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PREFACE

The theoretical elements of the standard SU(3) ® SU(2) &® U(1) gauge model of strong and electroweak
interactions have been in place for more than 20 years.!-2 In all this time, the standard model has withstood
extremely stringent experimental tests.> Down to at least 10716 cm, the basic constituents of matter are spin-1
quarks and leptons. These interact via the exchange of spin-one gauge bosons: the massless gluons of QCD
and the massless photon and massive W and Z0 bosons of electroweak interactions. There are six flavors
each of quarks and leptons—identical except for mass, charge and color—grouped into three generations.
All the fermions have beer found except for the top quark and the tau neutrino.4 If the number of
quark-lepton generations is equal to the number N, of light neutrinos, then there are no more than these three.
The evidence for this comes from precision measurements of the Z0 at LEP, which give N, =2.99 + 0.04 in
the standard model 5

The unbroken nature of the QCD gauge interaction and its ground state makes quarks and gluons almost
noninteracting at small distances, while it confines them at large distances into color-singlet hadrons. Even
though gauge bosons necessarily begin without mass, interactions can make them heavy. This is what
happens to the W and Z° bosons: electroweak gauge symmetry is spontaneously broken, a phenomenon
known as the “Higgs mechanism” 6 Finally, fermions in the standard model also must start out massless. To
make quarks and leptons massive, new forces beyond the SU(3) ® SU(2) ® U(1) gauge interactions are
required. These additional interactions explicitly break the fermions’ flavor symmetry and communicate
electroweak symmetry breaking to them.

Despite this great body of knowledge, the interactions underlying electroweak and flavor symmetry
breakdowns remain unknown. The most important element still missing from this description of particle
interactions is directly connected to electroweak symmetry breaking. This may be a single new particle—the
“Higgs boson”; several such bosons; a replication of all the known particles; an infinite tower of new
resonances; or something still unimagined. It is also unknown whether the new interactions required for
flavor symmetry breaking need additional new particles for their implementation. Until the new dynamics
are known, it seems impossible to make further progress in understanding elementary particle physics.

One very important aspect of electroweak symmetry breaking is known: its characteristic energy scale
of 1 TeV. This scale is set by the decay constant of the three Goldstone bosons transformed via the Higgs

mechanism into the longitudinal components, Wi and Z9, of the weak gauge bosons:

1 1
Fy = 274G = 246 GeV.

New physics must occur near this energy scale. New particles produced in parton scattering processes at this
energy may appear as fairly distinct resonances in weak gauge boson or fermion-antifermion final states, or
only as relatively featureless enhancements of Wy and Z; boson production or of missing energy. Whatever
form they take, it is the energy scale of I TeV and the size of typical QCD and electroweak cross sections
at this energy, 0 =~ 1 nb — 1 fb, that determine the energy and luminosity requirements of the SSC: /s =40
Tevand £ = 1033103 cm™2 5717

The energy scale of flavor symmetry breaking is not known. It may lie anywhere from just above the
weak scale, 1 TeV, up to the Planck scale, 1016 TeV. There is the possibility that the SSC will shed light on
the flavor problem, but no guarantee. Several examples accessible at the SSC are introduced below and
discussed in Chapter 2. Their production cross sections range from quite large (~1-10 nb) to very small
{~1-10 fb). Finding the rare processes will require the full SSC energy and the maximum possible
luminosity.



Several scenarios have been proposed for electroweak and flavor symmetries, and their breaking:?

» Standard Higgs models, containing one or more elementary Higgs boson multiplets. These are
generally complex weak doublets, The minimal model has one doublet, with a single neutral boson H°.

e Supersymmetry. In the minimal supersymmetric standard model there are two Higgs doublets, and
every known particle has a superpartner.

¢ Models of dynamical electroweak and flavor symmetry breaking. The most studied proposal is
technicolor-plus-extended-technicolor, with one doublet or one family of technifermions.

» Composite models, in which quarks and leptons are built of more fundamental constituents.

None of these proposals is fully satisfactory. In elementary Higgs boson models, whether
supersymmetric or not, there is no explanation of why electroweak symmetry breaking occurs and why it has
the scale Fy. In non-supersymmetric models, the Higgs boson’s mass, My, and its vacuum expectation value,
v = F,, are unstable against radiative corrections. There is no natural reason why these two parameters should
be very much less than the energy scale at which the essential physics of the model changes, e.g., a unification
scale or the Planck scale.® This radiative instability may be cured because standard model interactions look
supersymmetric down to about 1 TeV, where soft supersymmetry breaking effects become important. This
is the motivation for supersymmetry at the electroweak scale.%-10 A further problem is that elementary Higgs
boson models are known to be “trivial”, i.e,, they cannot make sense as interacting field theories with the
cutoff taken to infinity.1! This means that elementary Higgs models are effective theories, meaningful only
below some cutoff A at which new physics sets in. Obviously, A must be somewhat greater than M for the
effective theory to make sense. For a modest separation of these energies, My < few X A, both perturbative
and lattice gauge calculations give My =< 650 GeV in the minimal one-doublet model with Fj; fixed at
246 GeV.!2 Finally, elementary Higgs models provide no clue to the meaning of flavor symmetry and the
origin of its breaking. The flavor-symmetry breaking Yukawa couplings of the Higgs boson tc fermions are
arbitrary free parameters.

Despite these apparent problems, the standard Higgs boson, H?, charged Higgses, HY, and the -
supersymmetric partners of all the known particles may exist and must be sought. However, if something like
the standard H? is found and is heavier than about 700 GeV, experiments must have the capacity to discover
the additional, unspecified new physics that surely exists in the same energy region, of order 1 TeV.

Dynamical theories of electroweak and flavor symmetries—technicolor and extended techni-
color—address these shortcomings of the elementary Higgs boson models.1> However, they do so at the
heavy price of introducing flavor-changing neutral currents that are too large, and pseudo-Goldstone bosons
(technipions) that are too light.14 These difficulties have been mitigated, but only by invoking an unfamiliar
strong dynamics.15:16 Further, it is difficult to build realistic models; most simple technicolor models appear
to be in conflict with precision tests of the electroweak interactions.? Realistic models of composite quarks
and leptons are similarty difficult to construct.!? Therefore, no compelling models of dynamical electroweak
and flavor symmetry breaking exist. Nevertheless, model-independent phenomenological programs do exist
for testing such models at the SSC.7

These difficulties have led to the widespread belief that none of the familiar descriptions of electroweak
and flavor symmetry breaking is entirely correct. This is, in fact, the most exciting aspect of SSC physics.
We know that there is new physics in the TeV energy regime and that the SSC can reach it. We do not know
exactly what form it will take. The models are invaluable because they furnish a wide range of predicted
signals and backgrounds. These provide a testing ground to guide the design, and to help ensure the discovery
potential, of large detectors such as GEM. An overview of the GEM detector is presented in Chapter 1 and
GEM'’s capabilities for a representative sample of processes involving photons, electrons, muons, jets and
missing energy are examined in Chapter 2. Whatever physics lies in the TeV region, its signals and
backgrounds are bound to be similar to some of those studied there.
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1

OVERVIEW

1.1 INTRODUCTION

The GEM collaboration was formed in
June 1991 to develop a major detector for the SSC.
The primary physics objectives of GEM are those
central to the motivation for the SSC: to study high
pr physics—exemplified by the search for Higgs
bosons—and to search for new physics beyond the
standard model.

We present in this Technical Design Report
{TDR} a detector with broad capabilities for the
discovery and subsequent study of electroweak
symmetry breaking, the origin of mass and flavor,
and other physics requiring precise measurements of
gammas, electrons, and muons—hence the name,
GEM. (See Figure 1-1.) Inaddition, as a design goal,

we have taken care to provide the robustness needed
to do the physics that requires high luminosity.
Finally, good coverage and hermeticity allow the
detection of missing transverse energy, ﬁT.

The GEM design emphasizes clean identifica-
tion and high resolution measurement of the primary
physics signatures for the high pr physics summa-
rized in Table 1-1. Our approach is to make precise
energy measurements that maximize the sensitivity
to rare narrow resonances, to detect the elementary
interaction products {quarks, leptons, and photons),
and to build in the features required to reduce
backgrounds. The design of the GEM detector is
based on the following principles:

FiG. 1-1.

Perspective view of the GEM detector.

1-1



Table 1-1. Physics signatures at the SSC.

Physics Signatures

Standard He yy, (BRW)HOS yy e X

Z2 — £rEET e
ZZ = £ e E, £7¢ f
e vy

Extended H?, he, ¢ Same as above

t—=H*b
P~ ety

Heavy QO Wt g — jets + isolated ¢*
W ere, €+ Er
Technicolor Qr—jj WZ(— £*jsts)
TrArAT
my— heavy 7 £ dijets
Supersymmetry E 7, jots, £€=¢*, multi-leptons
q substructure high-mass dijets

q/¢ substructure high-mass dileptons, [,

None of the above All of the above

o Very precise electromagnetic calorimetry
without a magnet coil in front of it. This will
provide the best measurements of gamma and
electron energies, to allow the reconstruction
of the mass of narrow states with good
resolution.

A precise 4T muon spectrometer in a large
superconducting solenoidal magnet, allowing
measurement of the momenta of high energy
muons with a minimum of multiple scattering.
The muon system operates in a quiet environ-
ment, shielded by the thick calorimeter.

Hermetic hadronic calorimetry for the mea-
surement of jets and the reconstruction of
missing energy.

Central tracking in a magnetic field with
sufficiently low occupancy to operate reliably
at the highest luminosities that can be antici-
pated at the SSC (1034 cm2s71), The central
tracker can be compact, allowing fora compact
calorimeter and a large muon tracking volume.

All technology decisions for the GEM detector
have now been made, with the relatively small
exception of the forward calorimeter hadronic
section. The technologies chosen will provide good
performance even at the highest luminosities at the
SSC. Qur reliance on the calorimetry and the muon
system to provide the precise gamma, electron, and
muon momentum measurements, and thus to allow
precise mass reconstruction, further ensures undi-
minished performance at the highest luminosities
available.

The GEM detector has been designed to the
cost goal of $500M (FY90). A careful cost estimate
has been carried out for the GEM baseline design
described in this TDR, and is presented in detail in
the “GEM Summary Cost and Schedule Book.” The
projected completion date is in 1999. We have been
able to meet our cost geal without any permanent
sacrifice in the required performance of the detector.
However, a number of items were removed from the
baseline design that can be added as upgrades.
Significant further cost reductions would seriously
compromise the physics performance of the detec-
tor. Careful physics simulation studies have demon-
strated that the current baseline design is cost-opti-
mized to do the physics for which the SSC is being
built. The physics reach of the GEM design for
topics of major interest to the SSC is sumrmarized in

Figure 1-2.

12 PHYSICS AND THE GEM DESIGN

One of the primary goals of GEM is to provide
complete coverage for Higgs physics from
80800 GeV. The lower mass represents the limit of
the LEPII reach, while the upper mass represents the
highest value for which the basic idea of the Higgs
mechanism makes sense theoretically. As a
high-precision lepton and photon detector, GEM has
a discovery potential illustrated by its ability to
detect Higgs particles in the challenging “intermedi-
ate mass” range between 80 and 180 GeV. In
particular, the distinctive ¥y decay mode will allow
GEM to explore the gap between 80 GeV and
140 GeV. The production of the Higgs boson in
association with a # pair provides important con-
firmation of the yy signal.
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FIG. 1-2. The physics reach of GEM.

H® > yy detection places stringent require-
ments on the overall detector design, especially the
design of the electromagnetic calorimeter. In the
80-140 GeV mass range, the yy invariant mass must
be measured with high precision and good back-
ground rejection in order to detect the signal above
the background. In the context of the minimal
standard model, the production cross-section is 160
t0 260 fb, as compared to an imreducible direct yy
background that is more than 1000 times larger, in
addition to QCD jet background. A Higgs boson
signal can still be detected, due to its narrow decay
width (5 to 10 MeV), but only if the resolution is
sufficiently high and background rejection is good
enough. For GEM, this stringent set of requirements
has motivated the use of a liquid krypton fine-sam-
pling electromagnetic calorimeter. In this crucial
energy region, both precise resolution for the
stochastic term (< 6 %/ ‘/ITZ in the barrel; <8 %/ ,/E in
the endcap) and good control of the systematic term
(= 0.4 %) are required. Much care has been given to
the development of a calorimeter design that meets
these requirements for GEM. In order to reduce

B 100"
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backgrounds, the GEM design includes longitudinal
sampling and good pointing ability (40-50 mrad/ /E
+ 0.5 mrad) in the calorimeter. The combination
yields a signal/background ratio sufficient for the
discovery of the Higgs boson at design luminosity,
and for the exploration of the Higgs sector at
luminosities up to 10 times higher.

Of similar difficulty is the detection of a Higgs
boson in the next higher mass region, approximately
140-180 GeV, where the best modes are H® —
ZZ¥—= I*IT1*T. Since this region is below threshold
for producing two real Zs, the rate is low, again
making the detection difficult. In GEM, we plan to
measure all modes—e*e"ete”, utuu*u",
e*e u*u~ —with good acceptance and resolution.

For a standard model Higgs boson mass
between 200-800 GeV, the signature of four isolated
leptons from two Z decays is very clean and
straightforward to detect. However, as the mass
increases, the rates fall and the Higgs broadens, At
the highest mass (~ 800 GeV), where the rates are
lowest, it is necessary either to run at higher



luminosities or to add the complementary modes
I*I” jet jet and 1 v, to be able to discover the
Higgs boson in one year at the standard luminosity
(£=10%em 251,

The considerations necessary to make a detec-
tor robust at high luminosity—choice of technolo-
gies, segmentation, ability to withstand radiation,
and integrated shielding from backgrounds—are all
important. We have paid particular attention to these
points, and we expect GEM, without major up-
grades, to have important capabilities up to the
highest luminosities (£ = 103 cm™2571) expected
at the SSC. This ability is demonstrated in Fig-
ure 1-3, which shows the signal expected in one year
at this luminosity for Z' — e*e™ at a mass of 4 TeV.
Note the rapidly falling Drell-Yan background, the
signal with good resolution, and the small residual
background under the signal peak. The observed
width is model-dependent and our mass resolution
of 0.3% allows us to distinguish among models. It
should also be noted that in GEM, the couplings of
the Z' to fermions can be probed by high luminosity
studies of angular distributions of the muons from
Z' > u*u~. Our muon system’s unique ability to
measure multi-TeV muons with negligible charge
confusion will allow us to study the couplings of the
heaviest Z' that can be produced at the SSC.

If supersymmetry exists—for example, as in
the minimal supersymmetric extension to the stan-
dard model—then the detection and study of super-
symmetric Higgs bosonsis likely to be more difficult
than in the simple examples given above. The
highest possible lepton and photon resolution will be
needed to maximize the detector’s ability to discover
the supersymmetric Higgs boson within the first few
years of running at the SSC.

These examples are characteristic of areas
where the physics motivation of GEM determines
the design. More generally, GEM is designed to aim
for all the physics goals listed in Table 1-1. Our
philosophy is to cover this wide range of physics
with the idea that whether or not any of these specific
ideas prove true, GEM’s capabilities will provide us
with the tools needed to discover and explore
whatever unknown physics may exist at the SSC.

A complementary strength of the GEM design,
with a compact inner tracker, modular calorimeter,
and large volume muon system, is its adaptability to
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major advances in physics (or particle detection
technology) that may occur in the course of the SSC
experimental program. Although the GEM design is
optimized to cover the broad range of new physics
scenarios and signatures that are currently envi-
sioned, progress in our understanding may lead to
newrequirements for higher performance in the long
term. Replacement of an inner detector subsystem or
extension of the muon system’s lever arm outside the
magnet coil could then be implemented at moderate
cost, in order to extend the physics reach in specific
directions. This adaptability ensures that GEM will
be able to continue to do front-line physics for many
years, well beyond the first phase of the SSC
program.

1.3 DETECTOR DESIGN

In the design of GEM we have extensively
used simulation techniques to set requirements and
to evaluate performance of the proposed detector.
We have used full GEANT simulations in detailed
studies and design of our subsystems, and in this
TDR we present these studies in the subsystem
chapters. In physics simulation studies, for efficient
use of the available computer resources, we have
used either parametrized studies or, where neces-
sary, hybrids of full and parametrized simulations. In
Chapter 2, we evaluate and present the physics
performance for a wide variety of processes using
these tools, with an emphasis on the parametrized
program gemyfast, which simulates detector perfor-
mance well. This approach is founded in a broad

150
T -
& i
8 100 -
3 -
o g
<
b -
87 E
@ .

0 ’ LI - .1 l ol

1000 2000 3000 4000 5000 6000

v
Mee (GaV) TIP 04340

FIG. 1-3. The high luminosity (£ = 10 em2s™1)
performance of GEM for detectinga 4 TeV Z° — e+g-in
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range of specific full-simulation studies, as de-
scribed in the various subsystem chapters.

A vertical cross-section view of the large,
0.8-T magnet, with the detector elements placed
inside, is shown in Figure 1-4. The main elements
are a compact central tracker and hermetic calorime-
try for precision electromagnetic measurements of
electrons and photons, plus the detection of jet
energy and ﬁT with good resolution. The region
outside the calorimeters provides a large volume,
well-shielded from the interaction point, where
accurate muon momentum measurements are made.
The top-level specifications for the GEM detector
are given in Table 1-2. The detector approach
described here is complementary to the SDC detec-
tor, going beyond its physics reach in specific areas,
while maintaining an important degree of overlapin
the two detectors’ capabilities. The SDC detector
features a large tracker, while GEM emphasizes
precise measurement of gammas, elecirons, and
muons, plus unique capabilities at high luminosity.

The detailed optimization of our design is
determined by the physics requirements, the practi-
cal ability to meet the necessary performance
specifications, and cost/schedule constraints. We
have paid particular attention to detector integration

issues such as radiation shielding and the interface
between the beamling and the inner radius of the
detector. The detector design results from a detailed
research and development and engineering design
phase that has led to the choice of detector technolo-
gies and to their application in an integrated system
that is optimized for physics discovery. The techni-
cal choices are based on overall detector perfor-
mance, a philosophy of simplicity and uniformity of
design, reliability and ease of calibration, flexibility
inthe means of access and installation, and the issues
of cost and schedule. In making the major tech-
nology choices, we have used a process of compara-
tive review (often including outside experts), open
discussions at GEM Collaboration Council meet-
ings, technical documentation through GEM inter-
nal notes, discussion and recommendations by the
GEM Executive Commtittee, and finally decisions
by the spokesmen.

Detailed descriptions of the detector subsys-
tems, including technical features, implementation
and integration issues, and studies of expected
performance are given in the following chapters. In
all discussions of assembly, cost, and schedule, the
TDR is based on the S5C baseline completion date
of 1999, We describe briefly some of the key
features of each major subsystem below.
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Table 1-2. Top-level specifications for the GEM detector.

“Magnet

Central field
Inner diameter
Length

Muon systam
Coverage
Apr/pr at Inl = 0, pr =500 GeV
Apr/pr atinl = 2.5, pr. 500 GeV
Charge separation (n = )

Electromagnetic calorimeter
Coverage
Energy resolution
Position resolution
Pointing resoclution

Hadronic calorimeter
Coverage
Jet resclution
Tracker
Coverage
Charge separation at 95% C.L. (7 = 0)
Momentum resolution
at high momenta {(measurement limited)

087
18m
Am

0.1 < <25

5%

12%
p<65TeVat95%C.L.

Inl <3
6-8% /VE ® 0.4%

4.4 mnv/E

40-50 mrad/E + 0.5 mrad

Inl< 5.5
60%/ /E ® 4%

<25
p< 600 GeV

Apip2=1.2 %1073 (GeV)1

at low momenta {multiple scattering limited) Apip = 3.5%
1.3.1 Magnet The magnet provides a nearly uniform axial

GEM empioys a very large superconducting
solenoid that surrounds the detector elements. In the
forward region we employ field shaping iron poles.
The magnet design is optimized for field, radius, and
length, with a nominal field of 0.8 T, an inner
diameter of 18 m, and a length of 30.8 m, as
described in Chapter 3. The major design parameters
for the magnet are given in Table 1-3.

The very large size of the GEM magnet dictates
the choice of a superconducting solenoidal coil
design. In addition, cost and risk considerations have
led to a conservative design with a single-layer
winding, using a niobium-titanium superconductor
with a large stability margin. Savings in cost and
installation time have been achieved by selecting a
design with no return yoke.

field in the region of the central tracker, allowing
measurements of the momentum of emerging
charged particles from the interactions. This allows
sensitivity to same-sign electron and same-sign
muon final states, including gluinos over a wide
range of parameter space. In the volume of detector
outside the calorimeters, the magnet provides a
0.8-T field for muon momentum measurements.

Another feature of the magnet system is the
pair of conical forward field shapers, one at each end
of the solenoid. The field shapers introduce a radial
component to the forward field by concentration of
the field lines, enabling the muon system to meet the
momentum resolution requirement in the forward
direction. The final element in the magnet system is



the stainless steel central detector support (CDS)
that supports the calorimeters and the central tracker.

Table 1-3. Major design parameters of the GEM

magnet.
- - . _________}

Magnet.

Central field 080T
Inductance 1.98H
Operating current 50.2 kA
Stored energy 25G6J
Axial force on conductor (each half) 52 MN
Mean radius of windings 9.5m
Length of cold mass {each half) 14.25m
Total mass of magnet (each half) 1300 Mg
Forward Field Shaper (FFS):
FFS cone minimum 2 10m
FFS cone maximum z 18 m
FFS cone inner radius (minimum)  0.350 m
FFS cone outer radius (maximum) 2.5m

Total mass of FFS (each) 899 Mg

The coil will be manufactured in two halves on
the surface, lowered into the underground hall and
mounted on each side of the CDS. The coil halves are
designed to be movable along the beamline, which
is important for installation and detector access. The
field shapers are separate assemblies, also movable
along the beam axis.

The principal challenge for the magnet is
associated with its size; the superconducting coil
design is conservative and carries little technical
risk. Because of its size, the magnet must be
constructed at the site. A “request for proposals” for
construction of the magnet has been issued, propos-
als have been received, and the proposal evaluation

is under way. The scheduled completion during 1996
requires early availability of surface facilities, where
the coils will be wound, and of the underground
experimental hall, where the magnet will be as-
sembled.

1.3.2 Muon System

Precise muon measurements, robust to high
luminosity, are a primary goal of GEM. Muons
provide signatures for a wide range of possible
important new physics. Qur design provides excel-
lent muon information up to the kinematic limit of
the SSC. At the top end of this range, the ability to
operate at high luminosity and to determine the
charge of multi-TeV muons is essential for heavy
Z' — p*u- studies. High-resolution measurements
of muon momentum are required to search for
H? - ZZ* — u*uutu~ in the difficult region from
140-180 GeV. Good coverage of muons for
|77]| < 2.5 is especially important for low rate
processes such as H® — ZZ* — u*u -t~ Robust-
ness comes into play again for H — u*u-u*u- at
high mass (e.g., 800 GeV) and for the search for
quark-lepton substructure.

To perform well for this range of physics, the
GEM muon system is designed to be precise: A prpr
= 5% (12%) at 5 = 0 (2.5) for pr = 500 GeV. In
addition, it is shielded very well from background
sources, both by the thick hermetic calorimeter and
by other shielding. This enables it to be sufficiently
robust to operate at the highest luminosities (£ =
1034 cm2 571 attainable at the SSC. The major
design parameters of the muon system are given in
Table 1-4.

Muons are identified by their penetration
through the calorimeter system (Figure 1-5). Muon
momentum is measured using the sagitta method in
three superlayers between the calorimeter and the
magnet. The resolution in the sagitta measurement
varies as BL2, where B is the magnetic field strength
and L is the lever arm of the measurement.
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Table 1-4. Major design parameters of the GEM
muon subsystem.

Coverage:
Barrel region: Cilc<ip<13
(29.23° <6 < 84.3°)
E"(g.'r °':%i°<mz7.71 °) 14<mi<248
Number of sectors in ¢ 48
Lever arm:
Barrel >42m
Endcap >86m
Chamber parameters:
Singie-layer resolution 75 um (AMS)
Timing resolution 3.5ns
Beam-crossing tag efficiency >89%
Intemal chamber alignment S50um
Sug:grl‘amy::tto—supenayer 25um
Radiation length/chamber layer 1.1%

No. of chamber 8:6:6 barrel

ﬂﬂaﬁr SSL1 SL2: LSI 8:6:6 enﬂ
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The muon momentum resolution is determined
at high momenta by the spatial measurement errors
(both inherent and due to misalignment), and at low
momenta by the multiple scattering in the middle
layer of chambers and energy-loss fluctuations in the
calorimeter. It is therefore crucial to have high
accuracy in position measurements, minimum scat-
tering material, and the best possible measurement
of muon energy loss in the calorimeter. Our studies
of the effects of the muon resolution on the ability to
detect Higgs boson decays through the signature
H® - ZZ* 41, indicate that the middle layer must
be less than 10% of a radiation length in order not to
degrade the measurement. For very high momentum
(e.g., from Z’ decay at the highest mass, ~ 8 TeV, that
is accessible at the SSC) the most demanding
problem is sign selection for each muon. This
requirement demands single layer resolutions of
75 um and alignment between superlayers of
25 um.

Another consideration that affects the design
of the muon system is chamber occupancy. To keep
the rates in the muon region at tolerable levels for
lominosities above 1034 cm™2 s~!, we employ a thick
(2 114 at 5 =0, increasing in the forward direction),
nearly hermetic calorimeter system with a design



for the forward direction that keeps the background
contained within the calorimeter volume. The thick-
ness is chosen such that the rate from punchthrough
hadrons is significantly below that from in-flight
decay muons.

A notable design feature of the muon system is
the use of a 0.2-m open space outside the calorime-
ter, before the first muon superlayer, to bend away
charged particles arising from electromagnetic
showers initiated by high-momentum muons. The
clear space leads to higher reconstruction efficiency
for TeV muons than in systems using chambers
interleaved with iron. :

A very important element is to provide a
carefully designed shield to reduce the large neutron
and photon backgrounds that result when particles
emerging at large 57 from the interaction region strike
the low-f quadrupoles, the forward field shapers, the
forward calorimeters, and the beam pipe, and create
electromagnetic and hadronic showers. It is note-
worthy that the compact, close-in design of GEM’s
forward calorimeter system makes an exceptionally
effective shielding configuration possible at moder-
ate cost. A full discussion of these points is given in
Chapter 12.

The choice of technology for the GEM muon
spectrometer was based on an intensive research and
development program. We considered a variety of
systems using pressurized and unpressurized drift
tubes, resistive plate chambers, and cathode strip
chambers (CSCs). The first consideration was to
obtain the required spatial resolution, which was
achieved with all technologies. Other important
criteria included the determination of the z coordi-
nate, triggering, and occupancy. We have selected
the CSCs because they meet all the requirements in
a single technology and can be applied in both the
endcaps and barrel. The technology choice was
imade recently, and, although we present here a
complete and consistent muon system design that
meets our design specifications, we expect the
system to be further optimized for minimum materi-
al and maximum coverage. This will improve the
performance and discovery ability for H? — ZZ* —
it and ptutete”

Figure 1-6 shows the muon momentum resolu-
tion versus pseudorapidity for the baseline design as
a function of transverse momentum, resulting from

the baseline GEM muon system and magnet. As
shown in the figure, this design provides 5%
resolution at# = 0 for muons with pr= 500 GeV and
12% resolution at 7 = 2.5.
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FIG. 1-6. Muon resolution vs. 7.

1.3.3 Calorimeter

The major design parameters of the GEM
calorimetry subsystem are given in Table 1-5. One
of the principal goals of GEM is to achieve the best
possible electromagnetic resolution and background
rejection. These ambitious goals are motivated by
the search for new physics, such as narrow reso-
nances leading to multi-photon and/or multi-elec-
tron final states, as well as the search for Higgs
particles. We also require good resolution for hadron
jets and Eq The general layout for the GEM
calorimeter is shown in Figure 1-7.

The resolution of an electromagnetic calori-
meter can be parametrized as o/E = a%//E & b%,
where a is the stochastic term and b the systematic
term, and the terms are added in quadrature. For both
the H — yy reaction and the H — ZZ* — 4lreaction,
the typical particle energy is less than 100 GeV; at
such energies, minimizing both terms is important to
obtaining the required resolution.

For physics at higher energies (e.g., Z' — e*e™)
the control of the systematic term is the most
important factor. In addition, for small cross-section
signals, good background rejection abilities and
robustness at high luminosity are essential.

For the difficult intermediate mass Higgs
boson, 80 < M < 140 GeV, the primary signature is
the decay H0— yy . Another important function of
the GEM electromagnetic calorimeter is to provide
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sufficient resolution and background rejection io
allow detection of H0 — ZZ" — e*ee*e and HO —
ZZ" — ¢*eu*u~. The low rate for these reactions
makes it important to be able to detect all of the 4£
decay channels.

After rigorous R&D studies in which a BaF,
crystal calorimeter was compared with a noble
liquid sampling calorimeter, we have selected a
liquid accordion electromagnetic calorimeter. The
noble liquid option with krypton in the barrel and
argon in the endcap has been chosen because of its
ability to achieve the required resolution, longitudi-
nal segmentation and pointing ability, its intrinsic
radiation resistance, its ease of calibration, and the
extensive experience that has been acquired with
large liquid-argon systems. The accordion geometry
provides good hermeticity and allows for faster
readout than parallel-plate calorimetry because of
lower inductance and capacitance. Results from a
prototype accordion calorimeter tested at BNL, with
somewhat thicker plates than in the final GEM
design, yield an electron energy resolution of
6.7%//E and a very small systematic term. All
aspects of its performance are well reproduced by
our simulations. It is thus expected that this technol-
ogy choice will provide a system with good intrinsic
resolution and a well-controlled systematic term in
the electromagnetic resolution. The design goal for

the GEM system is o/E = 6% / JE @ 0.4% for the
barrel and o/E = 8%//E @ 0.4% for the endcap,
where the electron and photon energies are higher.

The performance of the electromagnetic calor-
itmeter in GEM is the most demanding, but the
hadron calorimeter also piays an important role. It
determines jet energies with a resolution of o/E =
60%/ ‘/}_E @ 4%. The hadron calorimeter is very
nearly hermetic because it is used (in conjunction

with the forward calorimeter) to measure fr.

Three alternatives for hadron calorimetry in
the barrel were studied: an integrated noble liquid
hadronic section, a sampling scintillator-based calo-
rimeter, and a hybrid system. The integrated calo-
rimeter is the most ¢ostly and requires a cryostat too
large to manufacture off-site and transport over the
road. The scintillator calorimeter involves a difficult
problem of bringing the services out of the electro-
magnetic krypton calorimeter, has a transition
region near shower maximum with thick cryostat
walls, and also has radiation damage concerns.
Finally, the hybrid system that we have chosen
performs the hadron calorimetry primarily in the
nobile liquid (in the first ~ 61), then is followed by a
relatively inexpensive copper/scintiilator calorime-
ter that provides the necessary shielding for the
muon system and calorimetry information for
late-developing showers.

1-10



Table 1-5. Major design parameters of the GEM

calorimeter.

Noble liquid section;

EM energy resolution
Barrel
Endcap

EM position resclution

EM pointing resolution
Barrel
Endcap

EM coverags

Hadron coverage

Jet resolution

Number of absorption-
lengths

an=0
atp=3.0

Lateral sagmentation

(n )

6%/ VE @ 0.4%
8%/ VE D 0.4%
4.4 mm/ JE

40 mrad/ JE + 0.5 mrad
50 mrad/»/E + 0.5 mrad
inl<3

Ini1< 55

60%/ /E ® 4%

= 111

124 instrumented, > 164
total

EM 0.026 x 0.026
HAD 0.08 x 0,08
Longitudinal
segmaeantation
Liquid barrel 3EM+3HAD
Endcap 3 EM+ 4 HAD
Scintilating barrel section:
Lateral readout 0.16 x 0.16
segmentation (n, ¢)
Longitudinal 1 layer
segmentation
Forward section:
Lateral segmentation 0.2 x0.2
. ¢)
prresolutionforjets A pr/pr<10%
Instrumented 11.44
absorption lengths
Total weight 2814 Mg

The primary function of GEM’s forward
calorimeters is to measure high-momentum par-

ticles near the beam pipe. Together with the barrel

and endcap calorimeters, they determine £ rdownto
the level of irreducible background from standard
sources of neutrinos. The design goal is to provide

[ 1 signatures for massive gluinos and squarks, or
other new particles, whose signatures may include
jets with measured Er 2 75 GeV and electrons with
measured Er = 20 GeV. In order to achieve these
goals, the forward calorimeter must cover the region

| 7 1< 5.5, be sufficiently dense to fully contain
hadronic showers, be sufficiently fast to cope with
the high-density particle flux in this region, and be
radiation-hard. The baseline design we have adopted
has a first section consisting of a specially designed
liquid-argon calorimeter, followed by a second
hadronic section consisting of a liquid-scintillator-
capillary and tungsten calorimeter. The calorimeter
is optimized to include good spatial information in
the first section and sufficient transverse hadron
shower containment in the second section. It also
serves the prosaic but important function of helping
to shield the muon system.

1.3.4 Central Tracker

The purpose of the central tracker in GEM is
two-fold: to support the primary GEM goals of
measuring gammas, electrons, and muons at high pr,
and to provide pattern recognition capabilities and
vertex resolution for studies involving b, ¢, and 7
physics. The primary goals must be met at high

luminosity, £ = 1034 cm™2 571, while the secondary
tasks need be accomplished only at the standard
luminosity of 1033 cm=2s71.

The support of GEM’s primary physics goals
imposes a series of requirements on the central
tracker system. These include good separation of
gammas and electrons by finding a charged track and
measurement of the electron sign up to 600 GeV.
The former requirement is essential to the search for
H> ¥y and to background rejection in Z’ — e*e™;
the latter, for the gluino search using the signature of
same-sign leptons. Another important role for the
tracker is to measure the position of the primary
vertex, which is crucial for pileup background
separation, especially at high luminosities, and for
measuring the Higgs boson mass. The tracker must
serve as an aid in particle identification (electron-
hadron separation and muon identification) by
providing consistency checks with the other subsys-
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tems. It is also important for background rejection by
enabling track isolation cuts to be made. Physics
involving b, 1, and 7 decays requires full pattern
recognition capability, including secondary vertex
finding and tracking at low momenta. We have
incorporated as much of this capability as is practical
within the scope of the GEM central tracker.

A variety of technologies were considered for
the central tracker. Our design incorporates two
technologies. For the inner section of the tracker we
considered silicon pixels and long-drift silicon, as
well as silicon microstrips. The silicon microstrip
technology was chosen because it is more mature
and gives the required fine segmentation and
radiation resistance. For the outer section, straw
tubes and scintillating fibers were considered, as
well as interpolating pad chambers (IPCs). IPCs

were chosen due to their low occupancy, their
correlation of coordinates on a track to provide
“near”-three-dimensional space points, their high-
luminesity capability, and their demonstrated opera-
tional resolution of 50 #m. The major design
parameters of the GEM ceniral tracker are given in
Table 1-6. '

The central tracker is 1.8 m in diameter by
3.5 m long, surrounding the interaction point. The
tracker size was determined by a combination of
factors: placing the calorimeter at a distance suffi-
cient to allow 70 rejection by shower shape analysis,
minimizing the calorimeter cost, maximizing the
tracker resolution, and preserving sign-selection
ability to high momenta. The layout of the tracker
system is shown in Figure 1-8.

35m

| BERYULUM
BEAM PIPE

SECTION A-A
FIG. 1-8. The GEM central tracker.

apidﬂ overage T

Occupancy
at£=10%3cm2s
at2=10%¥cm2g!

Charge separation at 95% C.L. (p=0)

Momentum resolution

at high momenta
{measurement limited)

at low momenta
multiple scattering
limited)

Vertex resolution .
along beam direction
impact parameter

Table 1-6. Major design parameters of the GEM central tracker.

FILICON TRACKER

gl <2.5
<1%

£ 10%
p < 600 GeV

Ap/ip? = 1.2x 1073 (GeV)!

Ap/p=3.5%

AZ= 1 mm
Ab = 25 umabove 10 GeV
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13.5 Electronics/Data Acquisition

Triggering and data acquisition in GEM will
follow a three-level strategy to provide a system
without deadtime that provides as much information
as possible at each trigger level. It is designed for
luminosities up to 103* cm=2 s~1, with provision for
improving its efficiency at higher luminosities with
modest upgrades. The trigger system design goals
are given in Table 1-7.

Table 1-7. Trigger system design goals.

Level 1
Rate in 60 MHz
Rate out 10 kHz
Latency 2us
Level 2
Rate in 100 kHz
Rate out 300 Hz
Latency £500ms
Level 3
Rate in 3 kHz
Rate out 100 Hz

The GEM trigger and data acquisition archi-
tecture consists of a synchronous and pipelined
Level 1, an asynchronous Level 2 (possibly with
special purpose hardware), and a Level 3 processor
ranch. Inthe data acquisition system, full granularity
data is available at Levels 2 and 3. Level 1 is
designed to handle up to 60 MHz input rate, with an
output rate of 10 kHz. Level 2 is designed to handle
an average input rate up to 100 kHz, with an output
rate of 300 Hz. Finally, Level 3 accepts 3 kHz, with
an output rate of 100 Hz. It should be noted that the
Level 2 trigger is implemented as a “virtual Level 2,”
using the processor ranch with access to the full
event data.

The individual subsystems impose special
conditions on the electronics. The inner silicon
tracker is a digital system that needs radiation-hard
electronics, and much of the electronics is integrated
on the detectors. The IPC system also must be
radiation-hard. It uses an analog readout, requiring
1% precision on 400 000 channels. The Level 1
trigger results in the digitization of the data stored on

the tracker, which are then zero-suppressed and
collected through a fiber-optic link. The calorimeter
electronics of 128 000 channels requires wide
dynamic range and excellent timing to identify the
beam crossing. Finally, the muon cathode strip
chambers use chamber-mourtted front-end electron-
ics and low-cost, custom integrated circuits due to
the large number of channels (= 105).

14 GEMPROJECT

1.4.1 Assembly, Access, and Maintenance

The GEM detector will be located at interac-
tion region 5 (IRS), which includes a large under-
ground detector hall and associated surface facilities
for manufacturing, assembly, operations, offices,
and utilities,

The underground hall is 30 m wide, 100 m long
and 41 m high, with two large installation shafts, an
electronics shaft, and a utility shaft. It is equipped
with two 75/20-Mg bridge cranes for general use and
for handling some detector components. In order to
handte the massive assembled subsystems, the floor
will be equipped with heavy duty rails and other
equipment. This transport system will be used for
detector assembly, which will be done mostly in
pre-assembled large units, and for detector access
and maintenance,

The size and general configuration of the hall
has been determined from the parameters of the
detector, its installation and maintenance require-
ments, provision for adequate shielding, and the
requirements for the local accelerator systems.

The two installation shafts will be used to
lower the magnet halves and assembled detector
subsystems from the surface into the experimental
hall. The principal consideration that establishes the
requirements for the surface facilities is the need to
manufacture the large GEM superconducting mag-
net on-site.

Figure 1-9 shows the GEM surface facilities at
IRS. The main features are two large assembly
buildings, each connected through heavy load paths
to the two installation shafts. Detector subsystems
will be assembled in these buildings and lowered
into the hall for final detector assembly.

A detailed schedule for assembly is given in
Chapter 9, based on the availability of components
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South assembly building

Installation shafts

Utility buildings

FIG. 1-9. The GEM surface facilities at IR5.

and efficient use of the surface assembly space. We
note that the symmetrical nature of the detector and
its assembly around a fixed central detector support,
the two installation shafts, and the large mutti-pur-
pose assembly space offer considerable flexibility in
installation scenarios.

A view of the assembled detector in the hali is
shown in Figure 1-10. All detector components can
be accessed and maintained. For access, we have
incorporated the capability to open up the detector
along the beam line, pulling back the magnet halves
against the far walls of the underground hall for
major access. For detector maintenance, we have
developed a seven-level scheme (Chapter 10) of
access, determined by access restrictions (beam
on/off), location in the detector hall, and extent of
disassembly required. We have placed critical com-
ponents in locations where short-term access is
possible and have ensured that all components can
be maintained within an annual 3-month shutdown
period. In addition, we have paid attention to the
feasibility of either upgrading or replacing subsys-

Magnet vessel
assembly area

Mooy

E‘e{spnnel access
uilding

Gas mixing building

tems as needed for the long-range evolution of
GEM.

1.4.2 Detector Integration

Detector integration has received much atten-
tion in GEM. The primary integration issue is to
select the parameters of the detector to make a
coherent, optimized design. The parameters of the
detector presented here have gone through careful
trade-off studies for cost, performance, and consis-
tency with the main priorities of GEM, High-level
integration issues, such as decisions on the transition
between two detector systems, support, services,
and access, are decided after meetings between the
detector groups, engineering meetings, and final
discussions in the Executive Committee (see Chap-
ter 14).

Most integration issues are addressed in ap-
propriate subsyster chapters of the TDR; some have
been addressed separately. The detector/beamline
interface (Chapter 11) involves several issues:
attaining the desired vacuum; minimizing secondary
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FIG. 1-10. Assembled detector in the hall.

interactions in the beam pipe, associated pumps, and
related equipment; and facilitating assembly and
access. Forward calorimetry places severe require-
ments on the beampipe design. We have determined
that the best location for the forward calorimeter is
contiguous to the endcap calorimeter. This location
is much better than further downstream from the IP,
because it is far easier to shield as a neutron source
for the muon detectors and because the calorimeter
is considerably smaller andless expensive. The main
problem is to make the beam pipe small enough to
permit the required #-coverage for f- studies. We
have designed a beam pipe that begins with an 8-cm

diameter in the region of the forward calorimeter,
and then is flared so that it lies in the shadow of the
calorimeter,

A second important integration issue involves
radiation shielding (Chapter 12). We have carefully
considered sources of background in the detector. A
well-shielded entrance to the interaction hall pre-
vents radiation from beam-gas interactions from
entering the hall. The primary source is from
products of pp collisions at the interaction point. At
SSC luminosities the neutron and photon fluences
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could be very large. We have taken great care to
reduce them to a tolerable Jevel.

The GEM detector is hermetic for iz < 5.5
and thick enough to reduce the flux in the muon
system. Beyond lry | = 6, we have taken care to
minimize material, with the beam pipe shielded by
the calorimeter, allowing the scattered particles to
strike the collimator at the face of the final low 8
quads. These quads are placed far downstream and
are well shielded from the detector. The practical
realization of the shielding presented reduces the n,
¥, and charged particle fluxes to a manageable level
(see Chapter 12) in all regions of the detector up to
the highest luminosity expected at the SSC.

143 Upgrades

An example of a deferred item that can be
implemented as an upgrade is an extension of the
field shaper. It was shortened by 1.5 minthe baseline
design, saving several million dollars. Restoring the
extra iron would improve muon resolution by about
10% at 7 = 2.5. Another example is to add more
powerful Level 1 and Level 2 trigger processors, for
which provision has been made in the current design.

In addition to these deferred items, these are
several other improvements that can be implement-
ed as future upgrades to enhance the performance of
the detector. The muon resolution can be significant-
ly improved by the addition of a set of muon
chambers outside the magnet, where there is enough
room for this purpose. The calorimeter resolution
could be improved by using krypton in the endcaps,
or possibly by using & xenon-krypton mixture
throughout. The performance of the central tracker
can be improved at high laminosity (£ = 1034 cm—2
sec™1) by replacing the silicon microstrip inner
detector (which probably cannot tolerate the radi-
ation levels at this high luminosity) with a more
radiation-resistant detector based on silicon pixels or
gallium arsenide.

14.4 Commissioning and Initial Operation

The physics simulations presented in this TDR
are based on the baseline detector at
£ =10 cm2 s-1, except for Section 2.6, where we
address the physics capabilities at £ = 10>4 ¢cm25-1
(a particular strength of GEM). Initial turn-on
scenarios at SSCL may involve a period of running
at Jower than the design luminosity. It is worth

noting the physics potential for such early running,
beyond its value for detector commissioning.

In particular, integraied luminosities up to
1037 cm~2 (perhaps early shakedown running) can
be used for elastic and total cross sections, structure
function and jet fragmentation studies, B-physics, a
precise W boson mass determination, and f-quark
physics. The GEM detector could address these
items and do very useful commissioning work with
Wand Zevents. For integrated luminosities reaching
103 cm2, detailed studies of -quark decay rates
and properties and early searches for light gluinos,
techni-rhos, and other new strongly produced par-
ticles can begin in a significant way.

At the next step in integrated luminosity, to the
level of 103? ¢cm~2, exploration for aHiggs boson can
begin over much of the mass range, as well as
significant particle searches. Perhaps as important,
running with full capability will be crucial to having
adetector well understood and capable of the full set
of physics goals when integrated luminosities of
1040 cm-2 and eventually 104! are reached.

1.5 GEM COLLABORATION AND
ORGANIZATION

The GEM collaboration consists of 1010
collaborators from 114 institutions in 17 countries.
We have a broad and deeply talented group com-
mitted to developing a powerful detector for the
S8C. This international collaboration has been

. working closely together on the extensive R&D and

engineering program that was needed to design the
detector described in this TDR. The collaboration
has operated, since its inception, with a temporary
organization, which is evolving into a more perma-
nent one with the submittal of this TDR.

The collaboration has worked systematically
to develop a plan that is well-suited for implement-
ing GEM as we move past the TDR into the project.
We have recently approved the general organization
plan presented in Chapter 14. The plan represents an
evolution of our successful interim structure. It is
founded on democratic principles and is built around
an active group of institutional representatives (the
Collaboration Council) who discuss and approve all
major decisions and appointments. The Internation-
al Committee ensures that all participating countries
function effectively within the collaboration, and an
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Executive Committee advises the spokesmen and
project manager on scientific, technical, and mana-
gerial decisions as the detector is constructed and
operated. We are organized into subsystem groups,
each with its own organization, and the entire
collaboration is directed by the spokesmen.

The scientific collaboration is integrated into a
project organization, responsible for coordinating
the overall engineering, budgets, cost, and schedule
for GEM. A draft project management plan for GEM

has been submitted, and the management team is
being put in place on the time scale of the TDR,

Responsibilities for individual groups are be-
ing developed .and matched to project needs for
implementation of GEM. We will be developing
memoranda of understanding (MOUs) with each
institution during the coming year. We are paying
special attention to defining appropriate roles in
GEM for all international collaborators, U.S. univer-
sities, and taboratories.
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2

PHYSICS PERFORMANCE
OF THE GEM DETECTOR

2.1. INTRODUCTION

The primary goal of the GEM experiment
is to explore the TeV energy region opened
up by the Superconducting Super Collider.}:??
As discussed in the Preface, this region holds
the physics of electroweak symmetry breaking,
though the precise nature of this phenomenon
remains unknown, It is hoped that it also con-
tains the allied physics of flavor symmetry and
its breaking, whose origins and mass scale are
not understood. Beyond electroweak and fla-
vor physics, there are numerous speculations
on what may lie within the SSC energy re-
gion. They range from new, heavy fermions,
either sequential or nonsequential, to exten-
sions of the standard electroweak gauge group,
and even to extended structures associated with
electroweak symmetry breaking. Experiments
have provided no guidance to whether these or
other new physics reasonably may be expected
in the TeV region. To achieve GEM’s goals,
therefore, the detector is designed to be sensi-
tive to the widest possible range of new physics
signals.

The new physics of the past 25 years has,
almost invariably, been heralded by the ap-
pearance of isolated, high-energy leptons. The
same is expected to be true for the physics
of electroweak and flavor symmetry, as well
as for the many proposed extensions of the
standard gauge structure. This expectation
underlies the principal GEM design concepts:
(1) High-precision electromagnetic calorimetry
augmented by inner tracking and hadronic
calorimetry for excellent single photon and
electron identification; (2) Precise muon iden-
tification and momentum measurement in a
large, open magnetic field outside the calorime-
ters. The EM calorimetry gives GEM the high
energy and spatial resolutions needed to dis-
cover the Higgs boson in such processes as
H® — vv. Every effort is made in GEM to

maintain the precision measurement of electro-
magnetic four-vectors at ultrahigh luminosity,
L ~ 10%cm~?s5"!. The muon system design
naturally provides the robustness necessary for
operations at the highest SSC luminosities.
Thus, GEM will be able to extend its reach for
isolated leptons with transverse momenta up to
the practical SSC limit, approximately 5TeV.
These aspects of GEM define a superb physics
program and, at the same time, ensure sig-
nificant complementary strengths to the SDC
detector.*

This chapter describes the performance
of the GEM detector for several scenarios of
electroweak, flavor and new gauge-interaction
physics that may be accessible at the SSC.
Emphasis is placed on realistic, in-depth simu-
lations of representative processes that demon-
strate GEM’s strengths, particularly those in-
volving GEM’s superior electromagnetic calo-
rimeter and muon system, and GEM’s robust-
ness for physics studies at ultrahigh luminosity.
We have not attempted to survey all possible
new physics which might be discovered at the
SSC. The simulations reflect the baseline de-
sign of March 1993. There have been some
design changes since then, but they are minor
insofar as simulations of physics performance
are concerned. The GEM design will continue
to evolve in response to simulation results and
engineering work. The simulations described
here are the realistic performance of the cur-
rent baseline, not the hoped-for performance of
the final design.

All of the electroweak and flavor physics
discussed in the Preface is at sufficiently high
mass or transverse momentum that perturba-
tive QCD and electroweak interactions can be
used to describe production of the signatures
and their standard model backgrounds. There-
fore, we have used event generators such as
ISAJET® and PYTHIA / JETSET® to gen-



erate complete signal and background events.
Unless otherwise noted, the generation of signal
and background events in this chapter used
the EHLQ Set 1 parton distribution func-
tions’ — the default in the current versions
of ISAJET and PYTHIA. Also, we generally
assume m; = 140 GeV for the mass of the top
quark.8®

In principle, the full detector simulation
programs GEANT'® or CALORS9!! could be
used to compute GEM’s response to the signal
and background for any process. Unfortunately,
these programs are very slow for complex events
at high energy. It is impractical to use them
to simulate the more than 10° events often
needed to determine a rare signal’s background
arising from a combination of relatively likely
processes. Consequently, two different types of
simulations of GEM have been done for this
Technical Design Report. Detailed simulations,
based on GEANT, of each of the individual
detector systems have been performed for sin-
gle particles or for limited numbers of complete
events, These simulations are described in the
appropriate subsystem chapters, since they are
intimately related to design of the hardware.
There is also an overall GEANT simulation pro-
gram, sigem,'? which has been used for studies
of the muon system performance, described in
Chapter 4. The results of these detailed studies
have been parameterized and incorporated in
gemfast,!® a fast simulation program for GEM
that is used for determining the performance of
the detector for physics processes. For exam-
ple, the parameterization may be of an energy
or momentum resolution or of a muon recon-
struction efficiency in the presence of other
particles in the event of interest. A description
of gemfast is given in Sec. 2.2 below.

Most of the results presented in this chap-
ter are based on gemfast. Where necessary,
hybrid simulations of gemfast and full GEANT
have been used. For example, in the study of
H® — 79 in Section 2.3, detailed electromag-
netic shower shape studies for real photons and
and jets faking photons were carried out with
GEANT. Apart from examples such as this,
gemfast describes the performance of GEM
quite accurately. Following the description of
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how the GEM detector was modeled in Sec-
tion 2.2, the rest of the chapter is organized as
follows:

o Section 2.3 presents an in-depth study of
the search for the Higgs boson of the min-
imal one-doublet standard model. The
signals, backgrounds and discovery poten-
tials for My = 80 — 800 GeV are discussed.
Depending on the Higgs mass, the modes
studied were H® — ~vy; t1H® — ¢* 4 v+,
H® — ZZ*,ZZ — 4 charged leptons;
H® - ZZ — (Y0 Dv; and H° - 27 —
£4L7 jet jet.

o Flavor physics involving top-quarks is dis-
cussed in Section 2.4. We describe the
mass measurement of a heavy top-quark in
the standard decay mode ¢t — Wb using
two methods: ¢ — isolated ¢* plus non-
isolated u~, and ¢ — 3 jets. We also discuss
the discovery of a charged Higgs boson
in the nonstandard decay mode t — H7*b,
followed by HY — 7tu,.

o Jet physics is discussed in Section 2.5.
We discuss the determination of the jet
energy scale, using as a physics context the
search for quark substructure in high-Ep
jets. Other jet studies are carried out in
Sections 2.3 (H® — Z°Z° — £+e~jetjet)
and 2.4 (t —» Wb — 3 jets).

o Section 2.6 is devoted to studies of high-
mass-scale physics at ultrahigh luminosity,
with special attention paid to difficulties
of experimentation at £ =~ 10**cm~?s"!.
These physics studies include precision in-
vestigations of the properties of a very mas-
sive Z' boson in its ete™ and ptu~ decay
channels, and the character of quark-lepton
substructure contact interactions via the
process gqg — utu~. We also describe stud-
ies of the properties of heavy W’-bosons
and of substructure via ££v, modes.

o Physics with missing transverse energy
(Fr) signatures is discussed in Section 2.7
using supersymmetry as a paradigm. The
Er distribution is calculated for GEM, in-
cluding the effects of transition regions and
dead material. The Fr signature is studied
for a range of gluino and squark masses. In



addition, the likesign dilepton signature for
gluino production is investigated.

o Section 2.8 contains a summary of GEM’s
reach for the physics processes considered
in the preceeding sections and a discussion
of further optimization of baseline design
features motivated by our simulations.

For all these processes, the performance of
the GEM design as of March 1993 has been
determined realistically. This is an important
step in optimizing the design. Results are given
below for a variety of integrated luminosities:
10fb~! and 30fb~!, which should be obtained
in one to three years of steady operation at the
design peak luminosity of 10%¥cm~?s~!; and
100fb~!, which should be obtained in about

one year at a peak luminosity of 10* ¢m=2571.

2.2. MODELING THE GEM DETEC-
TOR

The physics goals of the GEM experiment
and the main features of the detector itself
were presented in the Preface and in Chap-
ter 1. In this section we describe how we
model the detector to simulate its response to
physics signals and backgrounds. The studies
of the physics performance of the GEM detec-
tor have been based primarily on gemfast,'® a
fast parameterized simulation of GEM. It is an
outgrowth of the FAST1 simulation,® but it is
much more sophisticated. The parameteriza-

tions in gemfast are based, in turn, on detailed .

GEANT simulations of the performance of indi-
vidual components of the detector. This section
describes gemfast, displays some parameteriza-
tions used in it, and briefly discusses v, e, u,
and jet reconstruction.

The key to a fast detector simulation is to
use a very simple geometry and to parameter-
ize the response of each detector component in
a simple way. The geometry used in gemfast
is a set of concentric cylinders, one each for
the central tracker (CT), electromagnetic calo-
rimeter {EC), hadronic calorimeter (HC), scin-
tillator calorimeter (SC), forward calorimeter
(FC), and muon system (MU). The geometry is
shown in Fig. 2-1. The density of the material
in the cylinders representing the calorimeters
is varied with 7 so as to match the detec-
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FIG. 2-1. Geometry used in gemfast. The detector is
approximated by a set of concentric cylinders. Particles
are tracked through the central tracker and calorimeters
assuming a uniform magnetic field.

tor thickness in the true design. Differences
in radiation and absorption lengths for vari-
ous materials used in the calorimeters are also
taken into account. This is not correct in de-
tail, but it is a good approximation. Particles
are tracked through each successive volume on
straight lines for neutral particles or on he-
lices in a uniform magnetic field, B = 0.8 T, for
charged ones. Since only the point at which a
particle enters a given detector is needed, par-
ticles need not be tracked in the muon system,
the only region where the field is nonuniform.
Of course this nonuniformity is taken into ac-
count in calculating the resolution of the muon
system.

Once a particle enters a given detector sys-
tem, its energy resolution, angular resolution,
and detection efficiency are calculated based on
parameterizations of full GEANT-based simula-
tions of the single particle response. This simple
single-particle approach is not adequate for the
central tracker reconstruction efficiency, which
is sensitive to the presence of other tracks in the
same event and to pileup, and which therefore
has been investigated separately. Simulation
of the barrel and endcap region calorimeters is
more sophisticated in gemfast and involves cal-
culation of energy in each calorimetric tower.
Development of electromagnetic and hadronic
showers in transverse and longitudinal direc-
tions, including fluctuations, is modeled. The
Level 1 trigger response is also simulated. Un-
stable particles are allowed to decay anywhere
in the detector using code adapted from the
GEANT package.
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FIG. 2-2. Parameterization of vertex-constrained cen-
tral tracker resolution in gemfast for muons or charged

hadrons vs. pr and n for £ = 10°® cm™2sec™!. Both

the silicon tracker and the interpolating pad chambers
are used,

2.2.1. Event Generation

The first step in simulating a process is
to generate the events of interest. This is
handled by gemgen,'* which so far incorpo-
rates ISAJET,® PYTHIA.® and a single particle
gun. Both ISAJET and PYTHIA contain
parton cross sections for a wide variety of
processes, leading-log production of additional
QCD jets to give the correct event structure,
and phenomenological models for fragmentation
of quarks and giuons into hadrons. Both have
been widely used in analysis of data at the SppS
Collider and the Tevatron. The single particle
gun generates a single particle at a given pr,
7, and ¢ or a single quark or gluon fragmented
with PYTHIA. Other generators will be added
as the need arises.

The gemfast detector simulation is inter-
faced to the event generators in a flexible way
that allows adding a signal event and a Poisson-
distributed number of minimem bias events in
the same bunch crossing. The same or dif-
ferent generators can be used for each sample.
The vertex position of each event is generated
according to the expected width, o, = 5cm.

The same approach could be used to de-
scribe pileup from out-of-time bunches. How-
ever, this is impractical because of the com-
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FIG. 2-3. Parameterization of vertex-constrained cen-
tral tracker resolution in gemfast for muons or charged
hadrons vs. pp and % for £ = 103 cm™2sec™!. The
gilicon tracker is assumed to be removed.

puting time required to generate minimum bias
events over the tails on the senmsitive time of
the detector. Instead, the effects of out-of-time
pileup events have been taken into account for
each of the detector systems as an additional
noise or inefficiency.

2.2.2. Central Tracker

The single particle momentum and vertex
position resolutions of the central tracker have
been calculated as described in Section 6.2.2.
They are based on full GEANT simulations
including the magnetic field, detector geome-
try, chamber positions and resolutions, material
distribution including supports and cables, geo-
metrical acceptance, silicon detector efficiency,
and distribution of the interaction vertex. The
in