching ratios for t — H*b
and H* — Tv tend to be anti-correlated for tan 3 below 10. For example, as tan 3 approaches 10, the ¢
branching fraction to H* is approximately 1%, while the H* decays almost entirely into 7v. Note also,
that for small tan 8 the rv branching ratio is quite small, and the ¢ mode will provide the best hope for
H?* detection.
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in this simulation.

Event selection for charged Higgs searches

We have investigated two methods[46] for H* detection in ¢ events using several different values of
Miop and Mpys. The first involves a search for an excess of 7 leptons. This technique is most effective
when the branching ratio for H* — 7v is large. The other method is to reconstruct the hadronic decays
H* — c3. It is useful for smaller values of tan 8 where ¢t — H*b and H* — c5 are both large.

In each case, events are triggered by requiring one t quark to decay via t — bW — blv yielding an
electron or muon (¢) with p; > 40 GeV and |n| < 2.5. We require these leptons to be isolated from energy
flow in the rest of the event by demanding that the energy within a cone of radius R = 0.4 about the lepton
be less than 25% of the lepton momentum. We assume an efficiency for identifying electrons and muons of
85%. The events are also required to have at least one tagged b quark jet with g, > 30 GeV and Inl < 2.0.
The efficiency for tagging the b-jets through secondary vertices is discussed in Ref. 47, and in Chapter 4.
The non-tt background coming from Wbb, Wcé, Wb, and WHe final states and satisfying these criteria is
small even before the H* signal criteria are implemented.

Search for H* — v

In Method 1, we search for {-7 events (e.g., t — bW+ — bt+y, T — [BH~ or bW~] — br~v) in which
the 7 decays to a single 7* (or K*) with p; > 50 GeV or with p; > 100 GeV. These 1-prong decays are
the most easily identified decay modes of the 7 (r+ — 7tv or 7+ — K*v), for which the signature is
an isolated charged hadron whose momentum (from tracking) and energy (from calorimetry) should agree
within errors. We selected isolated hadrons by requiring that the energy (excluding that of the pion) within
a cone of radius R = 0.4 about the pion be less than 25% of the pion momentum. The probability for a
QCD jet with p; > 50 GeV to satisfy this requirement is less than 0.1%[43]. For one-prong 7 candidates,
the distribution of the ratio of pion track momentum to the total energy within a cone of 0.4, before making
the isolation requirement, is shown in Fig. 3-54.

This study [46] was performed using the Isajet 6.31 Monte-Carlo program, including a modification to
produce the correct r polarization in the decays of W* and H*, as described below. The results were
checked with other programs. The detector response was simulated by smearing the produced energy and
momenta with the baseline calorimeter and tracking resolutions as defined in Section 3.1.1. Multiple event
pile-up was not simulated, since it is not expected to affect the results at the nominal SSC luminosity. The
main effect of multiple events would be to slightly decrease the efficiencies for observing isolated leptons
and 7’s, but this should be a small effect for the p, thresholds used in this study.
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Implementation of the correct polarization correlations for the ¢ quark decay chain is crucial in obtaining
an accurate result. The coupling of W to Tv conserves chirality and the v are left-handed, therefore (up
to corrections of order M, /M) the 7~ (77) are left- (right-) handed. In contrast, the 7* from the decay
" of H* would have the opposite polarizations, since the H* is a scalar, and its couplings maximally violate
chirality. In W decays, the 7 polarization results in the preferred direction for emission of the 7% being
opposite the momentum of the 7. In H* decays, since the 7% has the opposite polarization, the 7% tends
to be emitted parallel to the 7 momentum. Consequently, the isolated pion p; spectrum from the charged
Higgs decay is shifted to higher p;. Furthermore, since we usually consider a higher mass for the H* than
the W, the p; of 7’s from the H* decay is already larger on average than that from W decay. In summary,
both the polarization correlations and kinematic effects increase the effectiveness of the high-p; cut on the
isolated pion in enhancing the relative number of events containing a H £,

The most sensitive means of detecting the presence of the charged Higgs boson decaying to 7's is to
employ lepton universality in W decays. If ¢ quarks can only decay to Wb, then the observed number of
¢*-¢~ events allows us to compute the number of {-7 events expected in the absence of the decay ¢ — H*b
(= N¥W where WW signifies that both t and  decayed to W’s). The presence of a significant coupling
of the ¢t quark to the H*b state would result in an excess of {-7 events, independent of the theoretical
calculation of the ¢f cross section.

If there is no charged Higgs boson, the number of 7+ — 7ty (or K+v) events resulting from ¢t — WWbb
with one W decaying to fv (the trigger)[48] and the other to rv, after imposing the above-mentioned cuts
and triggers, is

NZFW = 2Nz BR(W — () BR(W — Tv)es-trig€i-tag BR(T = 70)ers .

The variable N; is the number of #f events produced per SSC year and could be extracted from the measured
value of NJ¥W if there is no HX. We assume the branching ratios BR(W — £)/2 = BR(W — rv) = 1/9
and BR(7 — wv) = 11.5%. The variable es.ig is the efficiency for triggering on the electron or muon
(including the p; cut, n cut, and isolation criterion), ep-tag is the efficiency for tagging one or both b-jets,
and e, is the efficiency for observing the pion (or kaon) from the 7 above a minimum p; threshold. We
estimate these efficiency factors using the ISAJET Monte Carlo and our detector simulation, and list them
in Table 3-11. Fig. 3-55 shows the efficiency e, as a function of the p; cut on the isolated =.

If the ¢t quark also decays to H*'b, then we have additional final states containing H*W¥F and
H*H~, where the mixture depends on the branching ratio By = BR(¢ — H*tb). The contribution from
H+H~bb final states can be ignored, as the rate into this final state is large only when the branching
ratio BR(H* — rv) is very small. The number of observed {-r events (from WEW¥bb and W*HFbb final
states) would therefore be

Ngp = NJW + NJWH = (1 - By)*!NFW| + [Bg(1 — By)NFH],

where
NF¥H = 2Nz BR(W — v)ertigestag BR(HT — 1) BR(T — 7V)ery.

For the W H decays, the estimated efficiencies are also given in Table 3-11. The efficiency for tagging the
b-jets in the W H case is nearly identical to that for the WW case despite the mass difference between the
H* and W#*. As discussed below, the efficiency e, for observing the pion or kaon above the p, cut is
substantially higher for the W H case than for the WW case, for any given M,,, (see Fig. 3-55).

The parameter tanf3 of the two-doublet Higgs model enters the above equations via both By
and BR(H* — rv). For illustration, in Fig. 3-56 we compare the predicted (from universality) and
observed p: spectrum of the isolated pion coming from 7 decay for the case tan3 ~ 1.2 (which yields
BR(H* — tv) ~ 0.50 and By ~ 0.075) where the influence of the H* would be large. In this favorable
case, the excess due to the ¢t — H*b decays over the universality prediction is more than a factor of four.
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Table 3-11
The efficiencies for lepton triggering, for b tagging (including the p;(d) cut), and for finding
a z from the decay of the 7 for the given p¢(7r) cut (units are GeV). The quoted eficiencies
do not include the branching ratios for the ¢ quark decays. For M., = 100, 150, and 200
GeV, the numbers of events before efficiencies are 4 x 108, 1 x 108, and 4 x 107, respectively.

Mtop M+ €¢-trig €b-tag €rx €rx
(GeV)  (GeV) pe(m) > 50 pe(7) > 100
100 no H* 0.35 0.10 0.044 0.0022
100 75 0.34 0.13 0.16 0.020
100 85 0.35 0.087 0.18 0.04
100 95 0.36 0.066 0.27 0.077
150 no H* 0.39 0.27 0.065 0.011
150 75 0.38 0.28 0.18 0.043
150 125 0.39 0.22 0.29 0.09
150 140 0.40 0.20 0.32 0.12 -
200 no H* 0.46 0.31 0.091 0.018
200 125 0.46 0.30 0.31 0.11
200 175 0.46 0.26 0.39 0.16
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FIG. 3-55. The efficiency for pions from 7 decays to pass a threshold cut (p.(z) > py) in WW decays
(dashed) and WH decays (solid). For the lower (upper) solid histograms the charged Higgs mass is
Mpys: =75 GeV (125 GeV).

Since the number of £*-£~ events would be depleted by (1 — By)?, our universality argument predicts
that the number of (-7 events with an isolated single hadron (n* or K*) is just N;W% and the observed
excess is Ny — NyJWW = NJWH, We can compute the statistical significance of this excess by comparing
NWH to the universality prediction N;¥W. In order to quantify the observability of this charged Higgs
signal as a function of the Higgs model parameter tan 3, we compute the number of standard deviations by
which the observed number of isolated pions exceeds the prediction from universality:

tWH
Nt‘r

Nsp = .
VN N
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FIG. 3-56. Transverse momentum distributions for pions from #{ events. (a) The transverse momentum
distributions for isolated pions coming from ¢ events for M., = 150 GeV. (b) The total integrated number
of isolated pions with pi(7) > pg. In both cases the dotted histograms are the predictions from universality
(i.e. corresponding to the term N}¥W in the text). The solid and dashed histograms would be the actual
observed spectra if a charged Higgs of mass Mg+ = 125 GeV is present (corresponding to the sum of
N;¥W and N;WH). These figures employ the branching ratios predicted for tan8 = 1.2 and 5.5.

In Fig. 3-57 and Fig. 3-58, Ngp is plotted for p; cuts on the isolated pion of 50 and 100 GeV. It is
critical to keep track of the polarization of the 7’s in the Monte Carlo analysis—ignoring the polarization
reduces the statistical significance by a factor of two. We have estimated that the backgrounds from Wbb
reduce the number of standard deviations by less than 3%. All other W-jet-jet backgrounds together are
smaller than this because the b-jet tagging requirement more than compensates for the larger production
cross sections of some of these channels. Requiring five standard deviations above background, we conclude
that after one year of SSC running we could detect the presence in ¢ quark decays of the charged Higgs
boson decaying to 7’s for all tan 3 > 0.5 as long as Mgz is not too close to Mo (no less than 5-10 GeV),
see Fig. 3-59. The region in parameter space with tan3 =~ 5.5 is the most marginal, since B(t — H*b)
reaches a minimum. As long as B(t = H*b) 2 0.003, the H* — 7v — 77 decay mode can usually be
used to detect the charged Higgs. For smaller values of tan 8, where B(H* — rv) becomes small, we must
employ the H* — ¢5 decay mode, discussed below.

Although charged Higgs bosons can be easily detected via universality violation when tan 3 > 0.5, the
H* = rv — mv¥ decay mode clearly makes determination of the H* mass difficult. In order to measure
the H* mass, it is necessary to estimate the momentum of the ¢ quark and the b quark in the decay
t — H*b. The two methods of Ref. 46 both rely on selecting a kinematic region where the contribution
of the missing neutrinos to the H* mass is minimized. One method uses the momentum of the b quark
and the high p; pion to estimate the ¢ quark momentum. The other method uses the decay products from
the opposite ¢ quark as well. Both variables seem to give some sensitivity to the charged Higgs mass, but
further study is needed before reaching any conclusions.

Finally, we emphasize that the previous discussion has concentrated on a particular two-Higgs-doublet
model. For comparison, we note that in other models [45] the 7~ branching ratio is independent of tan g3,
while B(t — H*b) falls rapidly in the tan3 > 1 region. Thus, the use of the universality violation signal
will not be possible at large tan 3. A more detailed computation of Ngp in this model (using the cuts and
efficiencies employed above) shows that detection of the H¥ in this model is possible for tan 3 = 0.1 up to
tan 3 =2-10, depending upon the choice of Mg+ and Mop.

For either model it is clear that for small values of tan 3 (< 0.5), where B(H* — 7v) becomes small,
we must employ the H* — ¢35 decay mode, to which we now turn.
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FIG. 3-59. For Mi.,p = 150 GeV and tan 3 = 5.5 the statistical significance, Ngp of the excess of isolated
pions due to t - H*b, H* — v, and 7 — nv relative to expectations for ¢ — W*b (assuming lepton
universality) as a function of Mg:+. We require an isolated lepton with p; > 40 GeV and compare results
for p; cuts on the isolated pion of 50 GeV (solid curve) and 100 GeV (dashed curve).

Search for H+ — ¢35

In Section 3.3.2, we described a technique to determine the t-quark mass by reconstructing the hadronic
decays of the ¢ quark ¢ — bW, W — ud (or ¢3) in the context of Standard Model ¢ quark decays. We have
extended this technique to study a 150 GeV ¢ quark decaying to H+ (or W) with H+(W+) — ud or c5,
with an assumed H* mass of 125 GeV. The ISAJET Monte Carlo was used to generate two samples of tf
events with decays via W~ H* and W~W™, which were simulated with the detector model described in
Section 3.1.1. Jets were reconstructed using the clustering algorithm described in Section 3.1.1 with a cone
size R = 0.4 in the region || < 2.5.
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Recall that this method selects high transverse momentum events in order to simplify the combinatorics
of reconstructing the correct set of three jets. In these events, one of the ¢ quarks decays via t — Wb
with W — (v, and the other decays hadronically into three jets. Event rates and efficiencies for the cuts
described below are listed in Table 3-12. We require an isolated electron or muon with p; > 40 GeV
and || < 2.5 so that the candidate events satisfy the inclusive lepton trigger. The lepton efficiency is
identical for W—H* and W~W* events. We also require at least three jet clusters, each with p; > 30 GeV
(uncorrected) in the opposite hemisphere to the lepton (A¢ > 90°). We demand that one of these clusters
have |n| < 2.0 and be tagged as a b-jet with a secondary vertex (see the discussion in Chapter 4).

As shown in Fig. 3-60, the p; spectrum of the b-jet is much softer for the charged Higgs decay due to
the small mass difference assumed between the H+ and the ¢, resulting in a lower efficiency to observe the
b-jet. Also, in the WH events, the two jets from the H decay are typically further apart than in WW
events (Fig. 3-61).

Table 3-12
Summary of event samples and efficiencies for cuts in WW and W H events.

WW events WH events

o(tt) : 12 nb

Ng 1.2 x 108

Branching ratio 8/27 4/9BR(H* — c3)

Lepton, geometric 0.43 0.43

Lepton id, isolation 0.85 0.85

b-jet, geometric 0.51 0.30

b-jet tag 0.30 0.30

- N(pe(3-jet)) > 200 GeV 1.58 x 105 1.26 x 10°BR(H+ — ¢3)

As in the case of the Standard Model ¢ quark search, we can reduce combinatoric backgrounds
by requiring the transverse momentum of the three-jet system to be > 200 GeV. These cuts result in
approximately 160,000 (125,000 B(H* — ¢3)) t candidate three-jet combinations per nominal SSC year,
assuming only WW (W H) decays."

25000 -_II LI mred | ey I LA Bt ‘I LEREEL A l T ll_
g F & M= 150 GeV 3
ol — W -
o 20000; I H M(H*)= 125 GeV :
<k :
> 15000 [— —
o L N
Qe C h
410000 — —
8 : .
[ N -
& X ]
5000 (— —
(e} [J d LJ 11 ;:{“1.-:-";";. LRk Al &4 X LXeI'E; et

0 50 100 150 200 250 300

pi(b-jet) (GeV, uncorrected)
FIG. 3-60. The transverse momentum distribution for b-jets opposite the lepton in tf — WWDbb events
(solid) and ¢ — W Hbb events (dotted). The ¢ quark mass is 150 GeV, and the charged Higgs mass is 125
GeV.
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FIG. 3-61. The distance in 1 — ¢ space between the three jets (a) in WW events and (b) in WH events.
The solid histogram is the distance between the two non-b-jets, and the dashed (dotted) histogram is the
distance between the lower-p, jet (higher-p; jet) and the b-jet. The t quark mass is 150 GeV, and the
charged Higgs mass is 125 GeV.

The invariant mass distributions for the two jets (not including the b-jet) in WW events and WH
events are plotted in Fig. 3-47 and Fig. 3-62, respectively, and the three-jet invariant mass distributions are
shown in Fig. 3-48 and Fig. 3-63 for the WW and W H cases. In both cases, a large invariant mass peak
for the W, H, or t is evident and the combinatoric background is relatively small. As for the standard ¢
quark decays, the peaks appear at lower invariant mass (111.4 GeV for the H) than the actual particle
masses (125 GeV for the H).
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FIG. 3-62. The two-jet invariant mass distribu- FIG. 3-63. The three-jet invariant mass dis-
tion for a sample of tf — W Hbb events. Neither tribution for a sample of tf — WHbb events.
jet is the tagged b-jet. The ¢t quark mass is 150 The ¢ quark mass is 150 GeV, and the charged
GeV, and the charged Higgs mass is 125 GeV. Higgs mass is 125 GeV. This figure should be
This figure should be compared with Fig. 3-47. compared with Fig. 3-48.

In subsequent plots, an average correction factor has been applied to the jet energies as a function of
measured jet p; (the dotted curve in Fig. 3-49). To further reduce the background to the H™ signal in
the two-jet invariant mass distribution, we require that the corrected three-jet invariant mass be in the
range 135 < M(3-jet) < 165 GeV. The two-jet mass distributions after this cut are shown in Fig. 3-50 and
Fig. 3-64. With the jet energies corrected, the H mass peak appears at 123.3 GeV with a width of 8.5 GeV.
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If we require the two-jet invariant mass in the WH case to be in the range 110 to 140 GeV, the
three-jet invariant mass in Fig. 3-65 shows almost no background. The measured £ invariant masses in the
WW and W H modes are 147.9 GeV and 148.2 GeV, each with a width of approximately 9 GeV.

[ 1 T 1 ¥ 1 T T T T T T L] ] T L 1 - L LR L LR LA L LA ] LI l-J
: ! | | : U ARAS AR RN RN AARAN RRRAC
- WH Events = - WH Events .
&5 2000— - E - ]
= i ] > 2000 ]
2 Lsoof 1 8 F :
1500 |~ — o ]
Z - 1 ¥ 1s00 ]
= - B o> - -
(] - 4 (Y » N
o - . © X ]
Q 1000 — s Q 1000 — —
z N ] 3 - g
g - - 5 - .
& 500~ = & 500 ~]
0 C 1 1 J‘l n 1 1 1 l Il L L 1 1 1 1 1 7] 0 : i 1t l 11 1 1 | L ICt | l 3
0 50 100 150 200 0 50 100 160 200 250 300
Two—jet Invariant Mass (GeV) Three—jet Invariant Mass (GeV)
FIG. 3-64. The two-jet invariant mass distribu- FIG. 3-65. The three-jet invariant mass distri-
tion for samples of tf — W Hbb events. In this bution for events with a W or a Ht candidate.
plot the three-jet invariant mass is required to In this plot the two-jet invariant mass is re-
be consistent with the ¢ mass by selecting events quired to be consistent with either the W or
with 120 < M(3-jet) < 150 GeV (uncorrected). H* mass. The ¢ quark mass is 150 GeV, and
The ¢ quark mass is 150 GeV, and the charged the charged Higgs mass is 125 GeV. This figure
Higgs mass is 125 GeV. This figure should be should be compared with Fig. 3-51.

compared with Fig. 3-50.

To determine the statistical significance of the H* and W* mass peaks for a particular branching
fraction BR(t — H*b), the ideal technique would be to fit the dijet invariant mass distribution obtained
from the data to the distributions obtained using a Monte Carlo that produces both WW and W H events
(with a W or H decaying to jets). This will give an estimate for the fraction of W H events in the data (or
a limit on the amount of W H present). This determines the product of BR(t — bH™*) and BR(H™* — ¢3),
so that tan3 can be determined using Fig. 3-52 and Fig. 3-53. As an example, the two-jet invariant
.mass distributions obtained after imposing the selection criteria (and efficiencies) are shown in Fig. 3-66
for the particular cases of tan = 0.4 (yielding By = 0.42 and BR(H* — ¢3) = 0.98) and tan8 = 1.0
(yielding By = 0.096 and BR(H* — ¢5) = 0.59). For tanj3 = 0.4, the W= and H* mass peaks are both
very prominent, and discovery of the H* is clearly possible. The tan = 1.0 case is somewhat marginal,
since the combinatoric background -would have to be well understood to claim a signal. The statistical
significance is quite high since the statistical errors are small; however, in this case we would prefer to rely
on Method 1 (H* — 7v) which is effective down to tan 3 = 0.5.

Since our mass assumptions yield two reasonably well separated mass peaks, we have adopted a simple
technique to estimate the statistical significance of each peak. We consider the number of events in the
two intervals 65 < M;; < 95 GeV (W interval) and 110 < M;; < 140 GeV (H interval). The background
beneath the H peak has a contribution from both WW and WH events. Unlike the case in the previous
study [25], the shapes of the background beneath the peaks in the WW and WH events are dissimilar.
We have estimated the level of background under the H peak in WH events by using a smooth curve
overlapping each histogram on both edges of the H interval, and we expect this estimate to have an
uncertainty of ~ 10%. We follow the converse procedure in determining the number of events in the w*
peak. For the two mass intervals, the estimated ratios of signal and of background events to the number
of events passing the trigger and event selection requirements in the WW and W H processes are shown in

Table 3-13.
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Table 3-13

The fraction of events, relative to the total number of events
passing the trigger and event selection requirements, in different
mass regions. These regions are defined to be 65 < M(2-jet) < 95
GeV (for WW events) or 110 < M(2-jet) < 140 GeV (for WH
events). All events were required to satisfy 135 < M(3-jet) < 165
GeV. The background beneath a given peak has contributions
from both WW and W H events.

WW Events W H Events
W peak signal 0.312 0
H peak signal 0 0.296
W peak background 0.103 0.059
H peak background 0.0185 0.055

To quantify the statistical significance of the H* and W* mass peaks, we plot the number of standard
deviations above background as a function of tan 3:

N, above

Nsp = :
P \/N above T+ N below

where Napove is the number of “excess” events appearing above the background curve and Ny, is the .
number below the background curve in the two mass intervals mentioned above. The resulting values for
Nsp are plotted as a function of tan 3 in Fig. 3-67. The highest tan3 value for which we could discover
the charged Higgs by this method would depend critically on understanding the shape of the combinatoric
background. To be conservative we should claim to see a signal only when the shape of the distribution is
clearly different from the background. Hence, we argue that this method of Ht detection is valid only for
tan§ < 1.0.
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FIG. 3-66. The two-jet invariant mass distribution after two-jet selection criteria are imposed, for the
cases of (a) tan8 = 0.4 and (b) tan8 = 1.0. The plot is normalized to one SSC year of running. The
dotted curve in (b) indicates the background determined as described in the text. The figures have been
numerically smoothed to more accurately convey the statistical power of the data. The error bars shown
correspond to the statistics for one SSC year. The ¢t quark mass is 150 GeV and the H mass is 125 GeV.
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FIG. 3-67. The statistical significance, Ngp, of the charged Higgs and W boson (dashed) peaks in the
two-non-b-jet invariant mass distribution as a function of tan3. Also shown is the statistical significance
obtained using the 7+ channel, where the solid (dot-dashed) curves are for p¢(w) > 50 (100) GeV. We
assume one SSC year of running and have taken M.y, = 150 GeV and Mgz = 125 GeV.

Summary of charged Higgs search

We have examined charged Higgs boson production in #f events in which one ¢ decays to H*b and
the other to W*b. This study was performed in the context of a two-Higgs doublet model in which one
Higgs doublet couples only to up-type quarks and the other only to down-type quarks and to leptons. In
the particular case of Mo, = 150 GeV and My+ = 125 GeV, discovery of the charged Higgs boson will
be possible over the entire interesting range of parameter space. The detection of H* for tanj 2 0.5 is
possible through H* — 7v decays, while for tan8 < 1.0 the decay H* — ¢3 can be employed. This study
illustrates the importance of efficiently identifying b-quark jets and 7’s.

3.4. SUSY searches

3.4.1. Supersymmetric phenomenology

Supersymmetry offers the possibility of a consistent unification of particle physics and gravity. In
theories of “low-energy” supersymmetry, the effective scale of supersymmetry breaking is tied to the
electroweak scale[49]. In this way, supersymmetry may ultimately explain the origin of the large difference
between the W and Z masses and the Planck scale.

The minimal supersymmetric extension of the Standard Model (MSSM) consists of taking the Standard
Model and adding the corresponding supersymmetric partners[50]. In addition, the MSSM contains two
Higgs doublets, which have been discussed in Section 3.2.4 and Section 3.3.3. Supersymmetric interactions
consistent with global B — L conservation (baryon minus lepton number) are assumed. Finally, the most
general soft-supersymmetry-breaking terms are added. If supersymmetry is relevant for explaining the scale
of electroweak interactions, then the mass parameters that occur in the soft-supersymmetry-breaking terms
must be of order 1 TeV or less.

As a consequence of B — L invariance, the MSSM possesses a discrete R-parity invariance, where
R = (—1)3B-L)+25 for a particle of spin S [53]. This implies that all the ordinary Standard Model
particles have even R-parity, whereas the corresponding supersymmetric partners have odd R-parity.
The conservation of R-parity in scattering and decay processes has a crucial impact on supersymmetric
phenomenology. For example, starting from an initial state involving ordinary (R-even) particles, it follows
that supersymmetric particles must be produced in pairs. In general, these particles are highly unstable and
decay quickly into lighter states. However, R-parity invariance also implies that the lightest supersymmetric



3-60 Physics and detector requirements

particle (LSP) is absolutely stable, and must eventually be produced at the end of a decay chain of a
heavy unstable supersymmetric particle. In order to be consistent with cosmological constraints, the LSP is
almost certainly electrically and color neutral[54]. Consequently, the LSP is weakly interacting in ordinary
matter, i.e. it behaves like a neutrino and will escape detectors without being directly observed. Thus, the
canonical signature for (transverse) energy, due to the escape of the pair of LSP’s. Some model builders
attempt to relax the assumption of R-parity conservation[55]. Models of this type must break B — L and
are therefore strongly constrained, though not presently ruled out.

The parameters of the MSSM fall into two classes: a supersymmetry-conserving sector and a
supersymmetry-breaking sector. Among the parameters of the supersymmetry-conserving sector is a Higgs
mass parameter 4. The supersymmetry-violating sector contains various parameters including (i) gaugino
Majorana masses M3, M, and M; associated with the SU(3), SU(2) and U(1) subgroups of the Standard
Model and (ii) three scalar Higgs mass parameters that can be re-expressed in terms of the two Higgs
vacuum expectation values, v; and v,, and one physical Higgs mass. Here, v; (v2) is the vacuum expectation
value of the Higgs field that couples exclusively to down-type (up-type) quarks and leptons. Note that
v} + v2 = (246 GeV)? is fixed by the W mass (or equivalently by the Fermi constant Gr), while the ratio

tan G = vy /v (3.1)

is a free parameter of the model.

The supersymmetric partners of the gauge and Higgs bosons are fermions. The gluino is the color
octet Majorana fermion partner of the gluon with mass M~ = |M3|. The supersymmetric partners of the
electroweak gauge and Higgs bosons (the gauginos and Hzggsmos) can mix. As a result, the physical
mass eigenstates are model-dependent linear combinations of these states, called charginos and neutralinos,
which are obtained by diagonalizing the corresponding mass matrices. The chargino mass matnx depends
on M;, u, tanB and My [56]. The corresponding chargino mass eigenstates are denoted by X X+ and X X3
where the states are ordered such that M~+ < M~+ The neutralino mass matrix depends on M;, M>,

u, tanfg, Mz and the weak mixing angle 0w [56]. The corresponding neutralino eigenstates are usually
denoted by X? (i = ..4), according to the convention that M-il < sz < an < MZ If My and

M, are small compared to Mz (and p), then the lightest neutralino X} will be nearly a pure photino,
¥ (the supersymmetric partner of the photon). It is common practice in the literature to reduce the
supersymmetric parameter freedom by requiring that all three gaugino mass parameters are equal at some
grand unification scale. Then, at the electroweak scale, the gaugino mass parameters can be expressed in
terms of one of them. Having made this assumption, the chargino and neutralino masses and mixing angles
depend only on three unknown parameters: the gluino mass, x, and tan 3.

The supersymmetric partners of the quarks and leptons are spin-zero bosons: the squarks, charged
sleptons and sneutrinos. For a given fermion f, there are two supersymmetric partners fr and fg, which
are scalar partners of the corresponding left and right-handed fermion. (There is no.vg.) However, in
general, fr and fg are not mass eigenstates since there is fr-fr mixing. Due to the appearance of the
fermion mass in the corresponding element of the scalar mass-squared-matrix, one expects Mg to be small
compared to the diagonal squark and slepton masses, with the possible exception of the t-squark, since
Moy is large.

In “low-energy” supergravity or “superstring-inspired” models, five flavors of squarks (with two squark .
eigenstates per flavor) are nearly mass-degenerate and somewhat heavier than six flavors of degenerate
sleptons (with two per flavor for the charged sleptons and one per flavor for the sneutrinos). The ¢-squark
masses are sensitive to the strength of the {7~ mixing.

In this section we will discuss the signals for gluinos (§), squarks (g), charginos (X{), and neutralinos
(X?). The phenomenology of the neutral Higgs bosons (HY 9 and HY) is discussed in Section 3.2, and that of
the charged Higgs bosons (H*) is discussed in Section 3.3.
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Gluinos and squarks

The discovery of gluinos and squarks and the exploration of their properties will require the study of
several signals. Gluinos and squarks can be produced in pairs (g g or gq) or in combination (gg). It is not
known whether the gluino or squark is lighter. The heavier one will be much harder to discover, because it
will simply decay into the lighter one (g — ¢ or § — ¢g). Therefore the signals will be similar, but will
contain additional jets. Such jets can also come from initial- or final-state radiation. Whether or not the
heavier particle can be isolated may depend on the size of the mass splitting.

Let us begin with the gluino, assuming that M; < M;. There are many possible signatures for

gluinos [57) depending on M; and the masses of the cha.rgmos and neutralinos. Taking for example
M5 =750 GeV and the pa.rameters 4 = 150 GeV and tan 8 = 1.5, we find branching ratios of

9— Xiad 30%
i—-x9d 0%

g — X19q 10%
g — X33q 17%
J — X3@q 13%

The charginos in this case can decay via:
z% - xXiad  67%
i - X 33%
and
x2 —x£2° 40%
Xz — X H? 5%
Xz - Xiw* 10%
Xz — X3W* 30%
X3 — X3w* 15%
and similarly for the four neutralinos.

Obviously many signatures are possible. Even for M =750 GeV the gg cross section is large, yielding

7 x 10° events per year, so that even small branching ratxos may be visible. We assume that X} is the LSP
and is unobservable in the detector; when it is produced directly in the decay of the gluino (rather than in
a sequential decay), large missing transverse energy can occur. The production of gg can result in events
containing:

Large missing transverse energy and jets,

Leptons and jets,

Leptons, jets, and large missing transverse energy,

Z bosons and jets,

Z bosons, jets, and large missing transverse energy.

While large missing transverse energy is a vital indicator for supersymmetry, confirmation that this
missing-F; signal is due to gluinos will require the use of additional signatures. The best of these
complementary signatures consists of events with same-sign dileptons that also have energetic jets. As we
show below, such events are background-free and therefore ideal for determining the gluino mass. The SDC
detector provides charge identification for both electrons and muons and is therefore an effective tool in
searching for gluinos.

The signals for a heavy gluino will be quite dramatic in several modes. In the following discussion, we
will concentrate instead on the more difficult case of a 300 GeV gluino. For much of parameter space the
branching ratios of the gluino are: B(YFgq') =~ 60%, B(XYqq) =~ 15%, and B(X1qq) =~ 25%.
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3.4.2. The missing-E; signature

Phenomenology

If a pair of gluinos is produced, the probability that both gluinos decay directly to X? is rather small
(about 2%). Instead we consider the process in which one gluino decays as

g — Xi9q
and the other decays as
§— Xiqd or X33¢
and then X{ or XJ decays via modes such as X%3¢'. The resulting events from
99 — qa9g9TXI X3
(or £+ qgqgx?X} or €vqgqgx?x}) have missing transverse energy, and typically 3-6 jets depending on the

energy cuts and the coalescing algorithm. As shown in Fig. 3-68, this yields missing-E; comparable to that
from the case in which both gluinos decayed directly to 9.
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FIG. 3-68. Comparison of the resulting missing-E; when both gluinos decay directly to the LSP (x}) and
when only one decays directly (the other undergoes a cascade decay). The final state is three or more jets
each with E; > 70 GeV separated by AR = 0.7. The jets are required to have |n| < 5. Events are rejected
if they contain a jet with E, > 70 GeV within an azimuthal angle of 20° of the missing-E; or if they have
circularity (defined in the text) C < 0.2. The 2-LSP curve has been normalized to have the same area as
the 1-LSP curve to emphasize the similarity in shape.

Discovering a 300 GeV gluino using a missing-E; signature requires the ability to remove detector-
dependent backgrounds originating from mismeasured multijet events. It also requires methods to isolate
detector-independent backgrounds due to production of Z(— v¥) + multijets, and of bb and ¢f pairs with
semileptonic decays.

To isolate the missing-E; signature for gluinos we require at least three jets with p, > 70 GeV,
since gluino pair production gives four quarks in the initial decays. As discussed below, the primary
detector-dependent background is from multijet events in which some jets are mismeasured due to resolution
or cracks (Ref. 59) or in which a high-p; jet is produced beyond the 7 coverage of the forward calorimeter.
The observation of E™5 > 100 GeV due to mismeasurement of a jet or from an E 2 7 TeV jet produced
at || > 5 is an extremely rare occurrence. But this small probability coupled to the large rate for QCD
multijet events can lead to appreciable backgrounds to missing-E; signatures. We first discuss the effects
of energy mismeasurement; the background due to jets produced at large n will be discussed later in the
context of the forward calorimeter requirements.
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Missing-E; from mismeasurement

In the case of mismeasurement, we find that the resulting background event rate is small compared to
the gluino signal until nonGaussian tails are introduced into the jet energy resolution. We have studied
the impact of substantial nonGaussian tails, using a model developed to describe the CDF detector at
Fermilab [58]. There is not yet any similar parametrization of the response of the SDC calorimeter system,
but it is expected to be substantially more Gaussian than that of CDF because the SDC detector is
much more hermetic (all intermodule gaps are minimized, and in many cases nonprojective). Nevertheless,
we have used this model of jet energy mismeasurement to explore the potential effects on the physics
capabilities. The parametrization of nonGaussian tails assumed in our studies is shown in Fig. 3-69.

We find that it is very unlikely that two jets will be badly mismeasured in a single event (since large
mismeasurement is rare). Furthermore, it is much more probable to measure an E; = 800 GeV jet to
be 700 GeV, than to measure an E; = 300 GeV jet to be 200 GeV (both yield 100 GeV of missing-E,).
The distributions of the mismeasured background events look quite different from those of the signal. The
missing-E; vector will clearly lie quite close to one of the jets. Therefore, the background distribution of the
azimuthal angle ¢ between the missing-E; vector and the nearest jet with E; > 70 GeV is peaked at zero
unlike the signal (gluino pair production). The E; of the leading and non-leading jets in this background
are also much larger than those in the signal. Another effective variable is the circularity C, which is
defined as C = imin(SE, - #1)?/(EE}), where the sum is over calorimeter cells and where the minimization
is over all 7 (a unit vector in the transverse plane); C = 0 corresponds to pencil-like events while C =1
corresponds to isotropic events.

In practice, it is only necessary to cut on the ¢ variable. Figure 3-70 shows the missing-E, distribution
from gluino pair production and decay, and also from the background processes. The distributions are for
events with ¢ > 20°. This cut eliminates much of the background due to nonGaussian tails on the jet
energy resolution.

The hadron calorimeter jet resolution can be parametrized as AE/E = A/VE © B where we expect to
achieve A ~ 60% and B = 2% for |n| < 3 (see Section 3.1.1). If we double this resolution (both A and B),
there is a modest impact on the mismeasurement background. The missing-E; processes do not severely
constrain the hadron calorimeter resolution.

There are other backgrounds that do not depend on detector parameters. One such detector-independent
background is Z plus multijets production, where Z — vp. This background is small. However, bb and
tf production with semileptonic decays lead to substantial backgrounds. Important cuts here include the
circularity and the ¢ variable described above. As shown in Fig. 3-70, we are able to isolate the gluino
signal for missing-E; > 100 GeV, yielding something like a million events per year with the cuts described
in the figure caption. The Z + jets and #f rates will be measured by the SDC detector and therefore the
backgrounds can be subtracted. The background from mismeasured jets can be significantly reduced by
further cuts.

In the above analysis we have included the effects of initial-state radiation (which affects signals and
backgrounds similarly) and of neutrinos and missing muons (for || > 2.5). Because we consider only large
values of missing-F; (missing-E; > 100 GeV), we expect pileup to be unimportant in this analysis; even if
it were important, this search could be done at one tenth of design luminosity because of the extremely
high event rate.
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FIG. 3-69. The comparison of a Gaussian jet FIG. 3-70. Search for evidence of gluino pair
energy resolution function (dashed curve) with production in the distribution of missing-F, for
a resolution (solid curve) in which nonGaussian the final state of three or more jets each with
tails have been included. FE;, is the energy E; > 70 GeV separated by AR = 0.7. The
of the jet before mismeasurement (fixed at 500 jets are required to have || < 5. Events are
GeV for this figure), while E,,: represents the rejected if they contain a jet with E; > 70
measured energy. It is expected that the SDC GeV within an azimuthal angle of 20° of the
detector will have significantly smaller tails than missing-E; vector or if they have circularity
those shown here. (defined in the text) C < 0.2. The signal is for

pair production of 300 GeV gluinos decaying as
described in the text. The lower solid histogram
is the sum of the individual background contri-
butions, the upper solid histogram is the sum
of the background and the gluino signal. The
detector-dependent background due to multijet
events with missing-F, generated by calorimeter
resolution or by energy loss out of the end of
the detector (|5} > 5) is shown as a dashed
curve. The dotted background arises from the
final states t7 and bb, where the missing-E; is
due to neutrinos. The dash-dotted background
is due to Z + multijet events.

3.4.3. Squarks and missing-E;

The discussion of squark decays is more complicated than that for gluino decays, because there are
both §; and Jgr, and because there are six flavors of squarks. Although all have similar types of decays,
each of these can have very different branching ratios. If M-; < M;, then the general form of the decays is

7 — ¢ +X; - We expect the gz to decay as:

@ — Ix;
or

- ~0

ar — 9x;-
However, the gr cannot decay into charginos just as right-handed quarks have no coupling to the W boson
(note that the ¢-squark, t, is an exception). The only decay for g is

4r — 9X}-

The resulting charginos and neutralinos decay in the same manner as discussed for gluinos. The cascade

decays of squarks again lead to a variety of signatures. For a wide range of parameters (for |u| 2 M)
the gr decay dominantly to XJ. This happens in part because the usual dominant decay to charginos
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is not allowed. By averaging over the production of gz and ¢r and over flavors, one finds [60] that the
branching ratio for §§ — ggx;x. is about 40% for |u| 2 M. For smaller values of |u|, one can rely on the
mode in which only one squark decays directly to X3, which is still substantial, 10-20%, and leads to large
missing-E;. The signature is of course different in that two hard jets are produced instead of the four jets
from gg production although there is somewhat more missing-E;.

In summary, the cross sections for squark production are somewhat smaller than those for gluino
production so that the range of masses covered by the missing-E; signature may be slightly smaller than
the 300 to 1000 GeV range that can be covered in the gluino case.

3.4.4. Missing-E; and the forward calorimeter

Without the forward calorimeter, jets would be detected only out to |p| =3 (6 = 5.7°). A jet with an
energy of 1 TeV at |n] = 3 would have a transverse energy of 100 GeV. If that jet were not detected, the
event would appear to have missing-E; of 100 GeV. Such events are extremely common (there are almost
10!° such events per year at SSC design luminosity—see Section 3.7), and would make it impossible to look
for signatures involving missing-E; for Higgs bosons, new heavy quarks, and supersymmetric particles such
as gluinos, squarks, charginos, and neutralinos. One example of this has been already shown in the context
of a heavy Higgs search (see Fig. 3-27).

Clearly the missing-E, capabilities of the SDC detector discussed previously are crucial for a variety
of physics processes in which one or more noninteracting particles (such as neutrinos and photinos) are
produced. However, perhaps the most difficult challenge to the detector’s capabilities would arise in the
search for light gluinos (with say M(g) = 300 GeV). Such gluinos produce only 100-200 GeV of missing-E;,
yet they have the largest possible detector-dependent background. As discussed previously, the signature
for a light gluino is the observation of events with three or more energetic jets and with missing-E; > 100
GeV. The detector-dependent background is multijet QCD events in which one or more jets is mismeasured
or escapes out the end of the detector. In the simplest approximation, the forward calorimeter discriminates
against such backgrounds by observing jets in the forward (|n| > 3) region that would otherwise escape
undetected (yielding fake missing-E;). However, merely vetoing such events would not be adequate to
reduce backgrounds below the light gluino signal. In fact, most high p; events will contain initial-state
radiation in the forward region, so that vetoing will simply lower the rate for both the signal and the
background.

Before proceeding to discuss the forward calorimeter requirements in more detail, it is worthwhile to
briefly consider the kinematics of the forward region. This region corresponds to very small angles from the
beam: |n| = 3 is 5.7° while |n| = 5 is 0.8°. What is the size of a jet in this region? In the central region
(near 7 = 0) we know that high p, jets are approximately An = 0.5 and A¢ = 0.5 in size, or equivalently
A9 = 30° and A¢ = 30°. Two-jet production of E; = 100 GeV jets in the central region has z; ~ z3, and
a parton-parton energy, § = sx1z3, which is small. At |n| =4 an E; = 100 GeV jet has E = 2.7 TeV, so
that if zy =~ 25, then 3 = sxyz2 = (5.4 TeV)?. In this case because 3, z;, and x2 are all large, the cross
section for these two-jet events, which are at rest in the lab, is strongly suppressed. Instead, the dominant
source for jets in this region of 7 is a boosted scattering (z; small, zo large or vice versa). In this case,
the center-of-mass energy 3 is small, and the cross section is not suppressed. Furthermore, in this case we
find An = 0.5 and A¢ = 0.5 so that jets have A0 = 1° and A¢ = 30°. These results are confirmed [61] by
parton-shower Monte Carlo studies.

We return to the case of the light gluino and ask what coverage in 7 is required. If the forward
calorimeter covers the region out to || = 7y, then we are looking for events with three or more jets each
with E; > 70 GeV and |n(jet)] < 3 plus an additional jet with |n(jet)| > ns. This additional jet leads to
fake missing-E;. From Fig. 3-71 we see that 7y = 4 is inadequate while 7y = 5 reduces the background well
below the signal for missing-E; > 100 GeV. This study used a parton-level calculation, so that the result
should be interpreted in terms of the fiducial coverage for the forward calorimeter—additional coverage will
be required to collect the particles from a jet whose axis is at = 5.
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If the jet resolution in the forward calorimeter is parametrized as AE/E = A/VE & B, then the
stochastic term, A, is of little relevance due to the large energy values which appear in this region. By
comparing the QCD multijet background to the light gluino signal, our studies show that B = 20% yields
marginal results while B = 10% is sufficient. It should be emphasized that these are the resolutions in the
forward calorimeter only. :

Next, we turn to the question of segmentation in the forward calorimeter. At the most naive level,
the segmentation need only be adequate to measure the missing-E, accurately; no reconstruction of jets is
needed to do this. This requirement would suggest that relatively crude segmentation would be adequate
(perhaps A¢ = An = 0.4). However, if we do not identify and reconstruct jets, we cannot make the ¢
cut, and we find that the background to the light gluino signal is an order of magnitude larger than the
signal. This is shown in Fig. 3-72. As discussed above, we expect the background to arise from significant
mismeasurements of one and only one very high E; jet. If we are able to efficiently detect this jet in the
forward calorimeter, then we can eliminate all events in which there is a jet within a small azimuthal angle
of the missing-E, vector. This is a powerful cut and brings the background well under the signal. The
critical point here is that the segmentation (and resolution) must be adequate to identify this jet and to
accurately measure its separation from the missing-E; vector. The conclusion of both parton Monte Carlo
studies (as in Fig. 3-72) and of ISAJET studies is that segmentation of An = A¢ = 0.2 is required in the
forward calorimeter to assure adequate rejection of missing-E; backgrounds (recall that the requirement on
the ¢ separation between the two vectors was typically 20° to 40° in the preceding analyses; this leads to a
segmentation requirement which is slightly finer than the actual cut).
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FIG. 3-71. Comparison of the missing-E; dis- FIG. 3-72. Comparison of the missing-F, distri-
tributions for the background (to light gluino butions for the background (to light giuino pair
pair production) due to multijet events with production) due to multijet events with mismea-
energy loss out of the end of the detector, |n| > surement of a jet. The two histograms are with
4 (dashed histogram) or 5 (solid histogram). (solid) and without (dashed) a cut on events
The events are required to have three or more containing a jet with E; > 70 GeV within an
jets each with E; > 70 GeV and || < 3 sep- azimuthal angle of 40° of the missing-F;. The
arated by AR = 0.7. Events are rejected if events are required to have three or more jets
they contain a jet with E; > 70 GeV within an each with E; > 70 GeV and |n| < 3 separated
azimuthal angle of 40° of the missing-E,. The by AR of 0.7. The solid (dotted) curve is for
solid curve is for pair production of 300 GeV pair production of 300 GeV (500 GeV) gluinos
gluinos decaying as described in the text. decaying as deseribed in the text.

In summary, it is essential to be able to discriminate against events in which a jet is pointing in the
same direction as the missing-F;, since this cut provides a powerful tool to eliminate background with little
impact on signal. Thus, the forward calorimeter must be designed not only to measure missing-E; with
suitable precision, but also to identify jets lying near the missing-F; vector.
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In the preceding discussion, we have concentrated on a gluino of mass 300 GeV. For comparison we
have also shown the distribution for a 500 GeV gluino in Fig. 3-72. In searching for such a gluino, one
would consider more stringent cuts, e.g., requiring three jets with E; > 100 GeV and a fourth jet with
E; > 75 GeV. This would not have much impact on the 51gnal but would be more effective at reducing
backgrounds than the cuts made for Fig. 3-72.

3.4.5. Same-sign lepton signature for gluinos and squarks

As discussed above in Section 3.4.1, an excellent signal for gluinos[62] is the presence of events with
isolated high-p, same-sign dileptons plus at least 4 jets. This signature can be used for the discovery or
confirmation of gluinos and allows a measurement of the mass of the gluino. The same-sign events anse
because the gluino is a Majorana particle and can therefore decay to charginos of either charge: g — a7 x,
The charginos in turn can decay to {vX?. The full process is then

g9 — £*£*qqq7X .

Since typical branching ratios are: B(§ — ¢7'xs) =~ 60% and B(xF — twx}) =~ 20%, the full process
occurs with a branching ratio of about 2%. The rate for this process is rather independent of the SUSY
parameters. Half of these final states will be same-sign (£*£* X or {~£~X) dilepton events. Before applying
the cuts given below, a 180 GeV gluino would yield roughly 2 x 10° same-sign dilepton events in an SSC
year, while a 2 TeV gluino would give about 25 same-sign dilepton events per year. In the following
discussion, we continue to use a gluino with a mass of 300 GeV.

We accept ouly events with four jets with |7| < 3 having p; > 100, 60, 60, and 50 GeV. Each lepton is
required to be isolated and to have p, > 20 GeV or alternatively one lepton must have p; > 40 GeV and the
other p; > 15 GeV. The isolation requirement consists of demanding that the leptons be separated from the
four highest p; jets by AR > 0.5. For the present study, we employ a parton-level Monte Carlo including
resolution smearing but no fragmentation or initial and final-state radiation.

The primary background is from ¢ events in which the  decays to bf~v and the ¢ decays to b, which
in turn decays to cf~v (or vice versa). If we were to use opposite-sign leptons, both leptons could originate
from the W in the t — W + X decay, and the isolation and p; cuts would not be effective in eliminating
the background.

Fig. 3-73 shows the combined mass of the lower p; lepton and the two nearest jets (of the four highest
pe jets). In the ¢f background the lower p; lepton is presumably the one from the b decay. This figure,
which has not had an isolation cut applied to the background, already clearly separates the signal and
background. An isolation cut would independently eliminate most of the ¢ signal, since the lepton from
the b decay almost always has a nearby jet.

While the above distribution already gives a reasonably accurate determination of the gluino mass, it
can be measured more precisely by finding the invariant mass of the highest p, lepton with the two nearest
jets (those two of the four highest p; jets which have the smallest AR relative to the lepton). In this case,
we require the highest p; lepton to have p; > 65 GeV to minimize the missing-E;. From the clear separation
between the invariant mass peaks for the two cases shown in Fig. 3-74, we see that this procedure allows
the determination of the gluino mass with a precision of £10%.

The same-sign lepton signature allows detection over a wider mass range (180 GeV up to 2 TeV) than
does the missing-E; signature. If squarks are heavier than gluinos, they will decay into gluinos, leading to
the identical same-sign lepton signature (in this case, it may be difficult to tell the difference between direct
gluino production and squark production followed by decay into gluinos). If the squark is lighter than the
gluino, the same-sign lepton signature is expected to be much smaller.
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FIG. 3-73. For events with two isolated same- FIG. 3-74. For events with two isolated same-
sign leptons, the distribution of the invariant sign leptons, the distribution of the invariant
mass of the lower p; lepton together with the mass of the higher p; lepton together with the
two nearest jets chosen from the four jets two nearest jets chosen from the four jets with
with the highest p;. Each lepton is .required the highest p;. Events are required to have
to have p, > 20 GeV or alternatively one one lepton with p, > 15 GeV, one with p; > 65
lepton must have p; > 40 GeV and the other GeV, and at least four jets with p; > 50 GeV.
Dt > 15 GeV. The leptons must lie within The leptons must lie within || < 2.5. The
|7l < 2.5. Events are required to have at least solid (dashed) curve is from M = 300 GeV
four jets with p, > 50-GeV. The gluino mass (M = 350 GeV) gluino pair production and
was taken to be 300 GeV. The solid histogram decay. The 300 GeV (350 GeV) gluino yields
is from gluino pair production and decay (gg — 6000 events (12,000 events) per year. (The cross
qax; 99X — qgt*viggttvx?), whereas the section rises quickly with mass because of our
dashed curve is due to tf production and decay cuts). The dashed curve has been divided by
(tt = bervetty jets, with My, = 150 GeV). two for display purposes. This calculation was
Unlike the signal, the dashed curve has not had done using a parton-level Monte Carlo including
any isolation cut applied. Such a cut would resolution; a more realistic calculation will add
have eliminated it entirely. tails to the peaks due to radiated jets that

accidentally are near the lepton.

3.4.6. Direct production of charginos and neutralinos

In the previous sections, the production of charginos and neutralinos via the decay of heavy scalar
quarks was described. In this section, we consider their direct pair production via Drell-Yan processes:
pp — Z*,v* — x*xT and pp — W* — x*x?. Here x* and x° represent any of the several chargino and
neutralino states present in the theory. In the minimal supersymmetric standard model there will be 4
x° and 2 x* states. The x’s undergo sequential decays via emission of W’s and Z until they reach the
lightest state, which is assumed to be stable. This leads to sequences such as: xF — W*x? ,, ZxF, and
x? — WExF |, Zx? ;. The W’s and Z’s may be real or virtual, depending on the mass splittings.

While the rates for direct Drell-Yan production are much smaller than those for production via decay
of scalar quarks, the events are cleaner if one searches for the signal in purely leptonic channels by requiring
all of the vector bosons radiated during the decay to go into electrons or muons. In these channels, the
hadronic multiplicity of the final state arises entirely from intial state radiation, and allows lepton isolation
cuts to be rather efficient for the signal, while strongly suppressing backgrounds from semileptonic decays
of heavy quarks. However, since ¢ quarks will produce isolated dilepton pairs with high rate, we will
concentrate on the case of three or more leptons. These multilepton final states arise from the sequential
decays of the more massive x's. The details of the following analysis can be found in Ref. 63.

In Table 3-14 we give the values of the masses of the various states for some choices of the
supersymmetric model parameters 1 and M (we assume tan 3 = 2). The parameters are chosen such that
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the charginos and neutralinos are in a region beyond the reach of LEP II. This region is also complementary
to the region where gluino and scalar-quark masses are relatively large and easily detectable with the SDC
detector.

Table 3-14
Mass spectrum, in GeV, of the neutralino and chargino sector for various choices of the
supersymmetric model parameters.

# (GeV) M (GeV) x? x3 x3 x3 X X3
—80 100 51 72 118 141 90 145
—80 200 72 104 108 295 94 224
~150 100 51 108 166 178 111 182
~150 200 96 144 172 225 155 226

To isolate the multileptonic signal we impose the following cuts: all of the leptons must be within 2.5
units of pseudorapidity, and the p; of the two leading leptons should be larger than 20 GeV (electrons)
or 15 GeV (muons). We selected two alternative cuts for the additional leptons: the p; of the additional
leptons should be larger than 10 GeV (cut A) or. larger than the thresholds imposed on the leading leptons
(cut B). For the isolation, we require no more than 2 GeV of energy within a cone of AR < 0.2 around
the lepton. To suppress the t-quark background we also require the total E; of the event (after subtraction
of the leptons) to be smaller than 30 GeV inside the region |n| < 2.5.

‘The resulting cross sections for the signal and the t-quark backgrounds are given in Table 3-15 for
the cases of three and five leptons. The four-lepton signal is smaller because of suppressed couplings.
Additional Standard Model backgrounds are negligible.

Table 3-15
Production rates (pb) for multileptonic final states from neutralinos and charginos. Cuts A
and B are described in the text.

i (GeV) M (GeV) 3 £ (cut A) 3 £ (cut B) 5 £ (cut A)
—-80 100 0.4 0.22 7.3x10-3
—80 200 6.6x10~2 3.4x10~2 7x10—4
-150 100 0.47 0.26 2%10~4
—150 200 0.15 9.7x10~2 2.1x10~3
top bkgd Miop = 150 0.8 0.26 <104
top bkgd Miop = 200 4.8x10~2 8.2x1073 <104

The Table shows that for the heavier t-quark mass, a large portion of the parameter space can be
potentially covered in both the three and five lepton channels, while in the case of a lighter ¢ quark,
additional rejection power is required to see the signals.
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We have shown that the SDC detector can readily isolate signals for a variety of supersymmetric
particles such as gluinos, squarks, charginos, and neutralinos. In particular, there would be a significant
signal for a 300 GeV gluino with only a fraction of the design luminosity via both the missing-FE;
and the same-sign dilepton signatures. The detector-dependent background for the missing-E; signature
(mismeasured multijet events) can be reduced to a very small fraction of the signal. We have accounted for
the major sources of mismeasurement, including a conservative estimate of nonGaussian resolution tails.
The forward calorimeter plays an essential role in the elimination of missing-E; backgrounds, and the
required performance has been quantified. Furthermore, the SDC detector allows us to identify same-sign
dilepton events and thereby provides a powerful tool for determining the gluino mass.

3.5. Heavy boson searches

New Z boson

Some models that enlarge the gauge group of the Standard Model predict the existence of new
charged and neutral gauge bosons. The details of the masses and couplings are model dependent. We
will concentrate on a new neutral gauge boson. Should such a boson be discovered, one would like to
determine its mass, width, and couplings to quarks and leptons. Given a specific theoretical model all of
these properties can be predicted. The new Z can be detected trivially via its decay to ete™ and u*p~.
Observation of these modes can be used to determine the mass, width and the product of the production
cross section (o) and branching ratio (BR) to ete™ or u*tu~. Most models respect lepton universality and
hence the last two quantities are expected to be equal. The detection of the 77~ mode was discussed in
the Eol and Lol and will not be discussed further here.

By measuring the angular distribution of the leptons one can gain information on the helicity structure
of the couplings of the new Z to quarks and leptons. The forward/backward asymmetry of the leptons is
particularly useful. Events are selected for which the new Z is moving with pseudorapidity 7. Since the
large-z part of the quark distribution for a proton is larger than that for the antiquarks, for sufficiently
large n the quark (anti-quark) that produced the Z is likely to have been moving in the same (opposite)
direction as the Z itself. If the couplings of the quarks to the Z violate parity, the Z will then be produced
with some preferred helicity. If the leptonic couplings also violate parity, then by determining the lepton
sign one can determine an asymmetry

_[:/2 dcosd dN/dcos8 ~ [T, dcosd dN/dcos
Jo/? dcos® dN/dcos8+ [7), dcosd dN/dcos 6

where @ is the angle between the direction of the positively charged lepton and the Z in the Z rest frame.
It has recently been suggested [64] that measurements of the 7 polarization via its decay to v also enable
the helicity structure of the new Z couplings to be determined. -

For definiteness, the couplings to quarks and leptons used in this section are those of a new Z defined
in an E¢ model [65]. Such a model contains a mixing angle o that determines the properties of the new
Z. For a fixed mass of the new Z, o and BR are functions of a. If we assume that there are no decay
channels involving new exotic particles then the measurement of o - BR will severely constrain . In the
following we choose two particular models for a new Z. The first has cosa = —0.6, and is chosen to give a
particularly large value for the asymmetry (—16%). The second is the Z, model with tana = /3/5, and is
chosen because its width and its production cross section are particularly small. A new Z with the same
couplings to quarks and leptons as the Standard Model Z has an appreciably larger production rate and
width than a new Z from an Eg model. The properties of a number of different models for a new Z are

summarized in Table 3-16.
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Table 3-16
A summary of the properties of a number of different models for a new Z boson (all in the context
of a general Eg model). A new Z with the Standard Model couplings to quarks and leptons is also
included for reference. The widths are in GeV, and the production cross sections are in pb, including
only events within +I' of the peak, and not including any efficiency or acceptance factors. The cross
section includes the expected branching ratio to the ete™ final state, assuming that the new Z decays
only to Standard Model particles.

Property cosa = —0.6 Zy Zy Zy SM Couplings
I'(M = 800 GeV) 8.5 5.0 4.2 9.2 21.4
(M = 4000 GeV) 42.3 25.2 21.0 46.2 106.9
o(M = 800 GeV) 2.1 1.2 1.1 24 4.3
o(M = 4000 GeV) 0.004 0.0032 0.0027 0.0051 0.010
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FIG. 3-75. The cross section do/dM for the production of an £*£~ pair for perfect resolution (dotted), the
SDC resolution for electron pairs (solid), and the SDC resolution for muon pairs (dashed), as a function
of the lepton pair invariant mass. The background is from the continuum production of lepton pairs
(Drell-Yan). (a) The peak corresponds to a Z, with a mass of 800 GeV. (b) The peak corresponds to a
new Z with cosa = —0.6 and a mass of 800 GeV.
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FIG. 3-76. As Fig. 3-75, except that the mass of the new Z is taken to be 4000 GeV.
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FIG. 3-77. The cross section do/dcos@ for the production of a lepton pair. The expected SDC result for
e*e™ (solid curve) and u*u~ (dashed curve) is shown. A perfect detector, which neglects acceptance and
resolution smearing, is shown for reference (dotted curve). The reconstructed dilepton invariant mass is
required to be between 700 and 900 GeV. The longitudinal momentum of the dilepton pair is required to
be greater than 500 GeV. Events appear in the plot if the total charge of the lepton pair as determined by
the detector is zero. (a) for a Z, with mass of 800 GeV. (b) for a new Z with cosa = —0.6 and a mass of
800 GeV.
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FIG. 3-78. As Fig. 3-77, except that a new Z with a mass of 4000 GeV has been assumed. The invariant
mass of the dilepton pair was required to be between 3000 and 4000 GeV, and the longitudinal momentum
was required to be greater than 1000 GeV.

In the ete~ and ptu~ channels there is no significant background except that arising from the
Drell-Yan process. Figure 3-75 (a) shows the invariant mass spectra of dilepton pairs from the Z, model as
well as the background from continuum Drell-Yan processes. Figure 3-75 (b) shows the same distribution
for the cosa = —0.6 model. The total number of events in the e*e~ channel with invariant mass between
780 and 820 GeV is 7670 for the Z, model, and 14570 for the cosa = —0.6 model. There is some
uncertainty in the theoretical prediction of the production rates in a given model due to uncertainties in
the quark distributions. Once other processes have been measured at the SSC these uncertainties should
result in an error of less than 10% on the predicted rate. Hence a measurement of the event rate would be
sufficient to provide some discrimination between different models. This method will not work if the new
Z can decay into exotic channels that have not been identified. In this case, the branching ratio to £+£~
will be reduced from its predicted value. To avoid this ambiguity, we also need to measure the width and
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asymmetry of the new Z.

In the ete~ channel, assuming the SDC baseline calorimeter performance defined in Table 3-1, the mass
resolution of the detector is comparable to the natural width of the new Z. Hence both the mass and width
can be determined in this channel. Fitting to the data in Fig. 3-75 results in values of M = 799.95 + 0.1
GeV and I' = 4.9+0.2 GeV (the actual width is 5.0 GeV) for the Z, case and I' = 9.1£0.2 GeV (the actual
width is 8.5 GeV) for the cosa = —0.6 case. We emphasize that these errors are statistical only. There
is an additional error coming from the uncertainty in the energy scale of the electromagnetic calorimeter.
By using the known mass of the Standard Model Z to provide an in situ calibration, as CDF was able
to do using their data [66), this error could be as small as 0.1%. We have not attempted to determine
the systematic error on the width determination. In the muon mode, one can measure the mass with a
statistical error of 0.5 GeV.

Figure 3-76 shows the reconstructed invariant masses for a new Z of mass 4 TeV. There are a sufficient
number of events to measure the mass. However, there are not enough events at design luminosity to use
the measured value of o - BR to constrain the theoretical models. Fitting to the data in Fig. 3-76 results in
values of M = 4000 = 5 GeV for the e*e™ final state. In the muon mode, one can measure the mass with a
statistical error of 150 GeV. -

The angular distribution of the negatively charged lepton in the rest frame of the pair, plotted in
Fig. 3-77 and Fig. 3-78, clearly shows an asymmetry. The curves for the perfect detector neglect both
acceptance effects and measurement errors. The acceptance effect is dominant, especially for the 800 GeV
case (recall the Z was required to have a large longitudinal boost), and charge mis-measurement errors are
negligible. The asymmetry is slightly more pronounced in the muon channel since the forward muon system
enables a better measurement of the signs of forward going leptons than does the inner tracking system.
The fall off near cos@ = *1 is due to the acceptance of the SDC detector. Notice that the asymmetry
is much larger for the cosa = —0.6 model, indicating that this measurement will be a powerful tool to
discriminate between models.

3.6. Compositeness

If quarks are made of more fundamental objects with a binding scale of order A, one can expect a
4-fermion interaction between quarks for momentum transfers below A, of the form[67]
g?

L=-3x

(@ ur + dpy*dL)(@ryuuL + dryude)
Here g is the coupling strength of the interaction responsible for binding the quark constituents.
Conventionally, one chooses g2/4w = 1. The inclusive jet cross section will receive a contribution from the
interference of this term with that arising from gluon exchange. This contribution does not fall as rapidly
with the transverse energy as QCD does, and hence quark compositeness will manifest itself as a flattening
of the inclusive jet cross section, do/dE,, at large values of the jet E,. Since the QCD calculation of the
cross section has a 20-50% normalization uncertainty due to higher order corrections, structure function
dependence and fragmentation effects, one typically fits to the shape of the QCD spectrum while letting
the normalization float. As a result, energy-independent systematic errors (which typically change the
normalization but only affect the shape of the distribution in second order) do not significantly compromise
a compositeness measurement. An alternative technique, which is less sensitive to the jet energy scale,
can also be used. This involves reconstructing the scattering angle of the jet in the two-jet center of
mass system (cos8*), which is not directly affected by the jet energy scale. Here, we concentrate on the
compositeness measurement derived from the jet E; distributions since it places more stringent constraints
on the detector performance.

In the SDC Eol, the maximum observable compositeness scale was defined to be that value of A for

which at least 100 additional events are produced in a region where the QCD prediction is less than half
as large as the compositeness prediction. This corresponds to a scale of roughly A = 30 TeV for one year
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of data at the SSC design luminosity. A more general study of the energy dependent contributions to the
systematic error on the jet energy scale was performed for the document submitted to the PAC in Summer
1990. The analysis presented at that time assumed that the non-linearity in the jet response was zero
below 2 TeV, and increased to 2% at 5 TeV. Such a non-linearity corresponded to a systematic error which
limited the bounds that could be set on the compositeness scale to a maximum of A ~ 25 TeV. It was
shown that, for a non-compensating hadron calorimeter, the largest source of error arises from uncertainties
in the fragmentation model which change the momentum spectrum of the hadrons in a jet. In the present
study, we include a more complete model of the non-linear energy response of the calorimeter, in order to
better quantify the impact of this factor on our ability to measure jet cross sections. In particular, we
would like to assess whether the imperfect 7/e response defined in Table 3-1 will limit the ability of the
SDC detector to search for compositeness.

The single particle hadron response for the SDC baseline calorimeter design has been studied using
CALORS9. The resolution and w/e response as a function of energy are those of Table 3-1. We note
that preliminary test beam data indicates that somewhat better hadron calorimeter performance (both for
resolution and for linearity) may be achieved in practice (further details appear in the Calorimeter section).
Using the ISAJET Monte Carlo generator, along with a jet definition based on a cone of radius R = 0.6,
the single particle non-linearity and resolution has been used to predict the induced jet non-linearity as a
function of jet energy. There is a calibration scheme inherent in the definition of w/e response function
described in Section 3.1.1. We assume that test beam data will be used to measure the 7/e response below
energies of several hundred GeV, and then extrapolated to higher energies. In addition, we have chosen to
normalize the 7/e response to be unity at an energy of 300 GeV. The resulting induced jet non-linearity
is shown in Fig. 3-79. This figure displays the ratio of the jet E; including the effects of single particle
non-linearity and resolution to the jet E, assuming perfect detector response (hence all other jet definition
systematics are normalized out of this figure). Since 7/e is less than one for energies below 300 GeV,
the jet response is also less than one (it would eventually cross one and continue upwards for jet energies
beyond 10 TeV, due to the finite energy at which the single particle /e response is normalized to one).
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FIG. 3-79. The non-linearity induced in the jet FIG. 3-80. The fractional error on the jet
energy scale due to the non-linear single particle energy scale induced by systematic errors in the
response of the SDC hadronic calorimeter. knowledge of the single particle 7 /e response as

a function of energy. The solid curve is for the
worst case described in the text, namely perfect
calibration of the response up to 100 GeV, and
a 5% per TeV extrapolation error for higher
energies. The dashed and dot-dashed curves
correspond to an extrapolation error of 2% per
TeV, and perfect calibration up to an energy of
500 (1000) GeV.
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In principle, the only relevant feature of the non-linearity for a compositeness analysis is its uncertainty.
If the jet energy scale were non-linear but perfectly known, it could be deconvoluted. We have used a naive
model for the uncertainty—namely that we know the single particle w/e response perféctly up to some
maximum energy, and then we assign an extrapolation error above that energy. Figure 3-80 indicates the
fractional error in jet energy scale which is induced by several different models for the extrapolation error.
The worst case (and the only case with observable consequences) is one in which we assume we know w/e
up to an energy of 100 GeV, and then we make a 5% error per TeV in extrapolation (i.e., the single pion
response is wrong by 5% at 1.1 TeV). Two other cases were considered where we calibrate to 500 (1000)
GeV and then make an extrapolation error of 2% per TeV above that energy. In the worst case, an error
of roughly 2% is induced in the jet energy scale at the highest attainable energies. This is almost precisely
the non-linearity which was assumed in the SDC Eol, and leads to a systematic error limit on the search
for compositeness of roughly A = 25 TeV. The other two curves represent more plausible models, and they
induce a jet non-linearity which is below the 1% level at the highest energies encountered at the SSC. In
conclusion, the performance of the SDC calorimeter, if properly calibrated, appears adequate to carry out
compositeness searches at the SSC which will be limited only by statistics.

3.7. QCD tests

When the SSC turns on, we expect that our initial physics priorities will include measurements of
Standard Model processes with large cross sections. These measurements will be used to study the detector
and to verify the reliability of the theoretical predictions at these new high energies. This is particularly
important for those processes that provide potential backgrounds to more exotic phenomena. In addition,
one can imagine performing precise inclusive measurements, such as vector boson or heavy quark production
rates, profitting from the looser trigger thresholds allowed during initial low luminosity running. Several
unknowns involved in predicting rates for exotic processes and their backgrounds, such as structure function
behavior at small-z or properties of the initial state radiation, might be constrained by studies performed
during this early stage. .

In this section, we provide cross sections for some bench-mark processes: single-jet and multi-jet
inclusive rates, heavy quark cross sections and distributions, and single and multiple electroweak boson
rates. These processes will not be used here to test the detector performance, but only to provide a
reference for the expected rates. Hence, detection efficiencies will only be included via simple acceptance
or momentum cuts.

3.7.1. Jet production

Jet production represents the largest source of high-Q2? events in hadronic collisions and is therefore
one of the most serious backgrounds for any search for new physics. Properly evaluating these backgrounds
will rest on our ability to reliably calculate jet cross sections. QCD estimates of jet production rates
are now available, including the full next-to-leading order corrections (at O{a?)), for single-jet inclusive
distributions(68], and at the leading relevant order in a, for production of n-jet events, with n < 5[69).

In the case of single-jet inclusive processes, the O(a2) calculations bring considerable benefits. For
the first time, they predict the dependence of the cross section on the algorithm used to define the jet.
Furthermore, they reduce the theoretical uncertainty arising from the choice of the factorization scale Q2
used in evaluating the coupling constant and the structure functions. There are uncertainties remaining,
due to the parametrization chosen for the parton distribution functions, and to the extrapolation of these
functions into the small-z region (z < 10~3). New data from HERA will help to reduce these uncertainties
before SSC turn-on, but direct measurements of the jet cross sections at SSC energies will be the ultimate
test that the theory is indeed under control.

The measurement of jets at small p; and large rapidities, in addition to testing the performance of the
forward calorimeters that will be used for the missing-F; and jet tagging analyses, might also shed some
light on the properties of gluons at very small-z[70]. Rates in these regions are so large that perhaps only
by running at low luminosity will reasonable measurements be possible.
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In Fig. 3-81 we plot the single-jet inclusive production cross sections in different regions of the detector.
The rates correspond to the production of jets with p; larger than the given threshold p® (in GeV). For
the forward region, 3 < |5| < 5, we also provide rates as a function of the jet energy. At nominal SSC
luminosity, the rate for central jets with p; > 1 TeV is roughly 1 Hz, while in the forward region we expect
jets with p; > 100 GeV and E > 10 TeV to be produced at a 10 Hz rate.

In Fig. 3-82, we plot the invariant mass distribution for QCD multi-jet events. The cases of 2, 3, 4,
and 5 jets are considered. The distributions were calculated using the PAPAGENO generator [71] which
uses an approximation to the QCD matrix elements introduced in Ref. 72. A comparison between several
available approximations (see Ref. 73) and the exact results can be found in Ref. 69. The jets are separated
by AR > 0.7, they lie within || < 2.5 and have p; > 200 GeV. Notice that at large invariant masses the
curves for 2, 3, and 4 jets merge together, due to the large phase-space available.
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FIG. 3-81. The inclusive single-jet cross section FIG. 3-82. The cross section for multi-jet
for jets with p, > p® in various regions of the production. The invariant mass of the jets is
SDC detector. plotted.

3.7.2. Heavy quark production

b quarks

Among the various processes which contribute to jet final states, heavy quark production plays a
fundamental role. Bottom quarks are produced in abundance and offer the potential for interesting studies.
The total production cross section has been recently calculated to next-to-leading order (at O(ad)) in
perturbative QCD{74], and has shown reasonable agreement with current hadron collider data[75]. However,
large higher order corrections are known to be present at SSC energies[76], and hence a measurement of
the total b cross section would provide a fundamental test of QCD in the small-z region.

At the present moment, predictions of the total b cross section at SSC energy vary over at least one
order of magnitude, from less than 0.1 to more than 1 mb. The actual result depends strongly on the
parametrization chosen for the input gluon distributions and on the choice of factorization scale. Table 3-17
summarizes the inclusive b quark production cross section, evaluated at O(a?), for p,(b) > 10 GeV (the
pt(b) cut removes at least some of the ambiguity related to the small-z region of the structure functions).
The results were obtained by using different sets of parton distributions[40], different values for the quark
mass my, and different factorization scales f, defined by u? = f2(p? + m?).

Having fixed the values of my = 5 GeV and f = 1, Fig. 3-83 indicates the inclusive production cross
section for b quarks with transverse momenta larger than the threshold given by p™® (in GeV). Higher
order corrections due to the bremsstrahlung of more than one gluon from the final state b are not included
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Table 3-17
The inclusive production cross section (ub) for a single b quarks with p; > 10 GeV.

The factor f is defined in the text.

-

in the plot, but can be calculated within perturbative QCD|[77]: their effect is to soften the spectrum of the
b. As the figure shows, cross sections are very large. The rapidity distribution of b quarks above a given
pe (20, 100, 200 and 500 GeV) is shown in Fig. 3-84. Both the rapidity and p,; distributions will not differ

m (GeV) f DFLM160 DFLM360 HMRSB MTB
4.8 0.5 73 260 101 73
4.8 2 65 177 89 66
5.2 - 0.5 68 240 93 67
5.2 2 61 163 82 61

appreciably for the b.

For the purpose of b studies where both b and 5 have to be detected, such as mixing and CP violation,
Table 3-18 contains a compilation of the production cross sections for b-pairs contained within the tracking
region (|ns), |n5| < 2.5), as a function of the p; threshold for either the softest (pi®) or the stiffest (p{***)
momentum. The results have been derived using the full next-to-leading order (O(a?3)) calculation|78], with
HMRSB structure functions, m; = 5 GeV and f = 1. Notice that requiring both quarks to have momenta
larger than a given threshold implies a loss in rate by a factor between 5 and 10.
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Table 3-18
The production cross section (ub) for b pairs with
[n(8,B)| < 2.5 as a function of the p, requirements on
the individual b’s.

P (GeV) o(pf** > pi™) a(pP™ > pi*)
10 64 12

20 15 1.2

50 1.5 0.14
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When the p; of the b becomes large, the contribution of processes where the b pair comes from the
splitting of a hard final state gluon become more important. Such pairs will tend to be highly correlated
in phase space. To show this effect, Fig. 3-85 displays the azimuthal correlation, namely the distribution
of the variable 6¢ = ¢(b) — ¢(b), as a function of different p, thresholds. To simplify this comparison, we
have rescaled the curve corresponding to pi®** > 50 GeV by a factor of 50, and the one corresponding
to pMi® > 50 GeV by a factor of 500. A plot of the AR distribution shows the same behavior, with the
peak arising from collinear production becoming increasingly important at larger values of p;. In Fig. 3-86,
we show the transverse momentum distribution of the b pair, corresponding to the momentum of the jet
recoiling against the quarks. We required both b’s to lie within || < 2.5 and to have p; > 50 GeV. The
peak corresponds to the gluon splitting contribution, while the shoulder down to p; = 0 comes from the
back-to-back production.
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FIG. 3-85. The distribution of the bb azimuthal FIG. 3-86. The p; distribution of a bb pair,
correlation. Both b’s lie within |7| < 2.5 and with p; of the softest b larger than 50 GeV.

satisfy the p; requirement listed on the figure.
We have rescaled the curve corresponding to
P > 50 GeV by a factor of 50, and the one
corresponding to pPi® > 50 GeV by a factor of
500.

In addition to the processes discussed previously, another significant source of heavy quarks is the
splitting of soft gluons emitted in the evolution of a high energy jet. The heavy quarks produced in this
way will be much softer than those produced by standard QCD matrix elements, and hence will not affect
the inclusive p; distributions discussed above. However, they produce a significant contamination inside
ordinary jets, contamination that might be important for some background studies. These effects can be
calculated within perturbative QCD in the leading-log-approximation(79]. In Fig. 3-87, we plot the average
c and b pair multiplicity inside a gluon jet of the given energy[80]. For jet energies above 1 TeV, 10% of
the jets have at least one b pair in them and 20% have at least one ¢ pair. For reference, the momentum
distribution of b’s inside a 500 GeV gluon jet, calculated using HERWIG[81}, is plotted in Fig. 3-88 in the
form of a fragmentation function.
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QCD using the leading-log-approximation.

t quark

Whether or not the ¢ quark is discovered before SSC turn-on, it is expected that SSC will be the first
real ¢-factory. The potential of the SDC detector to observe and study the properties of the ¢ quark is
discussed in detail in Section 3.3. Here we will only present, for reference, cross sections for the t as a
function of its mass. The predictions for ¢ production rates[74] are more reliable than those for the b and
the ¢ because of the larger values of r involved. However, some uncertainty is still present, related to the
choice of structure functions and factorization scales. We explore this uncertainty by showing the variations
encountered when these parameters are allowed to vary over reasonable ranges.

In Fig. 3-40, we have plotted the total inclusive tf cross section as a function of the ¢ quark mass,
which was varied over the 100 to 500 GeV range. If a fourth generation of quarks were to be produced,
their production cross section would also be as shown in this figure. The band corresponds to the envelope
of the smallest and largest rates obtained by varying the factorization scale between 0.5 and 2 times the
quark mass, and by using the following sets of structure functions{40]: DFLM160, DFLM360, HMRSB, and
MTRB. In the range 100 < My, < 200 GeV we find that between 10® and 10° events are produced per year,
at nominal luminosity and ignoring branching ratios.

The method for measuring the ¢-quark mass that was described in Section 3.3.2 uses ¢ quarks produced
with large p; in order to reduce the combinatoric background to the mass measurement in the £ + jets final
state. We therefore plot in Fig. 3-89 the inclusive production cross section for ¢ quarks above a given p,
threshold, where we have used a reference value of Mo, = 150 GeV. We obtain on the order of 10° events
per SSC year above 1 TeV, which means that approximately one jet out of hundred above this energy
would be a ¢ jet.

A large fraction of ¢ events will be accompanied by additional jets from initial state radiation. The
presence of these jets could influence the jet-tagging selection needed to extract the signal of W pair
production from W fusion processes. For reference, Fig. 3-90 shows the rapidity distribution of the
additional jet in #f events, where jets were required to have p, larger than 20, 50, 100 and 200 GeV.
The curves were normalized to the total ¢ cross section. The fraction of events with an additional jet
was 88% (p: > 20 GeV), 44% (p: > 50 GeV), 21% (p: > 100 GeV) and 7% (p; > 200 GeV). The results
have been derived using the full next-to-leading order calculation (O(a?)) for ¢f + jet production (78], and
agree relatively well with the results of the HERWIG parton-shower Monte Carlo which has been used in
Section 3.2.3 to study jet tagging efficiencies. '
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3.7.3. Prompt photon production

Production of bhard photons, even though suppressed with respect to jet production, is very large.
Complete next-to-leading order estimates of the inclusive cross sections are available [82], including the
evaluation of the effects of quark-photon isolation requirements. These calculations were used to constrain
the gluon distribution function by fitting lower energy prompt photon data [83]. It is possible that
measurements of inclusive photon production at SSC will provide additional information and independent
checks of the parton distribution functions.

In Table 3-19, we display the value of the differential distribution (do/dp; dn),=o as a function of p;
for both inclusive and isolated photons[84). The isolation criterion requires the absence of hadronic energy
of greater than 15% of the photon energy within a cone of AR < 0.1 around the photon direction. The
calculation used the ABFOW structure functions([83] and a factorization scale @ = p;/4.

Table 3-19
The differential cross section, do/dp, dn, at n = 0 for prompt photon production (pb/GeV).
Pt (GeV) 50 100 200 500 1000 2000
Inclusive 4.1x102 27 1.5 2.6x1072 9.6x10~4 2.6x1075
Isolated 3.0x10? 20 1.1 2.0x102 7.8x10~4 2.2x10°5

It has frequently been pointed out that the rapidity distribution of photons can discriminate between
different models of the gluon structure function at small-z. In Fig. 3-91, we plot the photon rapidity
distribution(84] at different values of p; and for two different parametrizations of the input gluon distribution
at Q = 2 GeV, 2G(z) = (1 — )?//7 (curve 4) and zG(z) = (1 — z)* (curve B).

Another interesting process is the QCD production of 4 pairs. It was shown in the Section 3.2.1 that
this process constitutes a significant background to the observation of direct Higgs production in the 80 to
120 GeV mass region. In addition to being a background for Higgs searches, a measurement of the signal
itself could be interesting as a test of QCD. Therefore, Fig. 3-92 shows the invariant mass distribution for
photon pairs, as a function of the acceptance region. We required p; > 40 GeV for both photons. The tree
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B are discussed in the text.

level and gluon fusion processes are included, whereas we neglected the bremsstrahlung diagrams[85] which
provide a contribution which can be suppressed by isolation cuts.

3.7.4. W and Z production

The perturbative QCD calculations of the production of W and Z vector bosons are probably the
most precise calculations available for hadronic collisions. The O{a,) contributions have been known for
some time {86], and the full O(a?) results have recently become available (87]. The residual uncertainty
coming from even higher order corrections, estimated by varying the renormalization and factorization
scale over the range 10 to 10% GeV, is reduced to 10-15%. The uncertainty coming from the choice of
structure functions is significantly larger. This preciudes the possibility of using Z production as a 10%
luminosity monitor. Nevertheless, the precise measurement of inclusive W and Z production can be a very
useful probe of parton distributions. In Table 3-20, we summarize the total cross sections for W and Z
production, evaluated in Ref. 87, for different selections of structure functions[40]. The sets HMRSE+ and
HMRSE— refer to parametrizations of the input gluon distributions 2G(z), where Q2 behaves like +/z and
1/\/z respectively in the z — 0 limit. A complete analysis of the theoretical uncertainties in the calculation

of these cross sections can be found in Ref. 87.

Table 3-20
The production cross sections (nb) for W and Z bosons.
HMRSE + HMRSE HMRSE - - HMRSB MTE MTB
wt+w- 906 157 313 236 . 284 278
z 29.3 49.4 93.1 73.6 87.9 86.0

This table indicates that, at the nominal SSC luminosity, one expects several leptonic decays of the Z
and several dozen leptonic decays of the W every second.

The inclusive p, distributions for massive vector bosons are also available at next-to-leading order
accuracy (88]. We plot them in Fig. 3-93, with the Z curve rescaled by 0.1 The HMRSB structure

» These curves and the numbers appearing in the following Table were kindly provided by M.H. Reno.
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FIG. 3-93. The inclusive W and Z p; distributions (do/dp;, in pb/100 GeV). The Z curve has been
rescaled by a factor of 0.1 for clarity.

Table 3-21
The inclusive W and Z p, distributions (do/dp;, in pb/GeV). The factor f is used to study the Q?-scale
dependence, and is defined by Q? = f(pf + m% w ).

pt (GeV) f 50 100 200 500 1000 2000 5000
W: DFLM160 1 1.1x10° 2.0x10? 18  0.36 1.2x10~2 2.7x10~4 5.9%x10°7
W: DFLM260 1 1.5x10% 2.5x102 21  0.38 1.2x102 2.6x104 5.2x10-7
W: DFLM360 1 1.9x10°  3.0x10? 23  0.38 1.1x10~2 2.4x10~4 4.7x10~7
W: HMRSB 0.5 1.2x103 2.1x102 19 0.38 1.3x1072 3.2x10~4 8.6x10~7
W: HMRSB 1 1.2x10°% 2.1x102 20 0.39 1.4x10~2 3.3x10~4 8.5x10~7
wW: HMRSB 2 1.2x103 2.1x10? 19 0.38 1.3x1072 3.2x10~4 8.6x10~7
Z: DFLM260 1 4.0x102 78 78  0.16 5.7x10~3 1.4x10~4 4.3x1077
Z: HMRSB 1 5.3x102 10 9.2 0.16 5.3x10-3 1.1x10~4 2.7x10~7

functions were used, with Q® = p} + m% ;. The results obtained using different structure functions or
factorization scales are shown in Table 3-21.

Finally, the possibility of using large-p; W or Z production to probe ¢ and b structure functions has
recently been discussed in Ref. 89, to which we refer for details.

Associated production of W and multi-jet systems is one of the main backgrounds to several interesting
processes, such as ¢t quark production. Exact tree-level calculations exist [90] for processes with up to 4 jets
in the final state, but absolute rates can vary by as much as a factor of 2-3 because of the choice of Q2
scale or, once again, structure functions. It is reasonable to expect additional theoretical progress in the
next few years, such as the calculation of higher order corrections, but measurements of jet distributions in
W plus multi-jet events will remain fundamental in establishing the background levels for other important
analyses. The rates will depend on the precise cuts imposed on the events; as an example [90], Table 3-22
summarizes the rates for W plus 2, 3, and 4 jets resulting from the following requirements: (i) p{" > 50
GeV, (ii) |7 < 3, (§ii) ARjj ¢ > 0.4, (iv) missing-E, larger than 50 GeV. The symbol ¢ represents the
charged lepton from the W decay. The leptonic branching ratio for one family is included in the rates. It
can be seen that more than half a million lepton + 4 jet events are expected within one year of running.
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Table 3-22
The production cross sections (pb) for
(W — ev) + jets. The cuts applied are
described in the text.

# of jets 2 3 4
o(pb) 177 107 46

3.7.5. Multiple boson production

The large phase space available at the SSC makes it possible to produce events with several massive
gauge bosons. These processes can be used as tests of the Standard Model gauge couplings [91], and
need to be measured to confirm the estimates of backgrounds for signals such as Higgs production or
supersymmetry multi-lepton decays.

Complete calculations to order o, are available for the production of boson pairs[92-95]. We provide
in Table 3-23 the cross sections for pairs of W and Z bosons, obtained using different sets of structure
functions.

Table 3-23
The production cross sections (pb) for boson pairs at order a,. The row labeled by
A(ZW) refers to the difference between the ZW* and ZW ~ cross sections.

DFLM160 DFLM260 DFLM360 HMRSB

zZZ 35.8 43.6 50.8 33.9
ZW+ 76.1 90.8 104.7 75.5
ZW= 55.6 65.9 75.3 57.8
A(ZW) 20.5 24.9 294 17.7
wWtw- 277 335 388 278

The uncertainties due to changes in the Q? scale are particularly small for these processes, of the
order of a few per cent. Unfortunately, one expects this stability to disappear after the gluon fusion
(O(a2)) contributions are added [96]. In the case of Z pairs and W pairs, this precludes the possibility
of constraining the structure functions. However, in the case of the ZW processes, the contribution of
the gluon fusion processes can be cancelled by measuring the difference between ZW* and ZW~. The
theoretical estimate for this difference is therefore extremely stable, and provides an alternative powerful
tool to probe QCD and the parton distributions. Including the leptonic branching ratios (1%) and a
pessimistic overall 20% detection efficiency for the three leptons, one is left with a difference of the order
of 500 events, corresponding to a statistical error of about 5%, which is significantly smaller than the
differences between different structure functions.

Additional interesting tests of the Standard Model might come from the observation of multiple (n > 2)
boson pairs. We summarize the relevant total rates, calculated in Ref. 97, in Table 3-24. These rates were
obtained by setting the Higgs mass equal to 0. The presence of a Standard Model Higgs with a mass in
the range 200 to 300 GeV will increase most of these rates by a factor of 2—-4. If the Higgs were discovered
in this mass range, the measurement of these multi-boson processes would therefore become an important
test of the Standard Model couplings, even though the small cross sections might require either extended
running or the exploitation of decay channels with jets or neutrinos to enhance the branching fractions.
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Table 3-24
The production rates {(pb) for multiple gauge bosons.

WWw WwWZ wWzz ZZZ WWey WZy ZZy WWWWw ZZZZ
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4. Central tracking system

4.1. Introduction

The physics requirements for the SDC tracking system have been analyzed and carefully quantified
in Ref. 1 and are briefly discussed in the next section. Table 4-1 concisely summarizes these physics
requirements. The tracking system discussed in this techmical proposal has been designed to meet these
requirements at a minimum cost, within the constraints of our assessment of the technological maturity
and capabilities of the various options. The resulting SDC tracking system features a large instrumented
volume with a radius of 1.7 m, half-length of 4.3 m, and filled with a 2 T solenoidal magnetic field. The
large value of BL? as well as capabilities for track vertexing and pattern recognition are key features needed

to meet the physics goals.

4.1.1. Summary of physics requirements for tracking

The central tracking system contributes to the detection of isolated and nonisolated muons and
electrons, low-multiplicity decays of heavy gauge bosons, r's, J/9's, elc., and (as a veto detector) photons.
It allows identification of tracks from secondary vertices to help tag b-quark jets, and measures jet
multiplicities. It gives a detailed picture of each event that may provide critical insight for the unexpected.
It is called upon to provide momentum analyzed electron tracks for calibration of the electromagnetic
calorimeter, and to provide a trigger sensitive to charged tracks above a well-defined p; threshold.

Examples of potentially important physics processes which yield isolated high momentum tracks include
rare reactions such as Higgs production and decay via the chain H? — Z°20 — £+£— £+~ or heavy gauge
boson decay via Z/ — £+{~. More complicated events include those involving ¢-quark production and decay,
where the final state may include b-quark jets with detached vertices, isolated W-decay leptons, nonisolated
b-decay leptons, and W- and H*-decay jets.

The track detector needs to be sensitive to charged particles emitted at rapidities up to about 2.5 to
provide adequate geometric acceptance for the processes of interest. High efficiency is required (> 97%) for
higher-p; tracks that are well isolated from jets, as these are often decay products of heavy particles, some
coming from rare processes or ones in which several partons are of interest. Examples of these include
Higgs boson and top quark production. Isolated leptons are particularly important, so that the tracker
must work reliably in conjunction with the calorimeters or muon detectors to identify and measure these.
In the electron case this imposes a restriction on the amount of material introduced by the detectors, since
bremsstrahlung by the electrons adversely affects the matching in both energy and trajectory with the
calorimeters. ’

The momentum measurement precision impacts a broad range of physics analyses, including sharp
reconstruction of the masses of intermediate states such as Z° bosons and sign-of-charge determination at
the highest energies. To reconstruct the Z° mass within its natural width for a Z° produced at the typical
pt of 50 GeV/c requires the resolution (specified as fractional uncertainty at 1 TeV/c) to be better than
20%.

Besides the electron and muon, another important class of flavor-identified partons is the b quark. For
effective b quark tagging the detector must resolve track impact-parameters near the beam axis at the level
of tens of microns, and must have rather good efficiency for finding multiple tracks within an event even in
quite crowded regions. Similar capabilities are needed for 7 lepton identification.

Information from the tracking system is required for the trigger on electrons and muons, to permit
the low (10 GeV/c) p; thresholds necessary for efficient detection of isolated leptons. The design of the
detectors and their readout electronics must provide for delivery of a Level 1 trigger signature for charged
particles with p; above a 10 GeV/c threshold that is precise within 10%, with good rejection of the copious
lower momentum particles.
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Table 4-1
Summary of requirements for tracking system.

1) Acceptance and p; resolution:

(a) In} coverage at least out to |p| = 2.5 (H® — 4 charged lepton geometrical efficiency 2 60% for
my > 200 GeV/c?).

(b) Reconstructed (as opposed to parametric) vertex constrained momentum resolution for iso-
lated charged tracks of oy, /p} < 20% TeV/c for |y| < 1.8, allowed to rise to op, /p} —
100% TeV/c as || — 2.5.

2) Reconstruction efficiency within this acceptance > 97% for isolated tracks having p; > 10
GeV/e, with < 0.1 false tracks of p; > 10 GeV/c per trigger. (Efficiency greater than 90%
for detecting all four leptons from H? — 4 charged leptons, exclusive of lepton identification—
E/p and 7, ¢ matching—and trigger cuts.) This requirement is specified for design luminosity,
but with occupancy assumed twice that calculated by Monte Carlo for pp — X. A

3) Reconstruction efficiency for same as in (2) > 90% at 10 x design luminosity.

4) b-hadron tagging efficiency for top studies with 125 GeV/c? < Mo, < 250 GeV/c2:

(a) Reconstruction efficiency > 80% for tracks of p; > 5 GeV/c, with less than 10% fakes, within
jets of p; up to 100 GeV/c for b tagging using leptons.

(b) b-hadron tagging efficiency > 25% with > 90% purity using detached vertices. Implies impact
parameter resolution < 20 um for stiff tracks, < 100 pum for p; = 1 GeV/c, and > 85%
efficiency for ﬁnding tracks with p; > 1 GeV /c within jets of p; up to 100 GeV/c.

5) Material S 15%Xs, < 7%X, inside 50 cm (average over |g| < 2.5). For efficiency of electron ID
(E/p cut).

6) Position resolution at the calorimeter shower maximum detector of < 5 mm in r¢ (where
bremsstrahlung smearing occurs) and < 2.5 mm in 2.

7) Alignment relative to the muon system of 100 um in r¢ and 2 mm in 2.

8) Jet charged multiplicity measurement within 15% for jets up to p; = 500 GeV/c (to distinguish
isolated W’s, and to study fragmentation for QCD studies and background modelling).

9) Resolution for measurement of the z component of the vertex of 2 mm, to separate pileup
interactions.

10) First-level trigger with momentum resolution oy, /p? ~ 10 (TeV/c)~!—implies a 10% error for a
10 GeV/c lepton.

11) First-level trigger efficiency > 96% per track, with < 0.05 false triggers per calorimeter trigger ¢
bin per crossing, over the range 5| < 2.5.

12) Second-level trigger with momentum resolution oy, /p? = 5 (TeV/c)~1. Gives a 20% error for a
40 GeV/c lepton for triggering on Z — £+¢~, W — {v.

13) Discovery potential—hard to quantify. In general want maximum capabilities from detector.
Based on history, highest priority (other than isolated lepton of Higgs case above) would be
reconstruction and impact parameter measurement of leptons within jets up to the largest jet
p: possible (at least > 500 GeV/c). Desired reconstruction efficiency > 50%.

14) Survivability at standard £ for > 10 years.

15) Allows a natural path for upgrading to a system with survivability of > 10 years at 10X stan-
dard £ with emphasis (e.g. momentum resolution, pattern recognition, isolated track efficiency)
to be decided based on what is learned during initial running.
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4.1.2. Summary of baseline detector configuration

The baseline tracking system which matches our physics goals is shown in Fig. 4-1. It is composed of
successive layers of detection elements. The innermost are made of silicon strip detectors inside a radius
of 50 cm and half-length of 2.6 m. These are configured as concentric cylinders in the central region,
and layers of disks perpendicular to the beam in the forward and backward regions. For larger radius,
the measuring elements are cylindrical superlayers of straw drift tubes for rapidities || < 1.8, and gas
microstrip arrays, organized as disks, covering more forward rapidities. The cylindrical arrays measure
as the primary coordinates (i.e., the one measured with highest precision), the azimuthal coordinates at
given radii while the disk arrays measure as the primary coordinates the azimuthal coordinates at fixed z
values. The emphasis on the azimuthal coordinate comes from the fact that this allows the most direct
measurement of the bending in the solenoidal field and allows a direct use of the measurements in a
first-level trigger organized to provide a cut based on a rough p; determination.

I R — . |
T =—TT

FIG. 4-1. Full SDC tracking system including inner silicon layers, outer straw drift-tube superlayers and
forward gas microstrip detectors.

The coordinates used to determine the polar angle are measured using small-angle stereo (about half
of the measurements) with a position resolution of about 1-1.5 mm per silicon or microstrip layer or straw
superlayer. This allows the measurement of the polar angle with an accuracy of ~1 mrad and the z position
with an accuracy of ~1 mm at the origin or at the calorimeter face.

The transition from barrel to disk geometry avoids the buildup of material which would occur if a
barrel geometry were continued out to very large z coordinates. This transition is different for the silicon
than for the outer tracking devices, reflecting a higher priority for limiting the material in the silicon which
sits closest to the origin, and the different cost dependence on length for the two outer tracking devices.

Silicon tracking system (STS)

A quarter section of the silicon system is shown in Fig. 4-2, and the subassembly dimensions are given
in Table 4-2. The full silicon area is about 17 m? and the number of electronics channels about 6 x 108.
An option for the detector would be to have the layers inside of 15 cm (first two barrel layers) made of
pixel detectors. The mechanical design effort for pixels is focussed on ladder structures and cooling schemes
which will allow such an option without necessitating mechanical system changes. The mechanical design
allows for replacement of the innermost layers in the case of upgrades or following performance degradation
after several megarads of radiation dosage.
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FIG. 4-2. Silicon tracker design.
Table 4-2
Dimensions for silicon tracker.
Barrel r z . Silicon area
(1) 9 cm 30 cm
(2) 12 cm 30 cm
3) 18 cm 30 cm 6.78 m? for Barrel
(4) 21 cm 30 cm
(5) 24 cm 30 cm
(6) 27 cm 30 cm
(7 33em 30 cm
(8) 36 cm 30 cm
Disks Tin Tout z Silicon area
(1) 15 cm 39 cm 33 cm
(2) 15 cm 39 cm 38 cm
(3) 15 cm 39 cm 44 cm 10.16 m? for Disks
4) 15 cm 39 cm 52 cm (both sides)
5) 15 cm 39 cm 61 cm
(6) 15 cm 39 cm 72 cm
D 15 cm 3% cm 85 cm
(8) 15 cm 39 cm 102 cm
9) 15 cm 39 cm 122 cm
(10) 22.5 cm 46.5 cm 146 cm
(11) 28.5 cm 46.5 cm 182 em
(12) 345 cm 46.5 cm 218 cm
(13) 40.5 cm 46.5 cm 258 cm

Total area = 16.94 m?

The strips on the silicon detectors are chosen to have 50 gm pitch. This allows all bonding and circuitry
to be located on one end of a detector, minimizing material and cost. Individual detector modules are 12 cm
long, the maximum length allowing sufficient signal-to-noise, and are made of two 6 cm wafers bonded
together, to minimize fabrication costs. The primary coordinate readout is the ¢ cylindrical coordinate for
both barrel and forward planar detectors. A second set of strips at a small stereo angle on the backside
of the detectors provides a coarser measurement of the second coordinate which is the z coordinate in the
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barrel section and the r coordinate in the forward detectors. This allows a maximum contribution of the
measurements on both sides of a given detector to the momentum determination. A choice of resolution of
about 1.5 mm (stereo angle of 10 mr) for the coarsely measured coordinate is sufficient to avoid broadening
the multiparticle mass resolution due to the angle determination in this coordinate. The information from
an adjacent pair of detectors effectively provides a space point and track tangent for the pattern recognition.
Figure 4-3 shows the arrangement of adjacent strip layers for the barrel.

Axial strips

\ Track on top

n u, small angle
stereo strips

~on bottom

v, small a_ngle
stereo strips
e = - on top
T
L Axial strips
on bottom

FIG. 4-3. Orientation of double-sided strips on radially adjacent detector pairs.

The parameters of the system are determined by several general considerations. The pattern recognition
role dictates the minimum number of detector layers. This issue is discussed in section 4.2; simulation
studies indicate that seven layers averaged over 5 is & good choice. The very low occupancy of the silicon
detectors allows excellent pattern recognition at luminosities much beyond the design luminosity, providing
significant high luminosity capability for the SDC detector. The vertexing requirement dictates a ratio
between outer and inner radii of about four in order for the vertexing accuracy to be comparable to the
individual detector measuring accuracy. To allow extrapolation to the outer tracker with an accuracy
(¢ = 2 mm) comparable to the size of an outer tracker measuring element requires about 25 cm of radial
extent for the silicon tracker. Our baseline design has an average of 27 cm of radial extent in both barrel
and disk regions. In the very forward direction, the silicon is a major element determining the momentum
measuring accuracy and thus should have the largest lever arm affordable. The rapidity coverage of the
silicon is matched to that of the muon system.

Barrel outer tracking detector (OTD)

The barrel outer tracking system, shown in Fig. 4-4, is composed of five cylindrically concentric
superlayers of straw drift tubes. Each superlayer is made of 6 or 8 layers of straw tubes (trigger superlayers
have 8 layers, the others have 6). The straws are all 4 mm in diameter, which allows individual element
occupancies to be sufficiently small. The straw tubes are arranged in modules of approximately trapezoidal
cross section, each containing about 200 straws. Each straw module is essentially an independent tracking
chamber with its own gas and power connections and its own electronics. The modules are described in
more detail in section 4.4.3. The superlayers have straws running either parallel to the beam direction (axial
superlayers) or at a small angle to this direction (stereo superlayers) in order to measure the coordinate
(z) along the wire. The superlayers provide local track segments, characterized by an azimuthal angle and
slope. The azimuthal offset in the stereo superlayers provides the z measurement.

All superlayers are divided in half at z = 0, with electronics located near the endcap calorimeters. Three
axial superlayers are needed for a high-p; track segment trigger, described in more detail in section 4.2.3,
which uses two out of three segments to allow sufficient fake rejection and efficiency at high luminosity.
The minimum number of stereo superlayers is two, one with wires running at about +3° to the beam
direction, the other at —3°. One of them is placed between the outer two axial layers, and the other is
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DETAIL VIEW A

DETAIL VIEW R

FIG. 4-4. Barrel outer tracking detector.

placed at smaller radius to improve the linking to the silicon inner tracker, which also provides polar angle
information. The inner-most axial superlayer is placed at a radius close to balf the maximum radius, where
the occupancy is still small enough to allow good segment finding efficiency. Momentum measurement is
accomplished by using both the inner and outer tracking systems in an integrated manner. The outer
tracker improves the momentum resolution by a factor of ten over the silicon system alone, and improves
the polar angle resolution by a factor of five. Table 4-3 summarizes the component information for the
outer tracking system. There are a total of 1.37 x 10° straws.

Table 4-3
Barrel outer tracking system configuration.
Mean radius Channel Layers/ Zmax  Stereo angle

Superlayer (m) count  Modules superlayer (m) ©)

1 0.816 19,504 92 8 (trigger) 2.410 0

2 1.103 19,716 124 6 3.281 +3

3 1.351 32,224 152 8 (trigger) 4.033 . 0

4 1.488 26,712 168 6 4.033 -3

5 1.631 39,008 184 8 (trigger) 4.033 0
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Intermediate angle tracking detector (ITD)

The ITD consists of tracking detectors positioned symmetrically on both sides of the interaction point
between the inner silicon tracker and the endcap calorimeters. The maximum % coverage of the ITD
is driven by the requirement to provide tracking information up to the maximum useful n coverage of
the electromagnetic calorimeter, namely 2.8 units. This is somewhat larger than the 7 coverage of the
silicon. The exact placement of the boundary between the barrel and intermediate regions depends on
considerations of continuity of coverage, cost and the engineering of supports and access. Between the
barrel and intermediate angle trackers, space must be available for support structures, terminations of the
active regions of both trackers and passage of utilities and signals. We have chosen the intermediate angle
region to start at an |5| of 1.8. The detector (one side only) is shown in Fig. 4-5.
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FIG. 4-5. Intermediate tracking detector (one side only).

The ITD consists, on each end, of three superlayers of microstrip tiles arranged projectively. This
projective scheme provides direct measurement of ¢ vs. z in 9 bands which allows direct use of the measured
information in the trigger. It provides good resolution and very low occupancy. The use of a three
superlayer trigger reduces the combinatorial background to an acceptable level while providing sufficient
resolution.

The minimum requirement from each superlayer is a space point on the track. This can be satisfied if
each superlayer contains at least one layer of radial anodes (¢ measurement) and one layer of small angle
stereo anodes. Since one of the prime requirements of the ITD is to provide a Level 1 trigger on high-p;
tracks, it must be highly efficient at detecting tracks, at least in the radial anode layers used in the trigger.
For this reason we choose to use an OR of two radial anode layers in each superlayer. We have also chosen
two small angle stereo layers, of opposite inclination, to eliminate the confusion, ghosting, that occurs when
only one small angle stereo layer is used. The four layers will be as closely spaced in z as possible, each
superlayer occupying no more than 10 cm.

In order to measure the transverse momentum of a track, a disk-based ITD must measure both n and
¢. Studies [2] have shown that for the first-level trigger, an acceptable p; threshold turn-on can only be
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achieved if the full # range, 1.8 to 2.8, is divided into a minimum of 4 bins. Qur design has a division
into 4 bins, each covering approximately 0.25 units of 5. This binning is natural for a tile based system
where each bin is composed of an annulus of tiles. Each annulus on each superlayer is matched to its
corresponding annuli on the other two superlayers, thereby defining a set of projective bites in . Within
a superlayer the active areas of the annuli overlap radially to ensure that tracks on the 5 boundaries are
detected in all layers.

The ¢ segmentation is set by the anode pitch. An anode pitch of 200 um is sufficient, even at the
highest 5, to provide a sharp threshold turn-on for p; = 10 GeV/c tracks in the Level 1 trigger. Since the
anode strips are radial, their pitch increases as 1 decreases, (r increases). The total number of anodes in
annuli of the same n bite is the same for each of the three superlayers, ensuring projectivity in ¢.

The maximum anode pitch is set by the requirement that enough primary electrons (corresponding to
about 1 mm of path length) reach the anode to provide high efficiency for 16 ns bucket tagging. This sets
a maximum anode pitch of approximately 500 pm. ,

Table 4-4 gives a list of the dimensions for the elements making up the ITD 5 bins. The tile size chosen

'is the largest practical size from the point of view of fabrication.

Table 4-4
Dimensions for 3-superlayer ITD with 4 layers per superlayer, 1.8 < 7 < 2.8.

T'min T'max Tile size (m)
taup H iy Tmin Thmax Rtiles (m}) (m) Ar Ad
1 291 1 1.82 2.0 36 0.791 0.978 0.187 0.171
1 291 2 2.0 2.2 30 0.644 0.814 0.170 0.171
1 291 3 2.2 2.5 24 0.474 0.663 0.189 0.174
1 2.91 4 2.5 2.8 18 0.350 0.488 0.138 0.170
2 3.59 1 1.82 2.0 42 0.977 1.201 0.224 0.180
2 3.59 2 2.0 2.2 36 0.795 1.000 0.205 0.175
2 3.59 3 2.2 2.5 30 0.586 0.814 0.228 0.171
2 3.59 4 2.5 2.8 22 0.432 0.600 0.168 0.171
3 4.26 1 1.82 2.0 50 1.163 1.425 0.262 0.179
3 4.26 2 2.0 2.2 42 0.947 1.186 0.239 0.177
3 4.26 3 2.2 2.5 34 0.697 0.966 0.269 0.179
3 4.26 4 2.5 2.8 26 0.515 0.712 0.197 0.172

Total number of tiles (both endcaps): 3120
Total number of anodes (both ends): 1.36 x 10°
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List of supporting documents for baseline design

This proposal for the SDC baseline tracking system is based on several years of R&D and several very
detailed conceptual design studies which provide supporting documentation. These supporting documents
are: Requirements for the SDC Tracking System [1], Silicon Tracking Conceptual Design Report [3], SDC
Modular Straw Outer Tracking System Conceptual Design Report [4], and Intermediate Angle Track
Detector Conceptual Design Report [5). In addition, SDC notes which are referenced in the appropriate
sections address key issues for tracking, such as alignment and triggering.

4.1.3. Fiber tracker option

The baseline central tracking system has been chosen based on the present status of the various R&D
efforts for tracking within the SDC. In the case of the outer tracker, very significant progress has been
made in the two major options: tracking based on straw tubes and tracking based on scintillating fibers [6).
The former is less of an extrapolation from existing devices and has, therefore, been selected as the baseline
choice. It is, therefore, the basis on which we have evaluated performance and have elaborated a reasonably
complete conceptual design. It is the choice of OTD used in all discussions in sections 4.2 through 4.7.

An outer tracker based on scintillating fibers would also provide a powerful device and have some
advantages, particularly in the case of luminosities significantly beyond the SSC design value. This
technology is maturing rapidly and the SDC expects to be able to make a final choice before the end of the
summer 1992. Key issues to be evaluated for both tracker options are system performance and, in the case
of fibers, the production quality photon sensor. To allow evaluation of the status and potential of the fiber
option, we have included a rather detailed discussion of a fiber OTD in section 4.8.

4.2. Rationale for design

The tracking system must meet stringent goals for vertexing, pattern recognition, momentum resolution
and triggering. In the discussion in this report, we will assume about 12 um measuring accuracy per
double-sided silicon detector (17 um per side) and about 85 pm for each outer multiple-element superlayer
of straws. These errors include contributions from local alignment errors. With these numbers we
can compare various alternatives, assuming perfect global alignment. For example, taking as a goal a
momentum error of 20% at 1 TeV/c for the nonvertex constrained momentum measurement, we find that
a system with 11 equally spaced silicon layers or 11 outer detector superlayers in our 2 T magnetic field
would require an active tracking length of 80 cm and 2.2 m, respectively. The mixed system chosen by the
SDC requires about 140 cm and therefore represents a compromise between limiting the radial extent and
limiting the amount of silicon. Including the distance to the first measuring layer and leaving room for
global alignment contributions to resolution, we arrive at the SDC tracking radius of 1.7 m. This allows
most of the straw tube layers to be located at a radius > 1 m where the occupancy is fairly small. Indeed,
even at several times the design luminosity the straw system provides reliable track segments for tracking.
All track parameter measurements depend on the full tracking system to achieve the ultimate resolution
desired.

With the SDC design, the silicon array provides a device with powerful pattern recognition capabilities
and vertex tagging up to very high luminosity and over the full rapidity range. This results from the high
precision of the device, its good two-track resolving power, its low occupancy (about 103 at the smallest
radius at design luminosity) and enough measurements to significantly overconstrain the parameters of
track candidates. At large rapidities the gas microstrips provide a low occupancy system with a geometry
very well matched to that of the silicon disk arrays.

Similarly, the organization of the straw detector measurements into superlayers allows a substantial
reduction of measurement combinations that must be investigated in the track finding. A superlayer track
segment gives direction within about 0.01 radians, as well as position. This information can be used
to eliminate many fragments of loopers and to sort segments from potential tracks into bins related to
curvature as well as ¢ for the formation of tracks. The curvature information is independent of dip angle
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even in the stereo layers, greatly facilitating the incorporation of these measurements during the pattern
recognition.

Responsibility for providing a Level 1 trigger lies with the OTD and ITD and the geometry of these
devices has been chosen with this trigger in mind.

4.2.1. Matching of detector to physics requirements

In this section we evaluate the proposed design in terms of the physics requirements. We consider the
nominal parametric precision and some results of detailed simulation of several key physics processes. We
address track finding efficiency and resolution, vertexing capability, matching to the outer detectors and

particle identification, and triggering.

Parametric performance

The ability of the tracking system to measure a charged particle trajectory may be characterized by
the (approximately Gaussian) errors on the five parameters that describe the helical trajectory. These
parameters are taken to be the azimuthal angle ¢g, cotangent of the polar angle of the track at its point
of origin cot(6) (also written as tan()\) where A is called the dip angle) the transverse momentum p;, the
impact parameter relative to the beam line b, and the axial position zp at the point of the helix’s closest
approach to the beam axis.

~ We determine the expected parameter errors by constructing the error matrix for a set of measurements
along a trajectory of fixed pseudo-rapidity through the model detector described by the geometrical data
from Tables 4-2, 3 and 4. Measurement errors are 17 pm for each single-sided silicon measurement, 85 pm
for each barrel straw superlayer, and 100 pum for each ITD tile. These values include the estimated
contributions from local alignment errors (and individual layer inefficiencies in the case of drift tubes).
The p; error has been evaluated both with and without a pseudo measurement at the beam axis (beam
constrained, BC) with 20 um precision.

Table 4-5

Parametric resolutions for the barrel tracker at = 0.

Track parameter c
Ap;/p: at 1 TeV/c (BC) 0.15
Api/p: at 1 TeV/c (No BC) 0.17
A¢y (mrad) 0.066
Acotf 0.0013
Ab (pm) 13
Az (mm) 0.77

For tracks of large enough momenta that multiple scattering and energy loss are negligible, the
resolutions on track parameters at 7 = 0 are listed in Table 4-5. The parameter errors are plotted as a
function of |n| and p; in Fig. 4-6. The effect of multiple scattering is included in the calculations made to
produce these plots.

Because of the substantial difference in resolutions between the silicon and wire detectors, the transverse
momentum determination is dominated by the position and direction of the silicon portion of the track
combined with the wire measurement near the coil. The dip angle determination receives significant
contributions from stereo measurements in both detectors.
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FIG. 4-6. Track parameter errors vs. rapidity for several values of p;. Parameters are: a) tan of dip angle
of the track at its point of origin, b) azimuthal angle ¢, ¢) transverse momentum p;, d) impact parameter

b, and e) axial position 2.

As a stand-alone system, the STS should provide an impact parameter measurement with an error
small enough for B and 7 tagging, using reasonably high-p; tracks. This capability will allow good vertexing
even in complex events, where the outer tracking efficiency could be degraded. Assuming n equally spaced
double-sided silicon layers with fixed measuring accuracy oy, the error on the impact parameter b, oy, is
just a function of the ratio of the outer to the inner radii of the silicon detector for high-p; tracks, where
multiple scattering can be neglected. That is, 0p = oy f(RQ™/RE). Taking for definiteness, n = 8, Fig. 47
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shows oy, vs. the ratio of radii for oy, = 12 pm. To get down to op < 25 um requires a ratio of radii 24
To minimize the effects of multiple scattering both RE and the material associated with the innermost
layers must be minimized. A reasonable choice, given the severe radiation environment close to the beam,
is RI? =9 cm and R™ = 36 cm. These dimensions provide the desired 27 cm radial coverage discussed

earlier.
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FIG. 4-7. Impact parameter error vs. detector geometry for the STS #lone. Calculation is for 8 layers, as
in central rapidity region.

For stiff tracks with full tracking information the impact parameter error will be improved by a factor of
two compared to using only the silicon, because of the more precise curvature determination. The multiple
scattering dominates the error for p; < 10 GeV/c. In this regime the outer tracker does not improve oy
very significantly.

The parametric errors given here demonstrate the ability of the proposed tracking system to meet or
exceed the SDC requirements, assuming that the design can be realized with performance close to nominal.

Simulati i

The SDC tracking simulation allows for a flexible description of the detector in the GEANT framework.
The detectors and inert material are described by a hierarchical volume structure which includes the inactive
regions at the edges of detector elements. The GEANT routines transport particles through the apparatus
and generate decays and interactions with material, including conversions, bremsstrahlung, and delta rays.
Using this program and track reconstruction algorithms, we can evaluate the physics performance of the
detector both at design luminosity and at higher luminosities. Some performance examples for key physics
processes are discussed below.

Performance in Higgs events for various luminosities

The decays of neutral Higgs bosons, (mass = 300 GeV) H? — 2929 — ete~putu~ and ptp~—putu~,
have been studied in some detail. The ISAJET generator is used to produce the Higgs event, and PYTHIA
minimum bias events are added as background. The design luminosity is simulated by a Poisson-distributed
mean of 1.6 background events for each bunch crossing, with a total of 7 crossings (—4 to 42 from the
crossing with the Higgs) used to account for loopers and allow for drift times in the straw system. Only
events where all four final state leptons had || < 2.5 are kept for further analysis. Figure 4-8(a)—(c) shows
a view of a typical Higgs event (in this case decaying to four muons) as seen by the barrel detectors. The
silicon information displayed shows the segments made by pairing neighboring layers. Raw hits jn the
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silicon are shown in b). The silicon resolution is much smaller than the size of a hit in the figure. The
reconstruction of segments in the straw layers is based on the drift-time pattern for the full superlayer.
Examples of the segment reconstruction in a region with many hits is shown in c).

Figure 4-9 shows the efficiency for track reconstruction vs. || for all tracks with transverse momenta
above 1 GeV/c in 200 Higgs events at design luminosity. For tracks with p; > 10 GeV/c, the efficiency
(averaged over || < 2.5) is 99%. The number of fake tracks (tracks which have more than 2 hits from
another Monte Carlo track) with p; > 5 GeV/c is found to be 0.03 + 0.01 per event.

For this simulation, the lepton identifications are just based on using the Monte Carlo information in
place of the calorimeter or muon system. Leptons are required to have p; > 10 GeV/c and electrons to have
Pyen /Pyt within the range 0.7 to 1.4 to simulate the calorimeter energy and track momentum matching cut.
In the case of electrons, the tracking momenta for these cuts are based on refitted values using only the
silicon information in order to minimize the effects of bremsstrahlung. This results in a 6% higher efficiency
for this cut, per electron, than using the full system. Note that all leptons passing the above cuts are used
in the analysis; therefore such leptons from b decays and conversions are considered.

To pair the leptons in order to make Z% candidates, the following algorithm is used. All pairs of
same type, opposite sign leptons are made and the invariant mass calculated. The invariant mass of the
di-electrons is formed using the direction information from tracking but smearing the generated energies by
the calorimeter resolution, since this typically provides the most accurate value of the electron energies.
The di-muon invariant mass is calculated using the reconstructed momentum from the central tracking
system only. The list of Z° candidates is made by ordering the pairs by their closeness to the Z° mass
and then accepting pairs so that each lepton is used only once. The invariant masses of the electron pairs
are shown in Fig. 4-10(a), and for the muon pairs in Fig. 4-10b. A cut requiring the invariant mass to be
within 10 GeV of the Z° mass is then used to further restrict the list before the Higgs is reconstructed.

The four-lepton invariant mass distribution is plotted in Fig. 4-10(c) for events with two Z° candidates.
Figures 4-10(a)—(c) are for the design luminosity of 103 cm~2s~! for which the efficiency for reconstructing
the Higgs is 84%. This includes a small loss for events where the leptons do not all pass the 10 GeV/c p;
cut. Table 46 summarizes the detector performance for this decay mode. In addition, the analysis was
performed at luminosities of 3 x 1033 cm~2s~! and 6 x 1033 cm—2s~1. All results are shown in Table 4-6
and the invariant mass plots for the 6 x 1033 cm~2s~! case are in Figs. 4-10(d)—(f).

Table 4-6
Summary of efficiencies and number of fake tracks for H — ete~utu~ events for various configurations.
Fakes per Track Electron E/p Mz cut ‘Higgs recon-
event with efficiency efficiency efficiency struction
Luminosity p;>5 GeV/c p:>10 GeV/c 0.7< E/p <1.4 e U efficiency
1x10%  0.03£0.01 0.991 0.96+0.01 0.99+0.01 0.99+0.01 0.84+0.04
3x10%  0.04+0.02 0.989 0.96+0.01 1.00+0.01 0.97+0.01 0.83=+0.04
6 x10%  0.18+0.03 0.972 0.93+0.01 1.00+0.01 0.93+0.02 0.75+0.04

It is seen that the tracking detector should allow excellent performance for Higgs reconstruction well
beyond the design luminosity. This is the single most important design goal for the detector. The track
reconstruction was also performed without using information from silicon barrel layers 1 and 2 (at r = 9
and 12 cm respectively) to check that the design is robust against some inefficiency. The efficiency reduction
for this case is about 10%, even at six times design luminosity. Note that occupancy in the STS is not
a problem at six times design luminosity and thus does not impair high luminosity performance. The
efficiencies for finding segments in the individual OTD superlayers are indicated in Fig. 4-11 for Higgs
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Central tracking system

(a)

(b)

FIG. 4-8. a) The barrel region of the central tracker for a leptonic Higgs event at design luminosity, showing
the reconstructed muon tracks from the Higgs decay, the raw data for the outer tracks and reconstructed
track segments from the silicon tracker. b) Close-up of the barrel region of the silicon tracker, showing
reconstructed space points. c) Close-up of the inner straw superlayer corresponding to the marked region
in a). Straw tube hits are represented by circles with radius proportional to drift time. Short lines represent
locally reconstructed track segments, and the long line is a fully reconstructed high transverse momentum

track.
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4-9. Efficiency of single tracks with p; > 1 GeV/c in Higgs events as a function of pseudorapidity.
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FIG. 4-10. (a) Dilepton invariant mass distribution for electrons that have passed the Pgen/Pas cut.

(b) Dilepton invariant mass distribution for muons.

(c) Reconstructed four-lepton invariant mass

distribution for a 300 GeV Higgs. (d)~(f) similarly for 6 x 103 cm~%s~1. All masses are in GeV.



4-16 Central tracking system

events (to 4 muons in this case) with no background and for background levels corresponding to 1-6 times
design luminosity. All tracks from the Higgs-producing interaction having p, > 2 GeV/c are considered
“interesting” tracks for this evaluation. Tracks with lower p;, down to 1 GeV/c, have also been examined
at design luminosity; the efficiency is similar, but the right/left ambiguity resolution is less reliable in the
outer superlayer because 1 GeV/c tracks cross at large angles relative to the radial direction. The high
efficiency in the outer layers over the full luminosity range gua.rantees excellent momentum resolution when
the combined OTD and STS measurements are used.
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FIG. 4-11. Efficiency for finding segments of sin- FIG. 4-12. b tagging efficiency vs. jet p, for the

gle tracks with p; > 2 GeV/c for each superlayer combined system using the method described in

of the OTD for H — 4 u with background levels the text.

corresponding to the luminosities indicated.

Capability for b-jet tagging with secondary vertices

The capability to identify b-quark jets is expected to be an important tool for studying the ¢f system,
by reducing the non-#¢ background substantially, and also reducing combinatoric background for measuring
the mass of the ¢ quark. The efficiency for tagging b jets using secondary vertices has been investigated
with the GEANT simulation and full event reconstruction [7]. A simple algorithm is used, which is to count
for each jet the number of reconstructed tracks with significant impact parameter. Figure 4-13 shows a
simulated tZ event where both W bosons from the ¢ decays subsequently decay leptonically.

ISAJET is used to generate b and “generic” jets in separate jobs, and tracks are reconstructed with
the combined silicon and straw system. Tracks with measured p; > 0.8 GeV/c within the cone AR < 0.5
to the jet axis are associated to each jet. With the algorithm used, the reconstruction efficiency for these
tracks ranges from 95% (jet p; = 50 GeV/c) to 80% (jet p; = 500 GeV/c). Tracks are further required to
have x2/DOF < 5 and by < 1 cm (in order to discriminate against reconstruction errors and secondary
interactions), and the impact parameter by is required to have the correct sign to be consistent with
originating from the decay of a particle moving in the jet direction.

Figure 4-12 shows the tagging efficiency for b jets compared to that for a mix of jets from gluons and %,
d, s and c quarks, where a tag requires 3 or more tracks with impact parameter greater than 3¢. For b jets
with 40 GeV/c < p: < 200 GeV/c, the efficiency is approximately 30%, and the rejection of the non-b jets
is of order 100:1. Using these b tagging results from the full GEANT simulation, the efficiency for tagging
one or both b jets from # decay is estimated to be about 50%, assuming that only secondary vertices are
used for the tag.
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FIG. 4-13. GEANT simulation of an Isajet tf — euvvbb event with Mo, = 150 GeV/c?, showing the beam
pipe, inner tracking gas enclosure, and first barrel silicon layer at 80% of actual size. Tracks reconstructed
using data from the silicon and straw systems with p; > 2 GeV/c and || < 2.5 are plotted. Charged
leptons and b jets from the ¢ decay are indicated with their generated momenta; the muon is actually
inside one of the b jets. Arrows indicate the true decay vertices of the b and ¢ mesons within the b jets.
‘The secondary vertices are visible by eye from the reconstructed tracks.

The SDC design will allow b tagging over a very broad range in jet momentum. This is relevant not
only to the # studies, but could be of interest if new physics is discovered which populates preferentially
the heavy quark sector.
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4.2.2. Material in the tracking volume and electron identification

The SDC tracking system differs in at least two significant ways from previous tracking systems in
collider experiments: the tracking technologies that are matched to SSC physics have intrinsically more
mass, and the necessity of providing tracking over the rapidity interval |n| < 2.5 means that much of the
mechanical support material for the tracking system is inside the tracker. As a result, the SDC tracking
system will have more material than previous collider trackers. In this section we present the main results
of the SDC study on material in the tracking volume [8] as they relate to the design and optimization of
the tracking system. Although the designs that were considered in Ref. 8 are not identical to the one in
this report, they are close enough that the conclusions can provide guidance for our design.

The material in the tracking system impacts the SDC trigger, and the reconstruction and identification
of electrons and photons as follows:

1. Triggering: Electron bremsstrahlung and photon conversions will occur in the material in the SDC
tracking system. Electron bremsstrahlung will put some high-p; electrons below the Level 1 tracking
trigger threshold resulting in a smearing of the p; threshold. Photon conversions will result in a
number of apparent high-p; electrons that will pass the Level 1 trigger, and may result in a loss of
prompt high-p; photons at the trigger level.

2. Momentum resolution: Bremsstrahlung in the material will lead to degraded momentum resolution
for electrons.

3. EM calorimetry: Electron showers are identified by requiring that Had/EM is small, and that
transverse shower profiles are consistent with an EM shower. Bremsstrahlung in the tracking system
can result in several separated energy deposits in the EM calorimeter rather than one from the
electron shower. This results in altered transverse shower profiles, as measured in EM towers and
in the strip detectors at shower maximum. As a result, electrons may be identified with reduced
efficiency.

4. e/v ID: e/~ separation is achieved by identifying a charged track pointing at the EM shower and
separation of electrons from overlapping photons, and charged hadrons is achieved by track-shower
matching using the strip detectors at shower maximum, and by requiring a selection on E/p near 1.
Degradation of the electron momentum resolution and the EM calorimeter cluster position resolution
will result in reduced efficiency for e/ identification.

The conclusions of Ref. 8 are that the most significant impact of the SDC tracking material is through
e bremsstrahlung. As noted above, bremsstrahlung smears the e trigger threshold(s) and reduces the
efficiency for identifying electrons cleanly. The effect of the material is worst for the tracking elements
closest to the beam. Thus it is recommended that the material in the silicon tracker (including the
beampipe and supports) be not more than 6% Xp at n =0, and < 7% when averaged over rapidity. The
use of the silicon tracking information in the Level 2 trigger should allow significant suppressmn of the
electron rate from conversion pairs. This is not needed at Level 1.

The remaining tracking material should also be minimized, since material before the Level 1 tracking
trigger elements results in a “softening” of the high-p; electron trigger. The goal for the tracking system is
to have < 10% of Xo at n = 0 and < 15% averaged over 7, excluding any layers directly in front of the
calorimeter. With this level of material before the Level 1 tracking trigger elements, the rates for isolated
electrons from the conversion of QCD prompt photons are tolerable relative to the physics backgrounds:
W—re, t— e etc.

Unlike previous collider tracking systems, the SDC inner silicon tracking system is by itself capable of
full track reconstruction and is sufficient to make a determination of the track momenta and directions.
This is useful for the optimum identification of electrons in SDC since the use of the momentum measured
in the silicon provides the most efficient E/p cut [9]. For example, a cut with E/p < 1.4 allows typically a
95% efficiency for keeping electrons.

The material in the tracking volume has been calculated using a GEANT based program. For the
STS, this program includes: silicon detectors, support cylinders, beampipe and enclosure walls, electronics
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packages, cooling structures, cables, and the gas volume. Minimizing the amount of material requires a
careful choice of support structures.

The OTD and ITD support systems similarly must provide a rigid and precisely aligned structure
with the smallest possible amount of material. For the OTD, this is accomplished by using a carbon fiber
composite and foam laminate for the module shells and for the cylinders that support the modules. The
cylinders are supported by a carbon composite space frame. The amount of material in the outer tracking
system for = 90° incident tracks is 3.5% of a radiation length, including all supports, but not including the
last superlayer. This gives an amount of material 3.5%/sin 8, where 6 is the polar angle.

The ITD structures, although less well defined at present, are expected to have a thickness at normal
incidence of 7% of a radiation length on the average. This gives for this device a material distribution
which is 7%/cos 6.

The number of radiation lengths traversed by a particle through the entire tracking system is shown as a
function of rapidity in Fig. 4-14. Included are the beam pipe, the silicon strips and their associated readout
electronics, supports, and utilities, the straws and their support cylinders, gas, wires, end structures,
readout boards and cables, as well as the gas microstrip disks and their support. We discount the outermost
straw superlayer, the last disk, and the readout boards of the outer three cylinders, since particles leave
the system and enter the calorimeters or coil immediately after traversing these. The dotted curve below
the peak around |n| = 1.9 indicates the effect of omitting the blocking capacitors for the straw tubes. The
contribution of the barium titanate capacitors currently in hand (and modelled in the calculation shown) is
large enough to warrant significant R&D effort toward a lower mass solution. The material averaged over 7
from 0 to 2.5 is 13.5% of a radiation length. '
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FIG. 4-14. Number of radiation lengths vs. rapidity for the full tracking system (solid curve) and silicon
alone (dashed curve).

4.2.3. First level trigger

The SDC trigger design calls for each subsystem to process the raw data from the detector signals for
each crossing into signatures for specific trigger “objects.” These objects are composed from data packets
that are sent via fiber optic cables to the Level 1 trigger decision logic located in the surface building above
the detector. The selections that are made on the raw detector outputs and the information that is included
in the data packets represent specific choices [10,11] designed to select interesting physics while rejecting the
backgrounds. For tracking, the selection imposes a lower limit on the track p: and the information includes
the location and momentum threshold crossed. The goal of the Level 1 tracking trigger is the rapid and
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efficient generation of trigger information and the efficient encoding and transmission of the information to
the trigger decision logic. For such track related objects to be manageable in number, a lower limit must
be imposed on their momenta, or an association must be made with some other detector element that
provides this limiting restriction. The important aspects of the track trigger are 1) efficiency, 2) transverse
momentum resolution, 3) positional resolution (granularity), 4) false rate, and 5) time resolution. The
timing requirement for the generation of the Level 1 trigger is dealt with in detailed reports by the Trigger
Group [12,13].

The OTD superlayer trigger

A high momentum track in a constant solenoidal field has a trajectory which, in cylindrical coordinates,
is approximately represented by

p=do+Kr+b/r = rtan + 2y,

where the track parameters are ¢, K, b, tan),2p. For a track emanating from the origin, the impact
parameter b = 0. The parameter K = 1/(2 radius of curvature) measures the transverse momentum
and can be locally calculated in a superlayer through the relation d¢/dr = K. This is the basis for the
Level 1 trigger using a straw tube superlayer. For B = 2 T, the goal for a Level 1 trigger from Table 4-1
corresponds to measuring K with an error ox =3 x 10~3 m~1.

The proposed trigger design is based on 1/2 cell staggered axial superlayers of 8 straws which are
- radially aligned and closely packed [14]. A trigger cell is 1/2 straw wide and is formed from 2 groups of
4 radially aligned straws. In this design the arrival times of signals from the consecutive layers of straws
within the superlayer are processed electronically to select only tracks above a preset lower momentum
limit, called a stiff track. The timing relationship between the arrival times of the 1/2 cell staggered
straws provides the necessary information to resolve the left-right ambiguity and to eliminate the timing
uncertainty due to the drift intervals of the individual straws. What remains is the timing uncertainty due
to the particle flight path and signal transmission time along the straw. The combination of these two
uncertainties is about 8 ns and falls within a single crossing time of 16 ns. Therefore, individual crossings
can be specified for each high momentum track sensed. The timing resolution and lever arm available
within one superlayer of straws would imply a momentum resolution of 20% at 10 GeV/c if only one layer
were used.

The processing of signals from the straws for triggering will be implemented using signals from the
straw discriminator outputs. The circuit that processes the arrival times is composed of numerous digital
mean timers {15] and has been implemented in CMOS and verified to function as needed. Output from
the trigger chips, stiff-track signals, will pass to the global trigger logic through an information path
independent of the data acquisition path.

The behavior of the proposed trigger has been simulated with GEANT and the SDC geometry for H
decay to WW. The simulation includes minimum bias events from 4 previous and 2 following crossings.
Real tracks result in an 8 ns wide peak located at precisely the point expected for the circuit configuration
simulated. The background of minimum bias events and incorrect combinations of wire hits is characterized
as a false rate per trigger cell per crossing.

The trigger circuit threshold in transverse momentum is programmable up to a limit imposed by the
electronic range accepted by the design. While the circuit design chosen can accommodate thresholds down
to 5 GeV/c, it is expected that a threshold of 10 GeV/c will be used. Simulation of the circuit performance
was done with a 10 GeV/c transverse momentum limit. The trigger selection shows some leakage due to
modest momentum tracks within jets that have accompanying hits from overlapping soft tracks. The false
triggering rate from minimum bias events is, according to the simulation, 1 for every 4 crossings at 1033
cm~2s~1. Thus for each of the 128 trigger cells at the outer superlayer, 1/512 of the crossings have a trigger
from the overlap of minimum bias hits. The rate for real tracks over 10 GeV/c from minimum bias events

is considerably below this number.
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Use of several superlayers in the Level 1 trigger

Since the superlayer trigger objects all arrive at the central Level 1 decision logic, use of several
superlayers is possible either as an original plan or as an upgrade as the luminosity is increased. The false
rate can be suppressed and/or the efficiency can be enhanced by the use of more superlayers. For this reason
simulations that make use of the primitives from the three axial superlayers have been performed. A trigger
based on a two-out-of-three combination allows both a significant improvement in the rejection of fakes
and a higher efficiency when compared to a single superlayer trigger. This higher efficiency is necessary
to meet the goals for the tracking trigger. Figure 4-15 shows the threshold curve for the two-out-of-three
trigger which is the baseline design. This trigger algorithm has a dramatically reduced false trigger rate
when compared to one-per-four-crossings from the single superlayer trigger. In 500 minimum bias events
simulated there were no triggers. This result was derived from the same Higgs event sample discussed
above by setting the crossing gate to the crossing prior to that which contains the Higgs event. This further
illustrates the precision with which the crossing can be determined by the mean timers.
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FIG. 4-15. Threshold curve for the two-out-of-three superlayer OTD Level 1 trigger.

ITD Level 1 trigger

For the ITD the coordinate measured directly is ¢ vs. z. This allows a local measurement
d¢/dz = K/tan ). Binning in  provides a rough determination of tan A, so that the measurements can be
used directly to cut on the transverse momentum. Since tan ) can be nearly 10, the ITD needs 10 times
the tracking length in z as compared to the straw superlayer radial extent to achieve a comparable error
on K, for comparable errors in ¢ measurement. In fact, since the error on ¢ is proportional to the position
error o divided by r, an ITD superlayer typically measures ¢ less well than a straw superlayer. Adding
errors from the determination of tan and the nonuniformity in the B field results in the necessity of a
large separation in z for the elements making up the ITD Level 1 trigger. The major problem facing the
ITD trigger is therefore the collection of a large amount of data from spatially separated units to a central
location in a sufficiently short time to be useful at Level 1. Unlike the case of individual straws, the ITD
signal for each measuring element will occur within the time bucket of the event since both the drift time
and electrode propagation time are very small.

The SDC has about a 1 m separation for the elements used in the ITD trigger. A minimum amount
of information for such a trigger could be provided by two superlayers, using (61 — ¢2)/(21 — 22) as the
quantity in the trigger. An additional superlayer to provide confirmation is included since a two-layer
scheme is very susceptible to background from random combinations of hits.




4-22 Central tracking system

The ITD trigger assumes a division of the 1 range into 4 bins, with projective geometry for the detector
elements. Each bin in 5 provides an average value of tan A to be used to relate d¢/dz to K. The turn-on
curve for the trigger in the different 5 bins is shown in Fig. 4-16. The background is calculated to be very
small.
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FIG. 4-16. Trigger threshold curve for the four separate 1 bins of the ITD trigger.

4.2.4. Second level trigger

The Level 2 tracking trigger has as its goal the tightening of momentum errors for electron and muon
candidates, the elimination of fakes by the inclusion of more information, and the elimination of a majority
of the conversions contributing to the electron trigger. To accomplish these goals, the second level trigger
uses all tracking devices, including the silicon. The momentum cuts are still based on the change in
azimuthal coordinate with either the radius or the z coordinate in 5 bins. The linking of data from several
superlayers allows the elimination of nearly all fake tracks. In addition, the presence of a track throughout
most of the silicon detector should allow rejection of about 70% of the conversion electrons, with the
remainder dominated by internal conversions. To reject most of the rest of the conversions would require
the use of analog information, an upgrade option, in the inner silicon layers with a pulse height cut to keep
single hits and reject double hits from pairs.

4.2.5. Alignment requirements

The alignment requirements for the tracking system have been described in detail in Ref. 16 and are
summarized here. We describe the geometry by a misalignment vector at every point in the detector
which describes the displacement at the point from an ideal data base of positions established through
some calibration procedure. This vector can be resolved into components in cylindrical coordinates, i.e.,
circumferential, radial, and longitudinal displacements. The alignment requirements are specified by the
allowed values for these components, both locally and correlated over the whole detector. Since the
transverse momentum is measured in a solenoidal field by the change in circumferential position vs. radius,
the requirements are significantly more stringent on this coordinate.

"The local alignment requirements for the coordinates directly measured can be specified by comparison
to the precision of each measurement. A reasonable goal is a misalignment error < 40% of the measuring
error. For the nonmeasured coordinate (e.g., the assumed radius of an intercepted cylindrical layer) the
misalignment results in a displacement of the measured coordinate dependent on the track parameters.
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Again, limiting this error relative to the measuring and multiple scattering errors will lead to a specification
for the misalignment in this coordinate. Finally, by specifying the dependence of the momentum on the full
set of measurements, the effect of correlated misalignments can be quantified.

Based on such an analysis, the specifications in Table 4-7 (always RMS values) have been set for
uncorrelated and several correlated misalignments.

Table 4-7
Alignment requirements.

Maximum local misalignment:

Silicon: 5 um Circumferential
250 pm z (barrels) or r (disks)
80 ym r (barrels) or z (disks)
Straw superlayer: 35 ym Circumferential
250 pm in z
1200 gm inr
Gas microstrips: 40 pm Circumferential
1000 pm in 2z
250 ym inr
Global:
Azimuthal rotational alignment of silicon vs.
straws or gas microstrips 105 radians
Common centering silicon vs. straws 15 pm
Common centering silicon vs. gas microstrips 40 pym
Centering of tracker on beam 500 pm

To achieve the numbers in this table we assume that the silicon placement accuracy is 25 um in the
circumferential direction with a calibration procedure using surveying and x rays providing the location to
5 pm. The mechanical system is then required to be stable over time to 5 um.

For the straw system, individual straw placement errors within modules are expected to be small and
the most stringent requirement is on the positioning of each module as a unit. The various tolerances
making up the overall module placement error are described in section 4.6.5. Surveying and x ray
measurements will be used to verify straw and module positions and establish an initial data base of
locations. Stability over time of the mechanical structure will be important for achieving the alignment

goals.

" The global alignment goals will be very difficult to achieve using surveying techniques alone. We plan
to also use high p; tracks to establish a data base of the relative detector positions. It is critical, however,
that the mechanical structure and positioning are stable over time so that the global alignment can be
specified in terms of a small number of parameters such as the locations of the centers and relative rotations
of the detector subsystems.

A final alignment issue arises in the case of triggering where we cannot input alignment constants,
as in the case of offline reconstruction. The assumption of the trigger is that tracks originate from the
origin. Thus a beam offset is equivalent to an impact parameter for a track, which yields locally a spurious
apparent curvature. Using the equation for a stiff track

¢ =¢o+ Kr+b/r,



4-24 Central tracking system

gives
@ _p_ b
dr r?’

where b now is the beam offset orthogonal to the track direction at the origin. Thus we need to keep
l <o
r2 k-

For the Level 1 trigger, the goal for ox is 3 x 1072 m~!; while for the Level 2 it is a factor of two better.
Using typical radii for the systems (25 cm for the silicon, 50 cm for the gas microstrips and 150 cm for the
straws) we get the following requirements:

b< Tmm for straws at Level 1

b< 800 um for the gas microstrips at Level 1

b< 100 um for the silicon alone at Level 2.

These last two numbers are quite stringent. A significant reduction to the sensitivity on b for the silicon
alone can be achieved by using the full tracker in the Level 2 trigger. In the barrel region, 2 more detailed
analysis for the full set of tracking detectors results in the need to keep b < 500 um.

4.2.6. Possible upgrades

The SDC baseline tracking design is planned for a decade of operation at the SSC. The SSC program
is, however, expected to be very long lived and upgrades of the present system emphasizing vertexing,
pattern recognition, momentum resolution or very high luminosity are possible and may be desirable as
we learn about physics at the TeV scale. The tracking detector is probably the most easily upgradable
subsystem of the SDC.

Some of the possible options, with their strengths, are as follows:
a) Improvements in vertexing through the evolution of pixel detectors.

b) Improved momentum resolution and luminosity capability by deploying silicon strip detectors at
larger radii.
¢) Improved luminosity performance in the barrel region through the use of scintillating fibers or gas
microstrips—particularly for the innermost layers.
A scintillating fiber detector, which remains a possibility for our final baseline design, is described in detail
in section 4.8.

The devices mentioned above are those closest to being realizable at present. It is possible that even
more options will exist in another decade. .

4.3. Radiation environment

4.3.1. Fluence of particles from interactions

The tracking detectors experience a large fluence from particles produced directly from the beam-beam
interactions and albedo from subsequent particle interactions in the calorimeters. With a polyethylene
endcap liner to suppresses albedo neutrons, the fluence at radii less than 50 cm is dominated by charged
particles from beam-beam interactions. For larger radii the fiuence is dominated by neutrons, but both
the straw detectors and gas microstrips are relatively insensitive to these. Thus here again the charged
particles are the major concern. For the straw tubes these create occupancy, and for the gas microstrips
they can create problems by charging the detector substrate. For the silicon, the detector performance is
eventually degraded because of displacement damage in the crystal.
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For a uniform rapidity distribution of produced particles, with no magnetic field, the charged particle
fluence varies as 1/r?, where r is the distance from the beamline. With a magnetic field, charged
particles are trapped, increasing the particle fluence. Particles from photon conversions further increase the
occupancy but produce little damage in the silicon detectors, since electrons create very little displacement
damage to the crystal lattice. With the coil radius of 1.7 m and a B field of 2 T, all primary charged
particles with transverse momenta below 510 MeV /¢ will be trapped. The resulting fluence increase depends
on radius, does not vary greatly with z, and is typically a factor of 1.5 to 2. The fluence of charged hadrons
expected for a year of running at the standard SSC luminosity is shown in Fig. 4-17, as a function of the
radial distance, for the region occupied by the silicon.
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FIG. 4-17. Charged hadron fluence vs. radius for one year at I = 103 cm—251.

4.3.2. Albedo neutrons

Calorimeter albedo is the principal source of neutrons (typically 1 MeV) inside the SDC tracking
volume. Following the prescription of Ref. 17, we have simulated the spatial distribution of the neutrons
from the SDC calorimeter considering a cylindrical cavity of half length 420 cm, radius 205 cm, and beam
hole of radius 42 cm at z = 420 cm. Details of the simulation are given in Ref. 18.

The average number of reflections from the calorimeter face was assumed to be equal to one for an
unlined calorimeter. For calculations of yearly fluences, the luminosity assumed was 1033cm—?s~? for 107 s.
Figure 4-18 shows the fluences for radii r = 0, 50, 100, and 170 cm, respectively. The increase for la.rge 2z,
close to the beam hole, is obvious.

To reduce the neutron fluence, particularly at large z, we will line the faces of the endcaps with 12 cm
polyethylene liners, giving a reduction of a factor of 5 in the direct albedo and a total suppression of the
reflected albedo from the lined surface. In our simulation, shown in Fig. 4-19 for a 10 cm liner, we get a
reduction of the neutron fluence of about 2 in the low-z region and up to 5 close to the endcaps. Moreover
in this case the fluences become extremely uniform over the whole cavity. Typical yearly fluences are:

No liner Endcaps lined

all r, |z] < 250 cm 6 x 1011 3 x 101
r=100cm, 2=400cm 2 x 1012 4 x 101!

It has also been suggested that the liner include a thin layer of boron to absorb neutrons below 100 keV.
We intend to investigate this idea in the future.
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FIG. 4-18. Yearly neutron fluences in the SDC FIG. 4-19. Yearly neutron fluences in the SDC
tracking volume, at L = 10%% cm—2s-1. tracking volume with endcap calorimeters lined

with 10 cm polyethylene at L = 1033 cm~2 s~2.

4.3.3. Backsplash from magnet coil

Using the GEANT-based SDC tracking simulation the occupancy of the straw tube superlayer of the
"OTD nearest to the magnet coil was studied. Occupancy is defined as the fraction of wires in a given
layer recording a hit when the system is read out. Since low-energy particles can loop through the system
for extended periods of time, simulated interactions were generated over the range of -4 to +2 beam
crossings relative to the time of the bucket studied. The hits from these interactions were recorded using
a 50 ns gate. The simulated interactions were minimum bias events since the issue of interest was overall
occupancy. The simulation allows one to switch the mass of the solenoidal magnet off while leaving the
magnetic field within the tracking volume unaffected. Two samples of about 100 simulated event read
outs were studied: one with and one without the magnet mass. The results of this study showed that the
magnet coil contributed a small (possibly statistically insignificant) rise in occupancy from 0.026 to 0.029
for the straws in the outer superlayer. This indicates that the effect of the magnet material is not great.

134 Detector lifeti
The STS sits in the most harsh radiation environment of all of the tracking devices. Therefore, the

study of the effect of radiation on silicon detectors has been a very important area of R&D over the last
two years.

Table 4-8 shows the expected yearly fluences from charged hadrons at design luminosity for various
radii of the silicon tracker. We ignore the effect of 