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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
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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

1-8

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.

1-17



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
interpolating pad chamber (IPC) efficiency is
not included but is known to be high. The ef-
fect of out-of-time pileup was included as an
additional inefficiency due to the detector dead-
time. Both the silicon strips and the IPCs are
included for a luminosity of 10% cm—2gec—!; the
silicon detector is assumed to be removed for
103 cm~?sec™!. Figures 2-2 and 2-3 show the
resulting parameterization of the mean muon
or pion resolution vs. pr and 1 used in gemfast
for 10®¥ cm~2sec™! and 103 cm™~2sec™!, respec-
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FIG. 2-4. Parameterization used in gemfast of ceniral
tracker efficiency for isolated tracks with py > 1GeV
at 10%%em~2sec™!. Other tracks are not used in the
fast simulations.

tively, assuming a vertex constraint. The im-
pact parameter resolution for tracks is also
parameterized, allowing modeling of vertex re-
construction on an event-by-event basis.

Figure 2-4 shows the isolated tra.ck Te-
construction efficiency at 10%3cm—2sec™! in
gemfast. The calculation is based on hav-
ing at least ten good hits on a high-py track.
This number of hits is calculated in gemfast
using the positions of the chambers and the
actual origin of the track. It is difficult to
parameterize the reconstruction efficiency for
non-isolated tracks, so only tracks that have
pr > 1GeV and are isolated at the genera-
tor level in An x A¢, corresponding to three
pads in the IPCs, are used in the simulations
described here. A detailed simulation of recon-
struction efficiency for a few specific processes
is described in Section 6.2.2.

The momentum resolution for electrons has
been treated separately, taking into account
the emission of bremsstrahlung photons caused
by the material in the tracker. The latter
are assumed to be emitted nearly parallel to
the electron and to hit the same calorimeter
cell, so that the calorimeter energy resolu-
tion is not degraded. Figure 2-5 shows the
electron momentum resolutions at a particu-
lar value of pr and % from the full GEANT
simulation and from the corresponding param-
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FIG. 2-5. Calculated momentum resclution function
for electrons in the central tracker at ppr = 525GeV
for 0 < in| < 0.2 (left plot), and pr = 10GeV for
2.2 < n < 2.4 (right plot). The histogram shows
the GEANT simulation, and the smooth curve is the
parameterization used in gemfast.

eterization used in gemfast. The parameteri-
zation fits the GEANT data well, including the
bremsstrahlung tails. These are important for
electron sign determination, which can be done
up to pr S 600 GeV (see Section 6.2.3).

Material in the central tracker is param-
eterized as a function of n and ¢ after each
layer of the silicon or IPCs, and this is used
to convert photons at appropriate space points.
Secondary ete™ pairs are generated using code
adopted from the GEANT package.

2.2.3. Calorimeter

The parameterized response of the cen-
tral calorimeter, which covers |n| < 3, includes
shower profiles and energy resolutions. Lon-
gitudinal and transverse electromagnetic and
hadronic shower profiles are generated using
GFLASH 1.3, which was originally developed
to describe the H1 liquid argon calorimeter.!® It
has been modified to work outside the GEANT
geometry environment. GFLASH incorporates
correlated fluctuations of shower profile param-
eters, hadronic shower fluctuations into early
70, transverse profile variations with depth,
and shower development along the true direc-
tion of incidence as determined by tracking
through the central tracker region. It gives a
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FIG. 2-6. Ratio of electromagnetic to total energy for
100 GeV pions. The histogram shows the result of
a full GEANT simulation, and the points show the
GFLASH-based parameterization used in gemfast.

good description of the shapes of both electro-
magnetic and hadronic showers in uniform re-
gions of the calorimeter.'® Figure 2-6 illustrates
one such agreement, that for the electromag-
netic fraction of hadronic showers. GFLASH
is used in gemfast to distribute shower en-
ergies among calorimeter towers. The elec-
tromagnetic, liquid-hadronic, and scintillator
tail-catcher towers are modeled separately, but
further longitudinal segmentation is neglected
for faster execution.

The segmentation of the calorimeter is var-
ied realistically with . The simulated endcap
segmentation is in 7-¢ rather than in z-y, but
this should have no effect on physics perfor-
mance. The EC and HC segmentations are
An X A¢g = 0.026 x 0.026 and 0.08 x 0.08 in the
middle of the barrel. Since the segmentation is
approximately constant in units of radiation or
absorption lengths, it is about a factor of six
coarser at the small-angle edge of the endcap
than in the middle of the barrel.

The energy resolution of the electromag-
petic calorimeter has been calculated using a
GEANT simulation including an extremely de-
tailed geometry and very low cutoffs, as de-
scribed in Section 5.2.1. A similar simulation
gave good agreement with test beam data for
the non-projective accordion (see Section 5.3).
The resolution has been parameterized in the
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FIG. 2-7. Parameterization of the electromagnetic cal-
orimeter energy resolution in gemfast for E = 10 GeV
(upper), 50 GeV (middle} and 100 GeV (lower). This is
tuned to give correct 5 x 5 cluster resolution.

form AE -

aln
with the parameters tuned to give the correct
resolution as a function of E and 7 for the 5 x 5
sum of towers used to obtain optimal resolution
for isolated electrons and photons. Typically,
the stochastic term (a) is about 6% in the
barrel and about 8% in the endcap, and the
constant b-term is about 0.4%. The resulting
effective single particle resolution is shown in
Fig. 2-7. Pileup and noise are not included in
the energy resolution but are added separately.

(2.2.1)

The pointing resolution of the electromag-
netic calorimeter for photons, calculated using
the same detailed GEANT simulation, is de-
scribed in Section 5.2.1. It is parameterized
as

as ()

A= —=+b ,
for low to moderate energies, where g, is about
40 mrad in the barrel and 50 mrad in the endcap
and be(n) is about 0.5mrad. At the highest
energies, Af ~ 2 mrad.

(2.2.2)

Thermal noise is added to each tower de-
pending on 7. In-time pileup events are added
explicitly. To determine the effects of out-
of-time pileup, a Poisson-distributed number
of minimum bias events is generated for each
of the 50 preceding and 20 following bunch
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FIG. 2-8. The histogram shows the distribution of
pileup, including out-of-time events, in gemfast for a
0.16 x 0.16 electromagnetic trigger tower.

crossings and simulated with gemfast. The
calorimeter response for each bunch crossing is
weighted with a response function that takes
into account the intrinsic calorimeter response
and the shaping circuit in the electronics, us-
ing shaping times of 40ns for the electromag-
netic calorimeter and 100ns for the hadronic
calorimeter. The sum for each cell is calcu-
lated to provide a snapshot of the response to
pileup. This ensures that all the longitudinal
and transverse correlations among cells, caused
either by individual shower shapes or by jets,
are preserved. One of these snapshots is then
superimposed on the response from the signal

and in-time pileup events. As can be seen from

Fig. 2-8, this approach gives larger fluctuations
and a smaller half-width than the equivalent
(enveloping) gaussian noise.'® For the analyses
described here a sample of 10* such snapshots
has typically been used.

The GEM calorimeters have an intrinsic
e/h # 1, so reconstructing a jet energy as a
simple sum of the observed energies in the var-
ious parts would give a large constant term in
the resolution. This effect can be reduced by
using an iterative weighting procedure.!™!® To
save execution time this weighting is not imple-
mented in gemfast. Instead, the sampling and
constant terms in the single hadron resolution
have been tuned to reproduce the jet energy
resolution of the detailed GEANT simulations
that included the weighting (see Section 5.2.3).

1-0 T 1 T 1 T 1 T T
0.8 —
) 081~ ]
u - N
0.4 -
R F
- ’l\ ;’E -
0.2 7 Tt '.-.:’_’f/ i
----- \ ---—---‘-“_”a.—m:""-l" G ..

1 1 L

°o 7 B
n! TIP-03949

FIG. 2-9. Calorimetric Er resolutions for hadrons vs.
y for E = 10GeV (solid line), 50 GeV (dashed line),
200 GeV (dotted line), and 500 GeV {dash-dotted line)
used in gemfast for the calculation of Fr. Most of
the fluctuations are caused by limited statistics in the
GEANT simulation.

This gives a resolution for isolated jets
AE 0.6
E jet \/E

For many cases the effects of the clustering
algorithm used to define jets are comparable to
those of energy resolution.

$0.04. (2.2.3)

The forward calorimeter covers 3 < |g| <
5.5, with full measurement capability to
In| =~ 5.0. It has been used in the physics studies
described here only to determine the missing
energy, £r. For this, detailed simulation of
the response of individual cells is not needed.
Rather, the energy and direction of each par-
ticle hitting the forward calorimeter is smeared
according to a parameterization derived from a
full mixture-level GEANT simulation; see Sec-
tion 5.2.3. The simulation includes all the
effects of dead material and shower spreading
across calorimeter boundaries. The resulting
Er resolution as parameterized in gemfast is
shown in Fig. 2-9.

The statistics in the GEANT simulation
were not sufficient to study potential nongaus-
sian tails. These are modeled in gemfast by
adding a second gaussian with a small ampli-
tude and a larger width. Test beam data for
single hadrons from 50 to 100 GeV in the D@
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FIG. 2-10. Parameterization of mmon resolution vs.
7 for pp = 100 GeV (squares), 500 GeV (circles), and
1TeV (triangies) in gemfast.

liquid argon calorimeter show a tail composed
of roughly 1% of the events with a standard
deviation two to three times larger than the
gaussian calorimeter resolution.'® This tail is
slightly larger than that seen for 1TeV jets in
GEANT studies of jet resolution using energy-
dependent weighting. A similar tail has been
assumed for GEM. Unless otherwise specified,
this parameterization is the basis of all calcula-
tions of £r.

2.2.4. Muon System

The muon momentum resolution has been
calculated by a full GEANT simulation includ-
ing a detailed model of the detector and its
support structures. The calculation includes
chamber resolutions and alignment errors, the
calculated shape of the magnetic field, the
number of CSC planes in the measurement,
and multiple scattering from the chambers and
their supports. It is discussed further in Sec-
tion 4.2.5 and described at length elsewhere.?®
The resulting parameterization of the resolu-
tion is shown in Fig. 2-10. The jumps in the
curves come from the transitions between vari-
ous sets of chambers in the barrel and endcap.
The flattening in the resolution at n ~ 2.5 is
the effect of the forward field shapers.

The geometrical acceptance for muons has
been calculated similarly, requiring that the
muon pass through at least three chambers
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FIG. 2-11. Parameterization of muon acceptance vs.

n in gemfast. Because of binning of the GEANT data,
the gaps in the barrel are wider than in reality but
have nonzero acceptance. The average acceptance is
correct.

in each superlayer. It is shown in Fig. 2-11
and is essentially independent of muon energy.
The coverage of the region |n| < 2.46 is 83%.
The losses due to the spoiling of hits by 4 rays
and other electromagnetic interactions have also
been simulated by GEANT, parameterized as
a function of muon energy, and included in
gemfast (see Sections 4.2.2 and 4.2.4).

The muon energy loss in the calorimeter
has been calculated, including all the processes
modeled in GEANT, and has been parameter-
ized with a simple analytic function. The full
calculation and the parameterization are shown
in Fig. 2-12. The lost energy is added to the
appropriate cells of the calorimeter so that en-
ergy losses large compared to the noise can be
reconstructed in gemfast. As is discussed in
Section 4.2.5, the best algorithm is to use the
measured energy if it is greater than a fac-
tor k£ times the most probable value, and the
truncated mean value otherwise.

2.2.5. Definition and Measurement of
Photons, Electrons and Muons

Electrons and photons are identified us-
ing a combination of the electromagnetic and
hadronic calorimeters and the central tracker.
A 5 x 5 tower cluster with Ez > 5GeV in the
electromagnetic calorimeter is accepted as an
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FIG. 2-12. Muon energy loss in calorimeter for £, =
500 GeV (solid curve) and gemfast parameterization
(dots). Note that the tail at large energy loss is fit
well by the parameterization.

electron or photon candidate if it has

Egxs
>09,
Eyxs

(where Ey,n is the energy in the N x N EC
towers centered on the most energetic one) and
if the hadronic energy behind this cluster has
less than 10% of its energy. Generally an
isolation cut on the total energy in a larger
cone, R = 0,2-0.4, is also made.

For maximum rejection of jet backgrounds,
especially those to H® — ¥7v, a cut is made
using the likelihood function for the detailed
shape of the shower to be consistent with a
single photon. Since this level of detail is
not included in gemfast, it requires a separate
GEANT simulation of the photons that hit the
cluster (see Sections 2.3.1 and 2.3.2).

Photons and electrons are separated by
tracking-cluster matching. A good charged par-
ticle track must have at least six good hits
and a distance of closest approach to the in-
teraction point in the r-¢ plane of less than
5 mm. If there is no charged track within the
5 x 5 electromagnetic cluster, it is a photon
candidate. For electrons, the energy measured
in the electromagnetic calorimeter must match
the momentum measured in the central tracker
within 3¢ of the combined resolution. The
overall identification efficiencies, both for pho-
tons and electrons, are greater than 90% from
a few GeV up to several TeV.

(2.2.4)

mi

TiP-02954

FIG. 2-13. Jet correction function vs.  for pr = 100,
200, 500, and 1000 GeV from top to bottom for a
clustering radius R = 0.4.

Muons are identified and measured in the
muon chamber system outside the hadron
calorimeters. Generally a muon track is re-
quired to have at least three good hits in each
of the three muon superlayers. The x* of the
fit must satisfy a loose cut in order to reject
the background random hits. In addition, the
transverse momentum of the identified muon is
required to be greater than 5 GeV. Muon iden-
tification and reconstruction is well modeled in
gemfast. For example, the Z' — p*y~ ac-
ceptance obtained from gemfast described in
Section 2.6.1.2 is essentially identical to that
obtained from the full simulation of the same
process described in Section 4.2.6.

2.2.6. Definition and Measurement of
Jets

Jets are defined using a simple fixed-cone
algorithm implemented in gemfast. The first
step is to find the tower (using hadronic calo-
rimeter segmentation) with the maximum Erp,
which must exceed 5GeV. All towers with
Er > 0.1 GeV and with centers within a fixed
radius R = /[A7) + (A9)? (generally 0.3 -
0.9) of this seed tower are included in the jet
and marked. The unmarked tower of highest
Er is taken as the next jet seed, and the pro-
cess is continued until no seed towers remain.
The whole event is then iteratively reclustered,



Table 2-1.
in conjunction with other triggers.

Primitives used in the GEM trigger. The highest threshold can be used alone; the rest can be used

Name Definition Thresholds
E EM cluster with Ep > z GeV Eg, Fig, Esn, Egp
in 0.16 x 0.16, isolated in both
EM and HAD calonimeters.
M, Muon with pp > z GeV. Mio, Moo, Mag, My
Jz Jet cluster with Ep > z GeV Ji6, Js50, Jao, Fa200
in 0.48 x 0.48,
E= Missing energy Er > z GeV Eso, Fioo

summing whole calorimeter.

using the centroids of the jets as the centers,
until the tower lists for each jet are stable.
The algorithm makes no special provisions for
towers within the clustering radius of two seed
towers. This algorithm was carefully tested and
found to give good performance.!

A function was developed to correct the ob-
served jet energy as a function of 5, pr and the
jet clustering cone size. Single jets were gen-
erated with PYTHIA, simulated with gemfast,
and clustered. The factor by which the ob-
served energy must be multiplied to obtain the
true energy was then determined. Figure 2-13
shows the results vs. i for various values of the
jet pr with B = 0.4. As expected, the cor-
rection is small, but it is comparable to the
jet energy resolution. The average contribu-
tions from the underlying event and from the
in-time overlapping minimum bias events were
subtracted from the jet Er. For a cone size
of 0.7, the underlying event contributes about
3GeV to a jet at 7 = 0.0, and about 2 GeV at
n = 2.5, Each overlapping minimum bias event
contributes about half as much.

2.2.7. Trigger Simulation

The Level 1 trigger efficiency is simulated in
gemfast and included in the analyses described
below. The Level 2 and Level 3 triggers are as-
sumed to be included, to a first approximation,
in the cuts made in the analysis.

While the trigger primitives are fixed by
the hardware, the thresholds and combinations
used will depend on experience and on physics
goals. An initial set of trigger thresholds from
Section 7.2.4 is shown in Table 2-1. The
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FIG. 2-14. Left plot: efficiency of the Eg trigger as
a function of 5 for photons with pr = 10GeV (lower)
and 50 GeV (upper) for the analog Level 1 trigger. The
dip at %= 1 is cansed by the barrel/endcap transition.
Right plot: efficiency of a Jog trigger for single jets
with pr = 50GeV (lower) and 100 GeV (upper). The
dip at 7 & 2.1 is caused by a change in calorimeter cell
size.

E, triggers include an isolation cut on the
surrounding towers and on the hadronic energy
behind the cluster. Both the “digital” and the
“analog” options described in Section 7.2.2 have
been implemented. The J, triggers sum the
electromagnetic and hadronic sections in towers
reasonably matched to the size of a QCD jet.
Both options are implemented in gemfast using
the normal calorimeter simulation with sharp
thresholds and the fixed trigger towers that
will be used in the hardware trigger. The
M. thresholds are nominal values at which
the acceptance is 84% and include the coarse
resolution of the trigger roads. The missing
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Table 2-2. Trigger efficiencies for a variety of processes using the triggers shown in Table 2-1 with standard
logical notation. The triggers listed are the principal ones of those given in Section 7.2.4, but the efficiency is
for the sum of all combinations. The efficiency for H — £+~ £*f~ at 140 GeV could be increased about 5% by
adding an Ejg A Mg trigger. The last four processes are useful mainly for calibration.

Process Mass
H — vy 80 GeV
H — vy 140 GeV
HH — yytX 80 GeV
Ho ettt 140GeV
H— e ete 400 GeV
H—ete ;5 800 GeV
ti — vbX 140 GeV
9d 500 GeV
W = er —_
W — uv -
Z — ee —
Z — pp —

Trigger Efficiency
2F 6 V Eso 78.7%
2E16 Vv Esp 94.7%
2E¢ 94.4%
2Mip v 2E16 81.8%
2Mip v 2E56 99.8%
2Myo V 2E1g 99.9%
Eso v Map 75.3%
3Jso A Froo 99.9%
Eyg n Ego 15.8%
Mio A Eso 48.7%
2E6 80.3%
2My0 86.9%

energy simulation uses the full sum of the
calorimeter. Figure 2-14 shows the acceptance
for two typical triggers as an example.

No attempt has been made to simulate
the behavior of the actual trigger hardware in
gemfast beyond imposing the resolutions and
thresholds described here. The total Leve] 1
rate is sensitive to the details of how the trigger
is implemented, but this has been taken into
account in the design of the trigger system
discussed in Chapter 7.

While the highest thresholds in Table 2-
1 have acceptable rates by themselves, the
lower thresholds can only be used either with"
prescaling or in combinations. The twelve com-
binations listed in Section 7.2.4 appear to be
sufficient to select all the physics processes so
far considered for GEM. In particular they pro-
vide triggers with good efficiency for low-mass
Higgs bosons and the other (relatively) low-
mass processes listed in Table 2-2. The most
difficult trigger is that for inclusive H — v
at the low end of the mass range; it is dis-
cussed in Section 7.2.4. Some low-pr processes
such as jets have such large cross sections that
they must be prescaled. No attempt has been
made to implement an efficient trigger on the
inclusive-b cross section to study b-physics, al-
though this might be of interest during the
low-luminosity initial period. Level 1 triggers
on the higher mass processes which have been

considered are generally easier than those listed
in Table 2-2. The total Level 1 trigger rate
with all of these triggers is calculated in Sec-
tion 7.2.4 and found to be less than the design
goal of 100 KHz.

2.3. STANDARD MODEL HIGGS
PHYSICS

This section describes searches for the min-
imal, one-doublet, standard model Higgs boson
with the GEM detector in the mass range be-
tween 80 and 800 GeV. This covers the interval
between lower limits from LEP (which have ex-
cluded the mass range below ~60GeV,?? and
should reach 80-90 GeV at LEP 200; see Ref.
23) and the triviality bounds discussed in the
Preface.?* The details of these Higgs boson
search studies are presented in Ref. 25. Higgs
bosons in extensions of the standard model
such as the minimal supersymmetric model®®
generally have similar signatures, albeit with
different cross sections.

2.3.1. Introduction

The dominant decay modes of the stan-
dard model Higgs boson are W*W~- and Z2Z
for My > 2Myw and heavy fermion pairs for
Mg < 2Mw. The latter, and the domi-
nant decays of W’ and Z’s into jets, all
have large backgrounds, so it is necessary to
rely on rare decays. The cleanest channel is
H — ZZ|ZZ* — ¢+~ (£ = e, p), which
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Table 2-3: Sensitivity of the GEM detector to standard model Higgs boson signals,

My f Ldt vy vyl ttemetes gtemyy e Combined
(GeV) (fb™1)

80 30 397 4.5¢ 6.3

90 30 490 4.90 7.20
100 10 4.6 2.9¢ 5.8¢
120 10 7.80 270 8.50
140 10 9.00 230 lle 15¢
150 10 7.30 130 15¢
160 10 3.20 8.le 8.90
170 10 3.7 5.7
180 10 10 100
200 10 380 k1.4
400 10 28¢ 280
600 10 9.7 9.7¢
800 10 4.20" 1.0¢* 424" 6.60"

* Estimated systematic errors.

has four isolated high-pr leptons in the final
state. This channel has an inadequate rate at
the lowest and highest ends of the mass range.
Hence, the search may be divided into three
mass regions:

e A Higgs boson of intermediate mass
(80GeV < My < 2Mz) will be searched
for through its decays H — vy and
H — ZZ* — {¥-£+¢-. Both direct
H — 4+ and lepton-associated production
(tH/W)H — vyy£X will be used.

e A heavy Higgs (2Mz < My < 600 GeV)
will be searched for through the channel
H— ZZ — Y-ttt

¢ A very heavy Higgs (My = 800 GeV) will
also be searched for in £¥£-£*¥{~ and in
the channels # — ZZ — £¥*{"vv and H —

ZZ - g5,

The Monte Carlo event generator used in
this study was PYTHIA 5.6 and JETSET 7.3,°
and the top quark mass was assumed to be 140
GeV. The study was carried out for the SSC
design luminosity £ = 10%* cm~2sec™!.

Table 2-3 summarizes the significance with
which GEM could discover the Higgs through
the channels listed above. (The significance
is based on Poisson statistics translated to
Gaussian confidence levels, as defined in Sec-
tion 2.3.1.3.) This demonstrates the sensitivity
of the GEM detector at greater than the 5o

level for the whole range of Higgs masses consid-
ered. The signal can be seen with an integrated
luminosity of 10fb™?, except for Mz < 100 GeV
where 20 to 30fb™! are needed.

The most difficult part of the Higgs spec-
trum is the low end (between 80 and 100 GeV)
and the vicinity close to ZZ threshold, 170-
180 GeV. GEM’s sensitivity to a Higgs with
My below 100GeV, in both the usual two-
photon decay and the two photon with associ-
ated lepton channels, is unique. It provides the
confirmation of a Higgs signal in a second de-
cay channel necessary for a credible discovery
claim in this mass region.

2.3.1.1. Higgs Production Cross Section
Over the entire Higgs mass range the domi-
nant production mechanism at the SSC is gluon
fusion, although vector-boson fusion is also im-
portant. The Higgs can also be produced
associated with a vector boson or a top quark
pair (¢f) which provides an isolated lepton tag.

In the standard model, a Higgs boson with
mass Mg > 2M; has a width which grows
like M, but it remains fairly narrow for
My < 600GeV. Table 2-4 shows the Higgs
width (I'y) and the lowest order Higgs produc-
tion cross section multiplied by specific decay
branching ratio for the five modes studied in
this section. These cross sections were calcu-
lated by using PYTHIA 5.6 with the EHLQ-1
parton distribution function, and a top quark
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Table 2-4. Lowest order Higgs production cross section x decay branching ratio (fb) for the modes considered in

this section.

My (GeV) Ty (GeV) CH(vy) OtH(vy) OH(L) CH(ttij) CH(twy)

80 .0030 124 8.4

90 0034 144 8.0

100 0037 169 7.8

120 .0049 211 6.9

146 L0097 180 4.2 26

150 .019 128 2.6 32

160 097 52.6 0.87 15

170 .380 9.2

180 .620 22

200 1.4 85

400 30 56

600 112 16

800 266 5.3 110 32

mass of 140 GeV. Calculations of these cross
sections using the more modern HMRS?" and
CTEQ?® distributions differ from EHLQ-1 by
less than 20%.%° Higher order QCD corrections
are not included in these numbers.

2.3.1.2. v/e/p Identification

The physics signatures of Higgs decays all
involve identification of isolated photons, elec-
trons and muons. Since the Higgs cross sec-
tions are small and the potential backgrounds
are large, this identification requires particular
care. First, an isolation cut is applied, re-
moving most of the jet background. Then, a
detailed identification algorithm is used.

The isolation cut for selecting electron and
photon candidates was done using gemfast and

requiring

S Br-EY < EFem 4 B, (23.1)
R

where the sum is over calorimeter towers in a
cone of radius R. Generally, B = 0.45 was used
for two-body final states and R = 0.3¢ — 0.35
for four-bodies. The transverse energy E}/* of
the 4 or e candidate was found by summing
the energy deposited in 5 x 5 cells in the
electromagnetic calorimeter; EF**® is the mean
transverse energy from pileup and noise; and
E$* is the isolation threshold imposed.

The EF* value was determined from the
distribution of the thermal and pile-up noise®®

as described in Section 2.2.3. Figure 2-15a
shows the total noise in an 7 — ¢ cone of radius
R = 0.45 and a Gaussian fit, which has a width
of 3.4 GeV. This is reduced to 1.7 GeV if only
those cells with |Ep| > 0.5 GeV are summed,
as shown in Fig. 2-15b. Doing this shifts
the Ef<*® from 0.22 to 1.5 GeV, and reduces
the signal loss from 10, 13 and 19% to 5.4,
7.6 and 11% for an E$" value of 5, 4 and
3 GeV, respectively. A 4 GeV cut appears to be
optimal.

For photons, there must be no recon-
structed charged track in the 5 x 5 cells. The
central tracker can reject 95% of the elec-
trons while keeping 96% of the photons.3* For
electrons, there must be exactly one charged
track in the central 3 x 3 cells. Also, the en-
ergy and shower position measured in the EM
calorimeter must match the momentum and
track position measured in the central tracker.
The background to H — v+ from misidentified
Z — ete” is potentially large for My =~ Mz
and is discussed in Sec. 2.3.2.4.

A more complete understanding of the ca-
pability of GEM to identify isolated photon and
electron candidates based on their shower shape
requires a detailed GEANT simulation. A suf-
ficiently detailed geometry so far is available
for only three 11 x 11 cell regions of the bar-
rel.?2 Therefore, the photons hitting the 5 x 5
cluster are rotated to the nearest of these re-
gions, and the full simulation is run. Shower

2-13



[0
j=]
o

llllllliillillllliflll

......

n
o
o

8

llIlIIl!IllliT

Events / 500 MeV

oq
.........

-5 o 5 10 18

1o
e
o

-

lIIIIIIIIIlIlITIIIIII]l

o0
o
o

llllllllll

8

Events / 500 MeV
F-9
(=]
o
l'!lll'lllliill

210 -5 0 5 10 15
Er(GaV)
TIP-04087

FIG. 2-15. Distributions of the sum of thermal and
pile-up noise in a R = 0.45 cone, with gaussian fits.
The open and black dots show the noise measured by
using a simple sum and by summing only cells with
IEr| > 0.5 GeV respectively.

shape cuts (including lateral and longitudinal
shower distributions), information from the 4
strips of the first segment of the EM calorime-
ter, and energy in the hadronic calorimeter are
combined in a likelihood function and used to
select single electromagnetic showers. Typically
this rejects 75% of the jet background while
keeping 90% of the single photons. The proba-
bility of a QCD jet faking an isolated electron,
R(e/jet), was determined to be approximately
10~® by using detailed GEANT simulation,3%33
For channels needing very good resolution, such
as H = vy and H — ZZ* — e*e"ete”, pho-
tons and electrons were required not to be in
the region of degraded resolution between the
barrel and the endcap, 1.01 < |5| < 1.16. The
overall photon identification efficiency, includ-
ing this geometrical loss and other cuts, is
between 80% and 85%. The electron identi-
fication efficiency is 85% — 90%. For signals
such as H — ZZ — eteete™ for My > 2M;,
one electron was allowed to hit this transition
region.

Muons were simulated using gemfast.
They are relatively free of jet background and
so require less detailed identification. An isola-

tion cut was made,

> Ep - AE < ER=™ 4+ ES, (2.3.2)
R

where AFE is the energy loss of a muon in
the calorimeter, calculated as explained in Sec-
tion 2.2.4 and Fig. 2-12. The isolation cone
radius was taken to be 0.35 for intermediate
mass Higgs searches and 0.3 for heavier masses.
This eliminates secondary decay muons in jets
and punchthrough. The angle and momentum
of the track measured in the muon system is
then matched to that in the central tracker.
The muon identification efficiency is around
80% for muons within || < 2.5, which includes
factors of 85% from the geometrical acceptance
and 95% from the muon track reconstruction
and identification efficiency; see Section 4.2 and
Ref. 20.

2.3.1.3. Significance of Higgs Signals

Significance is used to indicate how well a
Higgs signal can be identified in the presence
of background. As in Gaussian statistics, a
probability of 1 — 1.35 x 10~2 is expressed as a
significance of 30, 1 — 2.85 x 10~* is expressed
as 5o, and so on. In this section, a 5o signifi-
cance is generally regarded as the minimum for
discovery.

For high statistics, the significance of a
peak can be simply estimated by § = Ng/+/Np,
where Ny and Np are the expected number of
signal and background events in a mass interval
My + 2AMy. Better mass resolution, AMy,
or better acceptance are equivalent to a shorter
discovery time. The significance obtained by
summing the signal within £2A My is very close
to summing only £A My, if the reconstructed
mass js an approximately gaussian distribution.

For low statistics, the usual formula for
the significance is not correct. Since the prob-
ability of observing n events with an expec-
tation value of A follows Poisson statistics,
P,(A) = Ame~?/n!, the probability that the sig-
nal fluctuates down to zero is not negligible for
a small A, The probability of missing the signal
or having a fake signal caused by a background
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fluctuation is given by

o

-Plowzz Pn(NB+NS)x iPM(NB)l -

n=0 m=n

(2.3.3)
This can be converted to a significance Siow-
If an apparent signal is observed, then the
probability of its having fluctuated to zero is
not relevant. The significance is given by the
probability that the background fluctuates up
to the signal:

[==]

Piigh = Z

m=N,+Ny

Pn(Ns). (2.3.4)

Since the simulated Ng + Ny is not in
general an integer, a linear interpolation is per-
formed between the two integers closest to it.
The probability Pg can be converted to a
significance Shigh. When many bins are con-
sidered, some are likely to fluctuate upward by
considerable amounts, so at least Sygn = 50 is
needed for discovery. The same safety margin
is not needed to avoid missing a signal. The
difference between these definitions is substan-
tial. For Ns =5 and Ng =1, Ns/\m;= 5,
while Eqgs. (2.3.3) and (2.3.4) give 1.9¢ and
3.2 o respectively.

2.3.2. H — -~ Search for 80 GeV <
My < 160 GeV

Precision electromagnetic energy are essen-
tial for the H — <7 search because of the
small production cross section (60 to 200fb),
the narrow decay width (3 to 100 MeV) of the
Higgs boson between 80 and 160 GeV, and the
large QCD 4+ background. There is a po-
tentially much larger background from QCD
jets fragmenting into electromagnetic particles,
which can be reduced using isolation cuts and a
shower shape analysis made possible by the fine
segmentation of the calorimeter. In PYTHIA,
jets can radiate prompt photons as an option.
This is properly regarded as an approximation
to part of the higher order QCD corrections to
the vy background. Since these corrections are
explicitly known for both the Higgs signal and
the g§ — 77 background, the prompt photon
radiation has been turned off, and the PYTHIA

signal and background cross sections have been
scaled to the higher order results.

To accept the Higgs signal and reduce
the background, events were selected using the
following cuts:

1. |n"] < 2.5 and p} > 20 GeV.

2. Photon isolation cut with B = 0.45 and
E$" = 4GeV,and vetoon 1.01 < |n| < 1.16
as described in Section 2.3.1.2.

3. Photon identification based on detailed
shower shape.

4. Electron rejection, as described below.

5. |cos8*} < 0.7, where #* is the polar angle
of photon in the center of mass system of
two photons.

Cut 1 simply ensures that the photons are
in the overall acceptance of the detector and
are triggered on. Cuts 2 and 3 reduce the
large potential backgrounds from misidentified
QCD +v-jet and jet-jet events well below the
4+ continuum. Cut 4, which is only important
for My ~ M3z, removes the background from
misidentified electrons. Finally, cut 5 reduces
the real and fake yv backgrounds. This leaves
the H — <+ signal as a narrow bump in the
M., distribution.

2.3.2.1. Two-Photon Mass Resolution

The significance of a H — 7y mass peak
is directly related to the <4 mass resolution
AM,.,. This is given by

AM,, 1 (AE1)2+ (AE2)2
M, 2|\ E E,
1/2 (2.3.5)

2
+ (cot -g—Aﬁ) ] R

where F, and E, are the energies of two photons
and ¢ is the opening angle between them. It
is clear from this equation that uncertainties in
both energy and direction measurement would
degrade the Higgs mass resolution.

The EM energy resolution is improved for
the region |f| > 1.9 by using a 3 x 3 rather
than a 5x 5 cell sum and a faster shaping time,
as discussed in Sec. 5.4.3. Since gemfast does
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FIG. 2-16. Cross section of direct photon background
calculated to next-to-leading-log order is shown as a
function of 44 invariant mass after the cuts described
in the text. Also shown in the figure are cross sections
of Born, box diagram, Born + box (B + B) and leading
log calculations.

not incorporate this refinement, the Higgs mass
was calculated using the events passing the
selection cuts with a separately parametrized
energy resolution:

AE a c
> —\fE@b@E’ (2.3.6)
where a, b and ¢ represent sampling, constant
and noise contributions respectively. Here,
a = 6% for the barrel and 8.5% for the endcaps
and b = 0.4%. The noise term ¢ = /o + o2 is
the sum of the thermal noise, o; (Er = 100 MeV
for the barrel and E = 175 MeV for the endcap),
and the pile-up noise, o, (Er = 120MeV for
7| < 1.4 and Er = 120 + 366(|n| — 1.4) MeV
for || > 1.4). The effect of different possible
values of ¢ and b is discussed in Ref. 33 and
Section 5.1.2.

The angular resolution in Eq. (2.3.5) is de-
termined by both the position resolution in the
EM calorimeter and the precision of the ver-
tex determination. GEM’s calorimeter position
resolution, Az = 4.4mm/+/E, has a negligi-
ble effect on the mass resolution.3® The vertex
position for a single event is well determined
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FIG. 2-17. |cos8*| distribution for an 80 GeV Higgs,
NLL direct photorn background, 4-jet and jet-jet back-
ground. The cut used in this analysis is |cos*| <
0.7.

by the central tracker. The only issue, there-
fore, is how well the correct vertex can be
selected in the presence of an average of 1.6
additional minimum bias events at the stan-
dard SSC luminosity plus events from previous
bunch crossings.

Two approaches are possible. The first is
to use the difference in event topology result-
ing from the fact that Higgs production is a
harder process than most of the minimum bias
events and hence radiates more gluons. This
leads to a higher multiplicity and a higher av-
erage pr. Selecting the vertex with the highest
pr-weighted charged multiplicity gives the cor-
rect Higgs vertex with 95% probability at the
standard SSC luminosity. The algorithm for
this is discussed in Section 6.2.3.

An independent approach is to use the
pointing provided by the longitudinal segmen-
tation of the calorimeter; see Section 5.2.1.
This provides an angular resolution of

Af = % +0.5mrad,

where d = 40mrad for the barrel and 50 mrad
for the endcaps. (This parametrization is valid

(2.3.7)
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Table 2-5: Signal and Direct Photon Background for H — . The Higgs mass resolution is 0.66 — 1.0 GeV.

H— YY Signa.l (fb)

My (GeV) 80 90 100 120 140 150 160
oy 169 199 233 291 255 182 T1.2
After cuts 1-4 47 45 74 96 88 64 25
After cuts 1-5 38 35 57 74 66 48 19

Direct Photon Background Rate (fb/GeV)

Myy (GeV) 80 90 100 120 140 150 160
After cuts 1-2 1840 1360 1020 600 370 300 240
After cuts 1-4 1010 560 560 330 210 160 130

After cuts 1-5 650 330

310 170 100 77 63

for the energy region used in intermediate mass
Higgs searches.) Using this pointing alone with-
out any information from the central tracker de-
grades the mass resolution by only 20%. Using
the pointing and then selecting the closest cen-
tral tracker vertex gives a vertex within 5mm
87% of the time at standard luminosity. This
degrades to about 65% at 3 x 10 cm~2gec™!.
A combination of these two methods improve
the vertex-finding efficiency to 97%.2° A vertex
finding efficiency of 95% was assumed for this
analysis.

2.3.2.2, H - «+ Signal and Direct v+
Background

The H — +vv signal and the ¢§ — 47

and gg — 77 backgrounds were generated with .

PYTHIA. The next-to-leading-log (NLL) cor-
rections to the signal cross section have been
calculated,® and give an enhancement factor
K = 1.5. The lowest order PYTHIA cross sec-
tions listed in Table 2-4 have been rescaled
appropriately.

The NLL correction to the ¢ — v back-
ground has also been calculated.®® Figure 2-16
shows the NLL direct photon background cross
section after cut 1 and cut 2 at the parton level
without detailed photon identification. The
Born, box diagram, Born plus box (B + B),
and leading log (LL) contributions are also
shown, where both LL and NLL include con-
tributions of single and double bremsstrahlung.
Higher order corrections to gg — v have not
been calculated and are not included. Since

this process contributes around 1/3 of the NLL
cross section, a K factor of 1.5 for it would in-
crease the total NLL cross section by 16% and
reduce the final significance by 8%. The v¥
background from PYTHIA has been rescaled
by the factor NLL/(B + B).

After cuts 1 to 4, the cut on cos §* provides
an additional rejection for both direct photon
and jet background, and thus improves the
significance.  Figure 2-17 shows the cos6”
distribution for an 80 GeV Higgs, NLL direct
photon background and the y-jet and jet-jet
backgrounds. The improvement in significance
is optimized by a cut |cos 6*| < 0.7, for which
an improvement of 15% is obtained. The trigger
efficiency for events passing these selection cuts
is 98.8%. This is included in all signal and
background rates.

Table 2-5 lists the Higgs production cross
section (oy) and the cross sections after cuts
1-4 and 1-5. It also lists the rate of direct
photon background after cuts 1-2, 1-4, and
1-5. The signals are small compared to the
background but still statistically significant.

2.3.2.3. Jet-Jet and ~vy-Jet Backgrounds
to H — v

QCD jets produce photons from n° and
7 decays. These sometimes appear isolated
and give additional backgrounds to H — v7.
Both v-jet events giving 4“4” and jet-jet events
producing “y4” must be considered. Thus, the
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Table 2-6: Probability of jet faking a photon, R(y/jet) (10™*) obtained from GEANT Simulation

M‘T“‘T” (GeV) 80 100 120 140 160
Quark Jet
After Isolation 20 18 15 13 12
After v ID 41 39 3.7 3.6 3.4
Gluon Jet
After Isolation 59 53 48 4.3 3.9
After v ID 1.2 1.1 1.0 0.91 0.83
Table 2-7: Jet Background Rates for H - vy

Mq-y (GCV) 80

90 100 120 140 150 160

@ — g

After cut 1 (pb/GeV) 1170

880 660 370 216 160 120

After cuts 1-2 (fb/GeV) 1590

830 780 380 180 130 91

After cuts 1-3 (fb/GeV) 320

180 170 92 50 36 27

After cuts 1-5 (fb/GeV) 260

140 13¢ 65 32 23 16

a7 — 79

After cut 1 (pb/GeV) 53

41 32 20 12 9.2 7.2

After cuts 1-2 (Ib/GeV) 21

11 11 6.1 34 25 18

After cuts 1-3 (fb/GeV) 4.3

24 24 13 07 05 04

After cuts 1-5 ({b/GeV) 3.2

1.7 16 08 04 03 0.2

2 jets

After cut 1 (pb/GeV) 8.3

68 56 38 25 21 1.7

After cuts 1-2 (pb/GeV) 44

24 23 12 06 05 0.3

After cuts 1-3 (fb/GeV) 190

110 110 60 34 25 19

After cuts 1-5 (fb/GeV) 95

46 39 16 68 44 29

Sum of All Jet Backgrounds

Total (fb/GeV) 360

190 170 82 40 28 19

jet background to H — v+ is

Oupyr = Oy jet R(Y/iEL) + 02.5esR?(71/Je2)
(2.3.8)
where R(7/jet) is the probability for a jet to
fake a photon.

The probability R(7y/jet) was determined
using a combination of gemfast for select-
ing isolated events and GEANT for simu-
lating the shower shape cut, as described
in Section 2.3.1.2. QED bremsstrahlung is

not included, since it is properly included in
the higher order QCD cross sections. Since
R(7/jet) is different for quark and gluon jets,>®
separate samples of about 10® events each for
v¢ and g were used to study jet rejection as a
function of M,,.

Table 2-6 shows R(vy/jet) for quark and
gluon jets at several M.« ». The shower shape
analysis made possible by the fine sampling of
the GEM calorimeter improves the rejection by
about a factor of 4 per photon over isolation
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alone. Since the jet-jet cross section is about
10® times the ¥4 one, it is not possible to
generate enough jet-jet events to simulate the
background directly. Instead, gg, g¢ and gq
events were generated at the parton level, and
the probabilities in Table 2-6 were used to
calculate the background.

Table 2-7 lists the cross sections for the
jet backgrounds after cut 1 at the parton level
with a K -factor of 1.5, after cuts 1-2, 1-3 and
after all cuts 1-5. The <-gluon background
is Teduced to a negligible level compared to
the NLL direct photon background. The 2
jet background (which is dominated by gluon
jets) is reduced to around 15% of the NLL
direct photon background at 80GeV. The
vq background, however, remains 40% of the
NLL direct photon background there. Since a
factor of two increase in all the jet backgrounds
reduces the significance by only 16%, GEM’s
searches in the H — vv channel are not very
sensitive to the QCD jet rejection.

2.3.2.4. Drell-Yan Background for
H — vy

Drell-Yan ete™ pairs can give a background
for H — v+ if the central tracker fails to iden-
tify both charged tracks. Figure 2-18 shows the
invariant mass distribution of Drell-Yan ete
after event selection cuts and the lowest order
direct photon background. The Drell-Yan cross
section is about 300 times larger than the di-
rect photon background at the Z-mass peak,
but comparable elsewhere. A hit level GEANT
simulation described in Section 6.2.3 was per-
formed®! for the central tracker to estimate the
rate of electrons faking photons, R(y/e}. The
photon acceptance was found to be 83% for
R(v/e) = 0.005 and 96% for R(v/e) = 0.05.
The stronger rejection factor was used near the
Z and the weaker one elsewhere, as indicated
in Fig, 2-18. Studies are in progress to deter-
mine whether a more favorable acceptance to
rejection ratic can be achieved.

2.3.2.5. H — v+ Significance

Figure 2-19 shows the reconstructed H —
vy mass peaks after subtracting the back-
ground, for an integrated luminosity of 10fb™?,

Events /0.5 GeV /10 fb™!

75 100 15 150 175
Miyyiee) (GoV)

FIG. 2-18. Drell-Yan ete™ cross section after event
selection cuts (dashed) and lowest order direct <y
cross section (solid). The dots show the rate of
fake photon pairs from Drell-Yan electron pairs using
R{v/e) = 0,005 near the Z and 0.05 elsewhere.

and Mg = 80, 100, 120, 140 and 160 GeV.
Figure 2-20 shows the corresponding peaks
after 30fb~'. Table 2-8 summarizes the recon-
structed widths, accepted cross sections, total
backgrounds, and resulting significances using
a £2A My mass bin.

Figure 2-21 compares the significance as
a function of integrated luminosity for various
masses for the GEM detector with that for a
calorimeter with degraded energy resolution but
the same good jet rejection. The upper edge of
the bands corresponds to the significance listed
in Table 2-8, while the lower edge of the band is
the significance obtained if the v-jet background
is increased by a factor of two, the jet-jet
background by a factor of four. With 10{b~7,
GEM could discover a Higgs boson, using this
mode alone, for 110 § My S 150GeV. With
30fb™", using this mode alone, it could extend
the discovery reach down to about 90 GeV and
up to 160GeV. While the heavier masses
can also be found in the ZZ* mode, the vy
branching ratio is important to distinguish the
minimal standard model from nonminimal ones.
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Table 2-8: Significance for H — v+; the cross section inclades all acceptances.

My (GeV) 80 100 120 140 150 160
AMy (GeV) 0.66 069 079 0.84 091 093 099
cx (fb) 38 57 T4 66 48 19

Background (Ib/GeV) 1010

480 250 140 110 82

GEM Significance

10fb~1 2.2
301 3.9

4.6 7.8 9.0 7.3 3.2
7.9 14 16 13 3.5

500

Events/ GeV/ 10 fb™"
— ] 8 L
8838

8 o

Events/ GeV/ 10 b
8

80 100 120 140 160
My (Gev)

FIG. 2-19. Higgs mass peaks over subtracted back-
ground, obtained with 10fb™!, for H — v+ searches
with My = 80, 100, 120, 140 and 160GeV. Part
(a} corresponds to ¢ = 6/8.5% in the barrel/endcaps
and b = 0.4%, and part (b) to a = 14/17% in the
barreifendcaps and b = 1%. The GEM photon iden-
tification algorithm is used in both cases; see Section
2.3.1.2.

2.3.3. H(tt/W) — v£X Searches for
80 GeV < My < 140 GeV

The processes Hit — yy£X and HW —
yv£X are complementary to the inclusive
H — +4, providing essential confirmation.?®
As shown in Table 2-4, the signal cross section
for the sum of these two channels is of the or-
der of few fb, but the isolated lepton tag and
photon identification cuts leads to smaller back-
grounds, so that the signal-to-background ratio
is large. In these associated production chan-
nels, most of the effects of detector resolutions
on the reconstructed mass resolution, discussed

1000

800
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400
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Events / GeV /30 fb"!

200

120
Myy (GeV)

FIG. 2-20. Higgs mass peaks over subtracted back-
ground, obtained with 30}, for H — vy searches
with My = 80, 100, 120, 140 and 160 GeV for the
GEM detector.

in Section 2.3.2.1, remain applicable. The main
differences with the discussion of H® — v are:
(1) With a charged lepton in the final state,
the central tracker is able to determine the
Higgs vertex more precisely and efficiently. (2)
A good understanding of the rate and shape
of the background is even more important here
because the signal rate is so small.

2.3.3.1. Signal and Background
The main backgrounds to H(if/W) —
44£X searches are:
1. tiyy or bbyy — f£y7.

2. g7 — Wy — {vv, where both photons are
radiated from quarks.
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FIG. 2-21. The significance obtainable in H — v
searches is shown as function of integrated luininosity
for Higgs masses of 80, 90, 100, 120, 140, 150 and
160 GeV. The dark bands correspond to a = 6/8.5%
in the barrel/endcaps and & = 0.4%. The cross-hatched
bands correspond to a = 14/17% in the barrel/endcaps
and b = 1%. The GEM photon identification algorithm
is used in both cases; see Section 2.3.1.2.

3. ¢ - Wy — £vvy, where one photon is
radiated from the outgoing charged lepton.

4. qi/g9 — Zy — £*&~vyv, where the sec-
ond photon is radiated from the outgoing
charged lepton.

5. q§/gg — Zv — e“y™v, where the fake pho-
ton is from misidentification of the electron.

6. tt — “y4”X, where both photons are fakes
arising from jet fragmentation.

Since all the higher order QCD corrections
to the signal and backgrounds have not been
computed, leading order cross sections are used
for this entire analysis. While #{ is initially very
much larger, all the backgrounds turn out to
be comparable after the cuts described below.

Not all of these background processes are
included in PYTHIA and, so, they were calcu-
lated using a combination of generators. For
processes 1 and 2, the initial hard scattering
was generated using PAPAGENO 3.6.3" Initial
and final state parton radiation, hadronization
and decays were then generated using PYTHIA.
All the final state photon radiation for processes

(2) 4=6/8.5, b=0.4

Events f GeV /30 b

Events/ GeV /30 1b"!

100 120

Myr (GeV)

FIG. 2-22. Two-photon mass peaks for H(1#/W) —
£yvX (black area) over sum of all backgrounds (gray
area), for an integrated luminosity of 30 fb~! and My
= 80, 100, 120 and 140 GeV.

3, 4 and 5 was generated using PYTHIA with
the QED radiation option turned on. Since
the process gg — Z+v is not available in ei-
ther PYTHIA or PAPAGENO, ¢§ — Zvy was
increased by 20%.%8

The tt background (process 6) was gener-
ated with PYTHIA with QED radiation turned
on. The study was carried out with 2.6 x 108
events. Only 3 events survived all cuts, none
of them containing two radiated photons. The
bbyy background was alsc simulated, and it
is small compared to the #f background after
isolation cuts.

The following cuts were made to reject the
backgrounds:

1. |me| < 2.5 and p& > 20 GeV.
2. |, < 2.5 and p} > 20 GeV.

3. Photon and lepton isolation with E$* = 5
GeV and E = 0.45 and 0.3 for photon and
lepton respectively.

4. Photon and lepton identification by shower
shape and track matching.

5. pJ7 > 40 GeV.

The first two cuts ensured that the lepton and
photons could be detected. Cuts 3 and 4
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Table 2-9:: Signal and Background for H(t{/W) — vyv£X

H{tt/W) — y+£X Signal (fb)

Mg (GeV) 80
oy 8.4
After cuts 1-4 0.95
After cuts 1-5 0.74

Background Rates after cuts 1-5 (fb/GeV)

90 100 120 140
80 7.8 69 42
1.0 10 082 061
0.82 086 0.74 0.58
90 100 120 140
018 018 .017T  .016
010 .009 .008 .008
025 023 .020 .016
068 064 .046 027
024 019 012 008
044 041 029 016

Moy (GeV) 80
tiyy .019
Wy .010

Wy — vy 027

Zy— Y 5y 068
Zy —efy"y .031
t 044

Total .20

19 A7 13 .09

Table 2-10. Significance for H(if/W) — £yvyX f{for various

background are integrated over £2AMy.

masses and integrated luminosities. Signal and

My (GeV) 90 100 120 140
AMpy (GeV) 0.66 ©0.69 077 0.84 091

og (fb) 074 082 0.8 074 0.58
Background (fb/GeV) 020 019 017 013 0.09

GEM Significance

10 !
30 fb-!

2.5 2.8 2.9 2.7 2.3
4.5 4.9 5.1 4.8 4.3

identify the photons and lepton and reject jet
backgrounds. Finally, cut 5 helps reject the
backgrounds, especially tf listed above. The
40 GeV cut applied to the pr of the vy pair
reduces the background by a factor of 2 to 3
while losing only 20% of the signal. The trigger
efficiency for events passing these selection cuts
is 99%.

Table 2-9 lists the Higgs production cross
section (oy) and the cross sections after event
selection cuts 1-4 and 1-5 together with the cor-
responding background rates at various masses.
The largest backgrounds are the fake y+4 pairs
from ti production and the QED radiation
Zy — {0~ yy. A Z-mass veto improves the re-
jection of the latter background, but it does not

improve the significance. Figure 2-22 shows the
~+ invariant mass spectrum collected in 30b~"
with Higgs signals of 80, 100, 120 and 140 GeV
superimposed on the sum of all backgrounds.

2.3.3.2. H(tI/W) — v~£X Significance

Table 2-10 lists the significance calculated
according to Eq. (2.3.4) for the H(t/W) —
vv£X search with integrated luminosity of 10
and 30fb™". Although the numbers of signal
and background events are small, this process
provides higher significance than the inclusive
H — 7 at very low masses.

Figure 2-23 compares the significance in
these channels as a function of integrated lumi-
nosity for various masses for the GEM detector
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FIG. 2-23. The significance of H(tI/W) — fy7X
search as a function of the integrated luminosity
for My = 80, 100, 120 and 140 GeV for the GEM
detector and a more conventional sampling calorime-
ter with a = 14/17% and b = 1%. The upper edge of
the bands corresponds to the analysis presented here,
while the lower edge corresponds to a doubling the
background.

with that for a calorimeter with degraded en-
ergy resolution but the same jet rejection. The
upper edge of the band corresponds to the sig-
nificance listed in Table 2-10. The lower edge
of the band corresponds to a doubling of the
background with no change in the signal. No
K factors are included in these results. Since
there are so few signal events in these chan-
nels, GEM’s high mass resolution is essential.
The combination of this channel and the in-
clusive H — 44 provides a much more robust
search for low mass Higgs bosons than either
one alone.

2.3.4. H — ZZ* — £¥£~£%£ Searches
for 140 GeV < My < 2M;

The H — ZZ — £t£- £+t~ decay provides
the cleanest Higgs signal at the SSC. Because
of the four isolated leptons in the final state,
most of the QCD background can be rejected
by an isolation cut. For a Higgs mass larger
than 2M3z, both £+£~ pairs have an invariant
mass of Mz, so the Z mass constraint can also
be used to reject background. If the Higgs
mass is less than 2Mz, one (or both) Z-bosons
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FIG. 2-24. Higgs mass peaks for H — ZZ2" —

¥ £Y¢ over the sum of all backgrounds plotted
for an integrated luminosity of 30 b1, and Mg = 140,
150, 160 and 170 GeV. (a) Four electrons. (b} Four
muons. (c) All leptons.

may be off the mass shell. In either case, high
resolution of the EM calorimeter and the muon
system are important for rejecting backgrounds
and precise reconstruction of the Higgs mass
peak.

The background processes considered are:
¢ ZZ|ZZ* — LHmEvL.
e« Q0Z — ¢+~ £+~ + X, where Q = b or ¢.
o tf —+ W+bW=b, in which the two W-bosons

decay semileptonically and the b-jets fake
an isolated lepton.

The ZZ/ZZ* — £Y{~£*{~ background is irre-
ducible. Since the cross section of gg — ZZ* is
not yet available in either PYTHIA or ISAJET,
its contribution was accounted for by multiply-
ing the contribution of ¢g — Z2* by 1.65.%®

The following cuts were used to reject the
other backgrounds:

1. |nf] < 2.5 and p% > 10 GeV. For electrons,
the region 1.01 < || < 1.16 was excluded.

2. Lepton isolation with R = 0.35 and E* =
5 GeV; see Section 2.3.1.2.
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Table 2-11. Signal and Background for H — ZZ* — ptp~putyu™ and H — ZZ* — ¢Y¢~ ¢4~ for an integrated
luminosity of 10fb™1. The signal cross section after cuts is oaccep.

My (GeV) 140 150 160 170 180
H—ete"ete”

AMy (GeV) 1.05 106 113 1.23 1.33

Taccep 1.2 1.7 .86 .62 1.6

Background (fb/GeV)  .025 .025 .025 .025 .040
H—ptu~ptu”

AMy (GeV) 159 1.62 173 184 2.22

Ua,ccep (fb) 81 1.1 .56 .36 .92

Background (fb/GeV)  .016 .016 .016 .016 .026
Hoeterpytuy~

AMy 1.36 146 156 171 1.77

Oaccep (ﬂ)) 1.9 2.6 1.4 0.89 24

Background (fb/GeV) .038 .038 .038 .038 .062
Ho e the

Significance 11 13 8.1 5.7 10

3. Lepton identification and track matching.

4. 10GeV < MY < 100GeV and 70 GeV <
Mg‘) < 100 GeV to suppress the contin-
uum background, where Mg) and M are
the low and high invariant masses of two
£+ £~ pairs.

The isolation, pr, and mass cuts help reject the
heavy flavor background. The trigger efficiency
for events passing these selection cuts is higher
than 98% for the four-electron mode and 99%
for the other two modes.

Table 2-11 shows the cross section after
event selections (&,c.ep) and the corresponding
background rate for the various H — £+{~£+4-
channels. The integrated luminosity is 10fb™".
While the mass resolution is quite good in
the four-electron channel, it is not as good in
the four-muon channel. The reason for this
degraded resolution is multiple scattering of
the relatively low-energy muons in the second
superlayer. As discussed in Sections 4.1.5
and 2.8, studies are underway with the goal
of reducing the material in the muon system
to a level that will give roughly the same
resolutions in the 4 4 and 4e decay channels of
the intermediate mass Higgs.

The significance for all channels combined
is also listed in Table 2-11. Using all the four-
lepton channels, GEM can discover a Higgs
boson in this mass range with an integrated lu-
minosity of 10fb~". The most difficult mass is
170 GeV where the signal is only 5.7¢. Fig-
ure 2-24 shows the ete~ete™, ptu~pu*u-, and
£*¢7¢*¢- invariant mass spectra collected in
30fb~! for My = 140, 150, 160, 170 and
180 GeV superimposed on the sum of all back-
grounds. The increased integrated luminosity
makes even the peak at 170 GeV unambiguous.

2.3.5. H — ZZ — £t4 ¢*{" Searches for
2M;z; < My < 800GeV
For a heavy Higgs decaying into £*£-£+¢-
the signal and the ZZ background were gener-
ated with PYTHIA. All other backgrounds are
negligible. The event selection cuts were taken
to be:

1. |7f] < 2.5 and p& > 10 GeV.

2. Lepton isolation with R = 0.3 and E§* =
5GeV.

3. Lepton identification and track matching,.

4. At least one Z with pr > 1 \/MZ, —4M3.
5. |My — Mz| < 10 GeV for both lepton pairs.
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Table 2-12:

Signal and Background for H — ZZ — £T¢ ¢1¢™ for an integrated luminosity of 10{b~!

My (GeV) 200 400 600 800
Signal (fb}

oH 85 56 16 5.3

Mass Bin (GeV) +4.7 350-450 500-800 600-1200
D'accep 21 14 43 15
Background (fb)

ZZ 3.0 2.3 1.0 .6
Significance

Significance 38 28 9.7 4.7

Events/GeV/10 fib™!
Events/10 GaV/10 fo!

]
(=}
o
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£
g
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800
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FIG. 2-25. Higgs mass peaks and background for
H — ZZ — Y~ ttf for an integrated luminosity
of 10/b~1. (a) My = 200GeV, (b) 400GeV. (c)
600 GeV. (d) 800 GeV.

Cuts 1, 2, 3, and 5 are self-explanatory. If
the transverse momentum of the ZZ system
is neglected, then cut 4 requires sin@ > 0.5
and so reduces the more peripheral ¢4 — ZZ
background. The trigger efficiency for events
passing these selection cuts is higher than 99%.

Table 2-12 shows the production cross sec-
tion (oy) and the cross section after event
selection cuts (Occep) for My = 200, 400, 600
and 800 GeV. The rate of the ZZ background
is also listed in the table. The combined signifi-
cance is also listed for an integrated luminosity
of 10fb™?, For such a data sample, discovery of

e 40 '
o1 8
5 30 5
8 2
210 2
8 5

0 0 >
w 800 400 so0 1200

M, (GeV)

FIG. 2-26. Higgs mass peaks and background for
H = ZZ — £ 674" for an integrated luminosity
of 30fb~! using Gaussian statistics to fluctuate the
number of events. (a) My = 600 GeV. (b) 800 GeV.

heavy Higgs bosons in the £+*£~£+{~ modes will
be possible for all masses below about 700 GeV.
For the very heavy 800 GeV Higgs boson, the
low rate can be increased with the muon ac-
ceptance improvements discussed in Chapter 4.
In any case, one would seek confirmation of
these four-lepton signals in other channels, as
we discuss next. We also expect that GEM’s
capabilities at ultrahigh luminosity (see Section
2.6) will permit the discovery of a very heavy
Higgs in the 4-lepton channel in about one year
with a data sample of order 100fb™'. This
study is underway.

Figure 2-25 shows the £¥{~{*{~ invariant
mass spectra collected in 10fb™! for My = 200,
400, 600 and 800 GeV superimposed on the
background. Figure 2-26 shows the spectra col-
lected in 30fb~' for My = 600 and 800 GeV.
The statistical significance is 4.7¢ in 10{b~.
There is also a systematic uncertainty caused
by lack of knowledge of the shape of the back-
ground. This is discussed at the end of the
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Table 2-13: Signal and Background (fb) for H — £t¢~vp

e~ »# Channel

Z2Z I + jels 1t

367 3.3x10%  2.0x10°
138 1.2x10* 53.5
42  3.1x108 0.36
3.2 2.2 0.0

pTu~vi Channel

ZZ 2 +jets t

et
Signal
oy 16.0
After cuts 1-4 9.5
After cuts 1-5 7.4
After cuts 1-6 6.2
+
Signal
After cuts 14 6.5
After cuts 1-5 5.0
After cuts 1-6 4.2

94 81x10° 36.2
29 21x10° 0.24
2.2 1.5 0.0

following subsection.

2.3.6. H — ZZ — £t£-vi Searches for
MH = 800 GeV
The branching ratic for # — ZZ —
¢4~ vp is six times that for H — ZZ —
£¥£-£*£~, Since one Z decays to v, the signa-
ture is a high-p;y Z — £*£~ plus missing energy,
and the mass of the Higgs boson cannot be re-

constructed. The total signal cross section is
321b.

The following backgrounds were considered:

¢ q3/9g — ZZ; the cross section is 73fb for
pZ > 150 GeV.

e g — Zg and qg9 — Zq, with Z2 — {Y¢,
the cross section is 66 pb for pZ > 150 GeV
before the Fr cut below.

® g7, gg — tt, with ¢t — bly; the cross section
is 380 pb before cuts.

Events with an ete™ or ptu~ pair were
selected as follows:

1. %] < 2.5 and p& > 20 GeV for each lepton.

2. Lepton isolation with R = 0.3 and Ef" =
5 GeV.

3. Lepton identification and track matching.
4. My — Mz| < 10GeV.
5. EZ > 250 GeV.

6. Er > 250 GeV.

These cuts were derived from the distributions
shown in Fig. 2-27. The trigger efficiency for
events passing these selection cuts is higher
than 99%. Table 2-13 lists the cross sections
for Higgs production after cuts 1-4, 1-5, and 1-
6, for the signal and background in the ete~vi
and ptu~vi channels.

Figure 2-28 shows the reconstructed trans-
verse mass, M? = 2EZFr (1 — cos Ag), where
EZ is the transverse energy of the Z and Ag
is the azimuthal angle between the direction of
the Z-boson and the Fr-vector. This distribu-
tion is not sensitive to the degradation of the
Er resolution that results from adding to the
calorimeter response a 1% nongaussian tail with
twice the normal width (see Section 2.2.3.1).
There are 105 signal events over a total back-
ground of 91 for an integrated luminosity of
10fb~!. Since the signal and background dis-
tributions are similarly shaped and the signal
to background ratio is only 1.15:1, this cannot
be regarded as a convincing discovery channel.
A knowledge of the ZZ continuum background
to ~ 25% would serve to give a 5o systematic-
limited significance. This knowledge of the ZZ
background should be achievable by compaxzi-
son with WZ and Z + jets production. The
statistical 4.7¢ significance of the four-lepton
signal is reduced to 4.20 by the same back-
ground uncertainty. Combining the ££f and
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FIG. 2-27. Distributions for an 800 GeV H — ¥~ vp
signal (solid), ZZ background (dots), and Z + jets
background (dash) for 10fb~!. The ¢/ background is
small. (a) Transverse energy of the reconstructed Z.
(b) Missing transverse energy (Fr).

iy channels with gaussian statistics gives a
6.60 signal for 10fb~".

2.3.7. H — ZZ — £%*£" 35 Searches for
The branching ratio for H — ZZ — £¥{-jj
for £ = e and p is approximately 20 times higher
than that into all the £+¢~£+*{~ modes. For
My = 800 GeV, the cross section is 110fb. The
signal-to-background ratio, however, is much
worse than in the four-lepton channel because of
the large background from Z + jets production.
In addition, since the width of an 800 GeV Higgs
is 270 GeV, the signal will be seen only as a
broad excess of ZZ pairs over the background.

The following backgrounds were studied in
this analysis:

o ZW or ZZ with one Z — ete™ or up.
o Z + jets with Z — ete” or ptu-.
e it with t — bW and W — ev or uv.

The irreducible ZZ background has a produc-
tion cross section of 130fb, for pZ > 200 GeV.

—rr 1 ot

30

T
1

S _

Events/50 GeV/10 fb"

10

400 800
M (GeV)

1200

TIP-04054

FI1G. 2-28. Transverse mass Mz of an 800 GeV Higgs
signal for H — 2Z — ¢¥£"yy (black area) and sum of
all backgrounds (gray area), obtained for an integrated
luminosity of 10 fo~!.

The Z + jets background has a much larger
rate of 27pb for pZ > 200 GeV. The Z-mass
constraint and high pr of leptons and jets was
used to reduce this background. The possibil-
ity of tagging forward jets and vetoing central
jets to enhance the signal-to-noise was studied
and found not to be effective. The cross sec-
tion for the #f background with semileptonic
decays to ete” + X and ptp~ + X is 380pb
before the Z-mass constraint js imposed. A
sample of 1.5 x 10° events was generated for
this background. This background was largely
eliminated by pr and isolation cuts and the
Z-mass constraint.

Leptons were selected as follows:

1. |7Y| < 2.5 and p% > 70 GeV for each lepton.

2. Lepton isolation with R = 0.3 and E§* =
5 GeV.

3. Lepton identification and track matching.
4. |My — Mz] < 10GeV.
5. pi > 230 GeV.

The hadronically-decaying Z-boson was recon-
structed using the following algorithm:
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Table 2-14. Signal and background cross sections (fb) for H — ZZ — £¥£7jj for 10fb™'. The invariant mass

Mege;; signal region is 600 to 1000 GeV.

Cut Higgs # Z+4jets ZW/ZZ
After lepton cuts 41 130 3240 20
After jet cuts 12 0.5 65 1.5
Within 600 < Mys;; < 1000 11 0.3 42 0.8
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FIG. 2-29. Dijet invariant mass distribution for H — FIG. 2-30. Invariant mass distribution Mj4,-;; for

ZZ — ¥4 jj for Mg = 800 GeV (solid) and sum of
all backgrounds (dashed), obtained for an integrated
luminosity of 10fb~!, The background is multiplied by
a factor of 0.2. to facilitate comparison of the shapes.

1. Find all jets at |p| < 2.5 using a large
clustering cone with B = 0.9.

2. Find all jets with a small cone, R = 0.3,
and match these narrow jets with those
found using the larger cone radius.

3. Require the highest pr jet found with
R = 0.9 to have pr > 250 GeV and to be
composed of two jets found with R = 0.3,
each having pr > 80GeV.

4. Reconstruct the mass M;; of highest-pr
dijet with R = 0.9, and require that |M;; —
M zl < 15 GeV.

The trigger efficiency for events passing all
these selection cuts is higher than 99%.

Figure 2-29 shows the reconstructed dijet
mass M;; for the signal and backgrounds, and
the dijet mass cut is indicated. Note that

800 GeV H — ZZ — ¢~ jj signal (solid) and sum
of all backgrounds (dashed), obtained for an integrated
luminosity of 10fb=1.

the background has been multiplied by 0.2.
The mass resolution is about 9 GeV. Table 2-
14 shows the cross sections for signal and
backgrounds after the lepton and jet cuts for
600 < My;; < 1000 GeV.

The invariant mass My,;; is shown in Fig. 2-
30. The signal and background events passing
all these cuts are 110 and 430 respectively for
10fb™*. The signal and background have a very
similar shape, with no recognizable peak in the
mass spectrum. Since the signal is 25% of the
background, the latter must be known to better
than 5% to achieve a 5¢ significance. Thus,
this mode cannot be regarded as a discovery
channel for the Higgs. It may be used to
provide further confirmation of the £+¢—£+{~
and £*£Dv signals.

2.4. HEAVY FLAVOR PHYSICS
As we have emphasized, the characteristic
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energy of electroweak symmetry breaking lies
in the SSC’s domain, but the flavor symmetry
scale may be near 1 TeV or much higher.
Nevertheless, searching for the origin of flavor
symmetry and its breakdown at the SS5C is as
important as it is for electroweak symmetry
breaking.

The top quark’s very large mass, m; >
91 GeV.? is a dramatic example of flavor sym-
metry breaking. Thus, if other manifestations
of flavor physics are accessible at SSC ener-
gies, the top quark will be an important key
to finding them. If the top.quark is so heavy
that it is not accessible at the Tevatron Col-
lider, it will be necessary to discover it at the
SSC. If charged scalar bosons, H=, exist, the
decays t — H*b or H* — b are expected to be
important decay modes. As another example,
many technicolor models contain a color-octet,
spin-zero “technieta” boson, r, with mass in
the range 300 — 500 GeV. The nr would be
copiously produced via gluon fusion and is ex-
pected to decay into # pairs.3®7 At the same
time, t-quark production processes can be seri-
ous backgrounds to new physics. A particularly
difficult case was encountered in Section 2.3.3,
where it was seen that isolated-photon back-
grounds arising in f¢ production were an im-
portant background to the ##H° — X+ signal
for production of an intermediate mass Higgs
boson. Thus, it is essential to know as much
as possible about the rate and other charac-
teristics of t-quark production. Finally, the
fact that t-production gives a pure sample of
W-bosons, with My and m, accurately known,
will be useful for calibrating the calorimeters
for jet energy measurements. For these reasons,
top-quark physics is an essential part of the
GEM physics program. This section discusses
the following aspects of top physics:

1. Discovery and measurement of the mass
of heavy top quarks (m; =~ 250 GeV) pair-
produced in the QCD processes gg, §g — tI
and decaying via the standard mode ¢ —
W+*b. In this case, one i-quark is tagged
via an isolated electron or muon from W-
decay plus a non-isolated muon, buried in
a hadron jet, from the decay b — cu?,.
The top-quark mass is determined from

the invariant mass distribution, M,,, of
the isolated lepton and the non-isolated
muon.34?

2. Discovery and mass measurement for top
quarks with the mass of 140 GeV generally
used in this report and with m, = 250 GeV.
Again, the standard ¢t — Wb decay mode
is assumed and the W-boson and ¢-quark
are observed in their hadronic decay modes,
W — 2jets and £ — 3 jets.¥!

3. Discovery and study of a charged scalar
H* produced in the decay of a heavy
top quark, ¢ — H*b. The scalar will
be assumed to decay as HY — rtu, —
one or three prongs, demonstrating GEM’s
ability to detect r-leptons in interesting
physical contexts.*? For this search, one t-
quark will be tagged in the standard mode
t — W+b — isolated lepton.

2.4.1. Heavy Top-Quark Detection and
Mass Measurement via the M,,
Distribution

For this analysis, ISAJET 6.36 with the
EHLQ1 distribution functions was used, to
generate 60K %t events, each, for m, = 200,
230, 250, 270 and 300 GeV. The t-quarks were
generated with 50 GeV < pr < 1000 GeV. The
W2 were required to decay to £*y; ({ = e,
). The b from i-decay was forced to decay to
¢p~7,, while the b from T was allowed to decay
into all possible channels. The signal events
are those with one isolated electron, one iso-
lated muon and one non-isolated muon. The
isolated leptons were required to have opposite
charges. Choosing isolated leptons of different
flavors eliminates backgrounds involving Z° —
ete~, utu~. The signal cross sections (assum-
ing B(W — &) = B(b — u~ + X) =1/9) for
m, = 200, 250 and 300 GeV were found to be
19.9pb, 8.2pb and 4.0 pb, respectively. Monte
Carlo event numbers were scaled to correspond
to data taken in one year at nominal SSC
luminosity, 10fb™" 4

The signal cross sections are much larger
than all backgrounds, as discussed below. To
optimize the separation between isolated lep-
tons from W-decay and non-isolated muons
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from b-decay, the following cuts were imposed
to select isolated electrons:

In.l < 2.4

3" Er(EC) > 40 GeV

R=0.2
2.4.1
Y. Er— Y Ez(EC)< 10GeV (241)

R=0.4 R=0.2

08< Er(R=0.2)/pr(CT) < 1.2
The cuts for isolated muons were:

{ms] < 2.4
pr > 40 GeV

> Er- Y Er<2GeV

R=0.4 R=0.1

(2.4.2)

Non-isolated muons were required to satisfy:

7] < 2.4
pr > 20 GeV

> Er— ) Er>10GeV

R=0.4 R=0.1

(2.4.3)

Here, Er is the transverse energy in a cell of
the full calorimeter; Ex(EC) is the transverse
energy in EM calorimeter cells; pr(CT) is the
electron momentum as measured in the tracker.
As usual, the sums are over n — ¢ cones of
radius R.
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FIG. 2-32. Aszimuthal separation, &¢(£p}, for non-
isolated muons occurring in the decays of 250 GeV
top-quarks, Muons are from b-decay (solid) and e-
decay (dotted). Arbitrary units are used on the vertical
scale,

The choice R = 0.2 for the cone defining
the electron energy is not critical. The elec-
tron energy measurement does not need to be
very precise for this analysis. The M., and
M,, distributions turn out to be very similar
for this choice of isolation parameters and not
very sensitive to moderate changes. For the rel-
atively low-pr muons in the top-quark decays,
the muon energy may be corrected simply by
adding an amount equal to the average energy
loss for a given momentum and rapidity.

Figure 2-31 shows the distributions of the
isolation variable ¥ p_o4Er — Y_p=oi£r for
muons, from W-bosons and b-quarks, in the
production and decay of 250 GeV t-quarks. The
cuts in Eqs. (2.4.2) and (2.4.3) clearly separate
these two samples. For a top-mass of 250 GeV,
the isolation cut (2.4.2) retained 78% of the
muons from W-decay while rejecting 99% of
the muons from b-decay. The non-isolation
cut in (2.4.3) accepted 89% of b — u+ X and
rejected 91% of W — uv,.

There was a 30% contamination of the
t — ef, uT) + Hnon-isot signal due to non-
isolated muons in the decay of e-quarks which,
in turn, came from the decay of the “wrong”
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t-quark or from g — ¢€. This background
was reduced to the 15% level by selecting
events in which the isolated lepton and non-
isolated muon of opposite sign are close to each
other and, hence, more likely to be from the
decay of the same t-quark. Figure 2-32 shows
the azimuthal separation, é¢{{y), for 250 GeV
top-quark production. Events were kept that
satisfied 8¢(£u) < 90°. The acceptance of this
cut was found to be 67%, 56% and 49% for
m; = 200, 250 and 300 GeV. ' S

After trigger and reconstruction efficiencies,
including those for non-isolated muons from t-
decay,®® the overall acceptance for the ¢, —
el uT, .o events ranged from 1.1% for m, =
200GeV to 1.8% for m; = 300GeV. The
range of acceptance for the u¥  u¥ . | events
was 1.1% to 1.7%. These efficiencies are low
because the analysis was designed to obtain
a very clean sample. The total number of
£, uT . ... events expected with an integrated
luminosity of 10fb~! is 4500, 2400 and 1400 for
m, = 200, 250 and 300 GeV.

Backgrounds to the 7 — el uF tnonisel
signal from production of W* + jets and Z° +
jets were considered. The most important
contributions come from b-quark jets and Z% —
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FIG. 2-34: Mean value of M;, vs. m..

47~ — e*f + u¥ 4+ Fr. After the selections
described above, the W< + jets background was
found to be less than 9% of the signal for the
250 GeV top quark; the Z° 4 jets background
was negligible.4°

The shapes of the M,, and M,, distribu-
tions are nearly identical. For m, = 250 GeV,
the average values of these distributions are
75.1GeV and 75.6 GeV, respectively. Thus,
adding them together to form the M,, =
M., + M,, distribution adds statistical weight
to the m, determination without introducing
signicant systematic error. The M,, distribu-
tions are plotted in Fig. 2-33. The average
value of the M,, distributions are 62.4, 75.4
and 88.0 GeV for m; = 200, 250 and 300 GeV.
The mean value of M,, is plotted against m,
in Fig. 2-34. Note the very linear relationship.
A statistical error of 2.3 GeV on the mass of
a 250 GeV top quark is expected for 10fb™" of
data.

The systematic error in this method of
determining m, arises from imperfect knowledge
of the b-quark fragmentation function and of
the pr distribution of the #-quarks. These affect
the momentum distributions of the non-isolated
muon and the isolated lepton, respectively. The
effect of heavy-quark fragmentation was studied
by varying the parameter ¢ in the Peterson
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fragmentation function from its nominal value
of ¢ = 0.006.° The range considered, lo =
0.002, led to a variation of 2.3GeV in the
mass of a 250 GeV t-quark. A measure of the
systematic error due to the pp(t)-distribution
was obtained by varying the amount of initial
state radiation in #t production. This resulted
in a 3.4 GeV change in the mass determined for
the 250 GeV t-quark. Finally, next-to-leading-
order QCD corrections to the ¥ cross section
increase the magnitude of the cross section by
about 50%, but do not significantly change
the shape. Still higher-order corrections are
expected to amount to £15%. Thus, radiative
corrections are not a major source of systematic
error. We conclude that, with an integrated
luminosity of 10fb™!, we shall be able to use
the M,, method to determine the mass of
a 250 GeV top quark to within an error of
+2.3 GeV (statistical) £ 4.1 GeV (systematic).

2.4.2. Top-Quark Detection and Mass
Measurement via the Mj; Distri-
bution

The most direct measurement of the top-
quark mass comes from nonieptonic ¢-decay into
three jets. This is also the most precise mea-
surement if systematic uncertainties associated
with jet definition and energy measurement are
under control. Furthermore, it is important for
flavor physics spectroscopy to observe the top
quark in nonleptonic decay modes. An example
of this, the nr, will be discussed below.

ISAJET was used to generate 300K it

events for m, = 140 and for 250 GeV.%
As above, top quarks were generated with
50 GeV < pr < 1000 GeV. Events were selected
in which one W decayed to an electron or muon
while the other W decayed nonleptonically. The
physics background to Tt — £f, + jets comes
mainly from production of W 4+ jets. After the
pr-cuts described below, this background was
found not to be important. Thus, a non-isolated
muon tag was not required. The ISAJET cross
sections for these events are 4.1nb and 0.44nb
for the two values of m,. The isolated leptons
were required to satisfy the cuts in Eqs.(2.4.1)
and (2.4.2).

To eliminate combinatorial backgrounds in
the multijet mass distributions due to picking

up the wrong b-quark (or its products), the
t-quark and individual jets were forced to be at
high pr and jets were selected in the hemisphere
opposite the isolated lepton. Comnsequently, the
three jets from the decays of ¢ tend to be close,
and a cone of small radius R = 0.4 was used
to define jets. Individual jets were required
to have pr > 30GeV for the m;, = 140 GeV
case and pr > 50 GeV for the 250 GeV case.
In both cases, jets were required to satisfy
S¢(Ljet) > 90°. Finally, the three highest-pr
jets satisfying these constraints were required
to have [pr(8jets)] > 200 GeV (300 GeV) for
m: = 140 GeV (250GeV). See Ref. 41 for
the basis of these cut values. The combined
geometrical acceptance and efficiency of these
cuts was found to be 0.70% and 1.0% for m, =
140 and 250 GeV. The number of events of £* +
jets obtained per 10fb~?, taking into account
trigger and reconstuction efficiencies and these
acceptances, were 240K and 40K for m, =
140 and 250 GeV, respectively. The W + jets
background was found to be negligibly small for
the 140 GeV case. It contributed 15% to the
three-jet mass spectrum for 250 GeV, but this
had no important effect on the determination
of m,.

Consider first the case of m, = 140 GeV.
The W — 2jets and ¢t — Wb — Jjets mass
distributions, Mj; and Mj;, are shown in Figs.
2-35 and 2-36. For these plots, the trijet
search region was 110 GeV < Mj; < 170 GeV.
At least one dijet pair was required to satisfy
|M; — Mw| < 20GeV. All dijet pairs passing
the cuts appear in Fig. 2-35 (a). The fitted
W-mass peak is at 75.8 GeV in this figure. The
resolution on this mass is 13.9 GeV. The large
combinatorial background in this figure is a
consequence of the kinematics of this case. For
m, = 140 GeV and My = 80GeV, the three
jets tend to be roughly equidistant in n — ¢
gspace. The background comes from picking up
the b-jet from the same or, less frequently, the
other t-quark decay. The signal-to-noise ratio
in the W-peak region is about 2:1.

This signal-to-noise can be improved con-
siderably by requiring that one of the jets pass-
ing the above cuts be tagged as a b-jet by the
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FIG. 2-35. Dijet mass distribution in 7 events with
my = 140GeV. (a) No b-tagging was assumed. (b)
b-tagging was assumed with 20% efficiency.

tracker. Figure 2-35 (b) shows the Mj; distri-
bution for events with an identified b-jet which
is then excluded from the dijet mass. The b-tag
efficiency for this plot was assumed to be 20%.
(See Section 6.2.3 for a discussion of b-tagging
with the GEM central tracker.) The W signal-
to-noise ratio is improved to 3.9:1. The fitted
W-mass peak in this plot is at 76.9 GeV with
a resolution of 8.4 GeV. We emphasize that
this b-tag is not required for determining m,.
This is seen in Fig. 2-36, where the top-quark
peak appears clearly above little combinatorial
background. The mass was determined to be
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FIG. 2-36. Trijet mass distribution in #f events with
m; = 140 GeV, without b-tagging.

138.2 GeV with a resolution of 8.1 GeV.

The jet energy correction procedure de-
scribed in Section 2.2.6 was applied to this
data. It was found not to improve the re-
sults significantly. For example, the peak of the
corrected dijet distribution occurred at 82 GeV
while the top-quark mass changed to 142 GeV.
This result may be due to the fact that, while
the correction function was determined for sin-
gle, isolated jets, the jets here are close to-
gether. The jet correction procedure is still
under study.

The dijet and trijet mass distributions are
shown in Figs. 2-37 and 2-38 for m; = 250 GeV.
The search region was 200GeV < Mj; <
300 GeV. As above, at least one dijet was
required to have invariant mass within 20 GeV
of My, and the invariant mass of the two clos-
est jets was plotted. There was no need for
a b-tag to sharpen the dijet mass distribution
since, for such a heavy top-quark, the two jets
from the W are closer to each other than ei-
ther is to the b-jet. Thus, the combinatorial
background under the W-peak is much smaller
if one selects the closest two jets. The fitted
W -mass was found to be 79.8 GeV, with a res-
olution of 7.1 GeV. The top-quark mass was
determined to be 247.4 GeV with a resolution
of 14.7 GeV.

The statistical uncertainty on the top-
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FIG. 2-37. Dijet mass distribution in #f events with
me = 250 GeV.

quark mass for 10fb™" of data is approximately
0.03 GeV (0.11GeV) for m, = 140(250) GeV.
Systematics dominate the error in the m, mea-
surement. The largest effect is the uncertainty
in the jet energy measurement. More detailed
studies of the calorimeter — beam tests as well
as simulations — will be required to yield ad-
equate correction functions. It will be helpful
that the ¢+ — Wb process is self-calibrating:
The position and width of the W peak will
help calibrate the energies of jets in ¢-decay
and determine the systematic uncertainty in
m,.

The top quark will be a signal of flavor
physics. One example is the 5y boson, a
spin-zero color-octet meson occurring in many
technicolor models.®* In modern models,*the
nr is expected to have a mass in the range
300 — 500 GeV.*® It is produced in pp collisions
via gluon fusion with a cross section of order
0.1 — 1.0nb, depending on the mass and the
number of technicolors.*®* It is expected to
decay predominantly to #f with a width of
order 10 — 100 GeV, again model-dependent.

In a search for the 5y, one would tag 1 pro-
duction in the ££, + jets mode and look for an
enhancement in the 7 invariant mass distribu-
tion. This invariant mass can be determined up

to a quadratic ambiguity by assuming that the

L ! L L ] LI 1 ] LI B

1200

[Llllllllill_ll

N
3

g
T T ' LI I T rT l T 17T

Events/2GeV/10 fb!

0 i | I L I Ll .l J I Ll 1

0 100 200 300 400
Mjij (GeV)

FIG. 2-38. Trijet mass distribution in 7 events with
m; = 250 GeV,

missing-Ey is due to W* — ¢*y,. The resolu-
tion on this invariant mass for M; ~ 400 GeV
is about 15 GeV plus the contribution from the
E7 resolution. For a 30 GeV wide nr, and as-
suming that the M; resolution is 30 GeV, the
nr appears as an enhancement 75 GeV wide.
The underlying ¢ cross section in such a re-
gion is about 5, 3, 1nb for M,, = 300, 400,
500 GeV. The feasibilty of discovering the
over such a background is under study.

2.4.3. Discovery of a Charged Scalar in
the Decay of a Heavy Top Quark
Charged color-singlet scalar bosons, H¥,
occur in standard multi-Higgs-doublet mod-
els, in all supersymmetric extensions of the
standard model and, typically, as technipions
in models of dynamical elecroweak symmetry
breaking. Generally, their couplings are Higgs-
like. That is, H* tend to decay to the heaviest
fermion pairs kinematically accessible. Since
H* are color-singlets, they are copiously pro-
duced only if there is a heavier quark which
can decay into them.

We study discovery of an H* in the decay
products of a heavy top-quark. The masses
m, = 250 GeV and M} = 150 GeV were used
for the discussion that follows. At the end,
results for other mass combinations will be
described. It was assumed that both ¢t —
W*b and ¢t — H*b decays are allowed. The
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charged scalar was assumed to decay into ¢3
and 7tv,. The various branching ratios for
t- and Ht-decay are model-dependent. In
the absence of experimental support for any
particular model, it is appropriate to assume
only that B(t — W*b)+ B(t — H*b) =1
and B(H* — ¢3)+ B(H* — t%v;) = 1, and
to study the reach of the detector for H¥
as a function of the branching ratios. For
comparison with other simulations, 47 we also
present results in terms of a specific model,
the two-Higgs-doublet model occuring, e.g., in
the minimal supersymmetric extension of the
standard model (see Ref. 26).

Only the decay mode HY — rty, is con-
sidered here.%? This case demonstrates GEM’s
capacity to detect and use 7-leptons in a phys-
ically plausible situation. For the decay of a
heavy t-quark into H+, it should be straightfor-
ward to discover H* and measure its mass in
the hadronic decay mode, H* — ¢3. The anal-
ysis would proceed along the lines of the study
of t = Wtb — 3jets in the previous section.
The most interesting issue is the limit that
can be set on the branching ratio B{(H* — ¢3)
as a function of B(t — H*b). This hadronic
H*-decay is under investigation.®

The presence of t — H*b, followed by
H* — 7%y, is signalled by a breakdown of
lepton universality expected if only t — Wb
were allowed (also see Refs. 4 and 47). In
addition to the n*v, decay mode used as
a 7-tag in those references, we employed all
hadronic 7-decay modes. The performance of
the GEM central tracker r-lepton identification
is described in Sections 6.2.2 and 6.2.3.

ISAJET 6.50 was used to generate 15K each
of 1 — WtW-bb and 1 — WH*bb events.
Signal events were selected by requiring an
isolated electron or muon and a tau-lepton
candidate. The criteria for an isolated u* were
taken to be:

7| < 2.4

pr > 20 GeV
S Er— 3 Er<2Gev
R=0.4 R=0.1

Muons were required to be fully reconstructed
according to the efficiency paramaterized in

(2.4.4)

gemfast. For an isolated e* the criteria

|7| < 2.4
S Er > 50GeV
R=0.3
z Er(EC) > 40 GeV (2.4.5)
R=0.2
3" Er— ) Er(EC) < 10GeV
R=0.4 R=0.2

0.8 < Er(R = 0.2)/pr(CT) < 2.0

were used.

The ISAJET decay table was updated to
include all major 7-decay modes. Hadronic
modes account for 64.5% of all decays while the
nwt-mode is only 12%. For analysis of the two-
body decays, it is important to account properly
for the r-polarization occurring in W* and H*
decays. The decay W* — r*y, conserves
chirality (the same as helicity for a high-energy
), while H*¥ — r*y, maximally violates it.
Then, for example, the 7+ occurring in 7+ —
nt7, tends to follow the H* direction of motion
and so has higher pr than 7%+ from W+ — 7+,
decays. This effect is enhanced here because
Mg+ is larger than My. The polarization
correlations were implemented in ISAJET for
two-body 7-decays. The r-polarization effects
are small for the three-prong decays and require
no special simulation.*®

Isolated r-candidates were selected by re-
quiring:
|9, < 2.4
Na=1lord
Y. Er>50GeV

R=0.3

s¢(€£7) > 100°
S Er- Y Er<10Gev

R=0.4 R=0.2

(2.4.6)

For the charge multiplicity cut, tracks were re-
quired to have pr > 1 GeV and to lie within a
cone of R = 0.1 around the calorimeter jet axis.
The leading track in this cone was required
to have pr > 15GeV. Electrons from 7 de-
cays were rejected if they passed the criteria in
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Eq.(2.4.5). Muons from r-decays are predom-
inantly isolated and are thus rejected by the
absence of their significant activity in the cal-
orimeter. The central tracker was not used to
tag 7-leptons by their displaced vertices. If it
were, it would further enhance the significance
of the nonuniversality signal.

In addition, we required a b-jet tagged
by the central tracker. The b-jet crite-
Tia were |m| < 24, 6¢(£b) < 100°, and
scalar Er > 30GeV. A tagging efliciency
€(b — tag) = 20% was assumed in this study;
see Section 6.2.3. Alternatively, we can tag
b-jets by a non-isolated muon. In this case the
signal significances discussed below decrease
somewhat.4?

The statistical significance of the H+ —
7+v, signal is characterized by the number of
standard deviations by which the number of
T-events exceeds the expectation from lepton
universality:

N, =
N(W.Ht i eiuolT)
\/N(WW - eisolf) + JVF(‘/V-H:t - eisolr) ‘
(2.4.

7
Here, the event numbers are given by :
NWW - byq7) =
2N; B*(t — Wb)
B(W — {v,) B(W — 71,) B(T — hadrons)
W = e(W —171)
e(b-tag)e(t-tag) e(t-trigger) ;

.N(VV.H:h nd fim]‘r) =
2N; B(t = W) B(t — H*b)
B(W — {v,) B(H* — rv,) B(t — hadrons)
W — e(HY = 1)
e(b-tag) e(t-tag) e(t-trigger) .
(2.4.8)
For a 250GeV top quark, the number of
events produced with an integrated luminosity
of 10" is Nz, = 1.5 x 107. The e-quantities
are efficiencies, discussed next.
The efficiencies (W — 7) and ¢(Ht —
T) are the ratios of the numbers of true r-
leptons passing the above cuts to the correct

number of generated r-leptons, including 7 — ¢
events misidentified as hadronic 7-decays. For
m; = 250GeV and M} = 150GeV, the r-
efficiencies were found to be (W — 1) = 9.8%
and ¢(H* — 1) = 14.7%. The efficiency for
finding W — £y, events was found to be 36%
for electrons and 45% for muons. The average
value ¢(W — f) = 40% was used. The top-
tagging efficiency, e(i-tag), is the number of
top events remaining after the tau-selections,
Eq.(2.4.6), divided by the number of generated
top events times e(W — f). The top-tagging
efficiency was 69%. The efficiency for triggering
on top quarks at Level 1 using was found to be
93%.42

The backgrounds to the # — WFH* —
£% 4+ r£ 4 X signal come from (1) 7 — WWbb
and W Hbb events in which W* and H* decay
to two jets and these fake a 7; (2) W + QQ
events with Q = c,b; and (3) Bb production.
To study the first background, 40K two-jet
events were generated with pr in the range
50 — 1000 GeV. All jets found by gemfast with
E; > 25GeV were kept and subjected to the
r-selection criteria above. A rejection factor of
R(r/jet) = 0.0027 was found. Since there are
two to three jets in the hemisphere opposite
the isolated lepton, this background amounts
to 8.4% of the &t — WW — £, + T signal and
14% x (1 - B(HY — v, )/B(H* — v,) of the
it — WH — £y + 7 signal. Of course, when
B(H* — rv,) is very small, one must rely on
the H* — ¢ mode to discover the charged
scalar. Including these backgrounds reduces
N, by 3%. The other backgrounds have been
shown to reduce N, by less than 3%.%47:4?

The significance for 10fb™?, N, is plotted
against B(H* — rtv,) in Fig. 2-39 for B(t —
H*b) = 0.01 — 0.99. Backgrounds are not
included in these plots of N,. The ¢ —
H* — r* signal can be discovered in GEM
(N, > 5) so long as B(t — H*bd) 2 0.01 and
B(H* — rty,) 2 0.05.

We have also computed N, for the two-
Higgs-doublet model used in the minimal super-
symmetric extension of the standard model.?®
In this model, B(t — H*b) and B(H* — rtu,)
are determined by a single parameter, tan 3, the
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FIG. 2-39. Significance of the t — H+b, HY — 7% u,
gsignal vs. B(Ht — rtur) for various B(t — H*b).
Here, m; = 250 GeV and M; = 150 GeV.

ratio of the vacuum expection values of the two
Higgs doublets. The significances were deter-
mined for four cases: (m., M}) = (250, 225),
(250, 150), (150, 125), and (150, 100) to fa-
cilitate comparison with Ref. 4. The signifi-
cances expected in GEM are shown in Figure
2-40. For all but the heaviest mass combi-
nation, GEM is able to detect a 50 enhance-
ment in 7-production for tanB > 0.4. For
(m., M) = (250, 225), the discovery level cov-
ers the range 0.7 < tan 8 < 2.0 and tan 8 > 20.
By tagging the 7 lepton in all its hadronic
modes instead of just * — 7w, the significances
have been increased by a factor of 2.3 — 5.

2.5. JET PHYSICS AT LARGE
TRANSVERSE MOMENTUM
Although the GEM physics program em-
phasizes precision measurement of photons and
leptons up to the highest SSC luminosities,
the measurement and use of jets is impor-
tant to GEM physics and has a high priority.
The search for a high mass Higgs boson (Sec-
tion 2.3.7) and heavy flavor physics accessed
through top-quark studies (Section 2.4.2) are
two of examples of new physics requiring ac-
curate understanding and measurement of jets.
Hadronic jets are their own backgrounds as well
as the backgrounds to more exotic processes;
H® — 44 is an outstanding example of this.
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FIG. 2-40. Significance of the t — H¥b, HY — r¥us
signal vs. tan g for various m; = 250 GeV and M}; =
225 GeV (dash-dotted); 250 and 150 GeV (dotted); 150
and 125GeV (solid); 150 and 100 GeV (dashed).

The errors induced by analysis effects, such as
jet definition and clustering algorithms, and by
instrumental effects, such as detector resolu-
tion, e/h for the calorimeters, and cracks and
dead spaces, must be carefully studied and kept
under control. Qur approach to these prob-
lems was summarized briefly in Section 2.2 and
described more fully in Ref. 21. This section
discusses the main issues involved in measuring
the high-pr jet cross section accurately. The
search for quark substructure forms the physics
context for this discussion.

If quarks and leptons are composite, with
structure at the scale A, the most visible man-
ifestation at subprocess energies v3 <€ A is
the presence of four-fermion contact interac-
tions, L,, involving the composite quarks and
leptons.®® These interactions induce terms in
the cross section for dijet and dilepton pro-
duction that are of order 73/A%, leading to
significant excesses at “low” §. It is known
from experiments at e*e~ and hadron colliders
that A & 1 — 2TeV, above the scale of elec-
troweak symmetry breaking.>5! Thus, £, must
be SU(3)® SU(2) ® U(1) invariant, and the
composite quark and lepton fields appearing in
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it are electroweak, not mass, eigenstates. This
raises the possibility that unnacceptably large
flavor-changing neutral currents will appear in
the contact interactions. The most stringent
limit on such interactions comes from the al-
lowed magnitude of new effects in the neutral
kaon system. If [AS| = 2 contact interac-
tions exist, they must have A & 500 TeV, well
above the reach of the SSC. For the discussion
of contact interactions accessible at the SSC,
therefore, we shall assume that £, is symmet-
ric under interchanges of the three generations
of quarks and leptons.

Quark substructure shows up directly as an
excess of jets at high pr or v/3. In this section
the contact interaction

4
Lygg = ToAz QLa'V“QLa @LﬂuQLb (2.5.1)

is used as a model to modify QCD-jet pro-
duction. Here, @1, = (u,,d,); are left-handed
quark fields and @,b = 1,2,3 label the gener-
ations. This model for the four-quark contact
interaction is essentially the one discussed in
Ref. 7 except that, here, all quarks are consid-
ered to be composite. PYTHIA 5.6 was used
to generate the jet events for QCD and the
quark substructure signal.5? Several different
choices of parton distribution functions (PDF's)
were used and results compared: EHLQ Set
1,7 the CTEQ Set 1L, and Morfin-Tung Set
2.5 For all choices, the signal region lies above
jet-Er = 4 TeV. The study described here was
made for an integrated luminosity of 10fb~’.
We shall find that GEM can reach a sub-
structure scale of about 25 TeV with this data
sample,

The most important issue in searching for
quark substructure is to be certain that an
observed excess of high- E7 jets is not an artifact
of the detector nor of the analysis. The jet
cross section must be known well enough at
low energy that a deviation at high energy
is unambiguous. For this, one will normalize
the low-Ez spectrum to the QCD expectation
to eliminate uncertainties due to luminosity
and to parton distribution functions. The
jet energy scale must be well understood up
to Egr ~ 10TeV. Here, a scheme must be
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FIG. 241, QCD jet cross section for events with total

transverse energy greater than the value 3 Er. Jets
have || < 3.

developed that corrects for the calorimeter’s
lack of compensation.

Figure 2-41 shows the rate for QCD jet
events in which the total scalar transverse en-
ergy exceeds some value )} Ey. The jets have
In] < 3. A reasonable rate of 1 Hz is achieved at
£ =102 cm~2s~! with a requirement of scalar
2 Er > 1.2TeV. The events in the current
study were generated with a higher 3" Er. To
simulate a number of events actually expected
in one year means to generate them in the sig-
nal region, 3 Er & 9TeV. A second sample
of events was generated with 3 Fr > 4.8 TeV
to determine the normalization differences that
occur among various sets of parton distribution
functions. In the actual experiment, a normal-
ization sample would also be used to account
for uncertainties in the luminosity. These have
been approximately 8% at the Fermilab Teva-
tron.®* In fact, since the cross section at the
SSC for jets at the lowest transverse energies
is not well-known theoretically, the normaliza-
tion region would be the middle of the jet-Erp
spectrum. In contrast, at the Tevatron, the low-
est jet-energy bins correspond to jets of much
higher zp than at the SSC.

The only kinematic cut imposed on jets is
|n| < 1.1. This enhances the roughly isotropic
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Table 2-15: Number of jets expected with 10fb~! for various E§*, substructure scales and parton distributions.

ES™(GeV) 4500 5000 5500 6000

CTEQ-1L Distributions
A= 704 339 155 74
30 TeV 905 489 278 164
25TeV 1226 T24 447 276

EHLQ-1 Distributions
A=o0 663 326 155 76
30 TeV 802 439 255 146
25TeV 1106 669 407 251

MT-2 Distributions

A=z 703 326 155 77
30TeV 918 498 276 159
25TeV 1328 803 507 309

signal relative to the forward-backward peaked
QCD background. More than one jet can be
taken from a single event. For these central
high-Er jets, the triggering efficiency will be
close to 100% (see section 7.2.2). The discovery
criterion adopted for this analysis is an excess
of 100 events in an Ep-region in which the
observed cross section is twice as large as the
QCD expectation.

As discussed in Section 2.2.6, jet clustering
was done with a fixed-cone algorithm, where
all cells within a large n — ¢ radius R = 0.9 of
the jet center were included. Fixed cone algo-
rithms correspond most closely to the cutoffs

used in theoretical calculations. and facilitate .

the comparison of theory to experiment. In
the case of the substructure signal, for which
no next-to-leading order calculation exists, the
large clustering radius was chosen to reduce en-
ergy loss out of the clustering cone. Extensive
checks of this algorithm were made to ensure
that it was efficient, insensitive to detector vari-
ations and that it had a well-defined angular
resolution.?? If the jet-come radius was de-
creased to 0.7, the main effect was to shift the
energy scale of the jet-Er spectrum downward
by 1.2%.

A full experimental analysis will include the
development of a jet energy correction function
and an unsmearing procedure for the inclusive
jet-Ex spectrum (see Section 2.2.6). The cor-
rection function will include the effects of the

underlying event, energy out of the clustering
cone, and detector noise, inefficiencies and non-
linearities. While most of these corrections are
reasonably well-understood, most are not very
important for high-Er jets. The most impor-
tant problem is to determine the jet energy
scale. Jets whose large Er drifts upward easily
produce a false compositeness signal. The jet
energy scale will be established for the GEM
calorimeter using test beam and collider data
as described in Chapter 5 (see Sections 5.2.2,
5.4.4 and 5.7). The energy scale correction will
depend on, e.g., the jet rapidity and on the
fraction of electromagnetic energy observed in
a jet.

The systematic uncertainties that limit the
reach in A come from the parton distribution
functions and incomplete knowledge of the jet
resolution and the jet energy scale. A number
of jet energy reconstruction schemes, partic-
ularly weighting algorithms which attempt to
boost the hadronic part of a shower, have been
used to improve jet resolution and energy lin-
earity.'”'® Since it is difficult to predict how
successful the correction scheme will be, we
shall estimate the systematic effects due to
nongaussian tails in the energy response and
to nonlinearity arising from lack of compensa-
tion in the calorimetry. Nongaussian tails were
modeled in gemfast by adding a second gaus-
sian of 1% the amplitude and three times the
width of the normal gaussian energy resolution
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Table 2-16. Number of jets expected with 10fb~? in different energy-weighting schemes as described in the text.

The CTEQ-1L entries are from Table 2-15.

jet rates obtained using the CTEQ-1L, EHLQ-
1 and MT-2 distributions are compared in the
table. The A that can be reached according to
our discovery criterion varies by about 10—-20%,

The expected nonlinearity in the charged
pion response was modeled using a GEANT
simulation of the GEM detector in which the de-
tailed geometry and materials were replaced by
simpler volumes filled with an equivalent mix-
ture (see Section 5.2). Realistic e/h values were
included in the model. Figure 2-43 shows the
charged pion response, averaged over |n| < 1.1,
as a function of energy. The relative response
has been set to 1.0 at 200GeV. The solid

E$"(GeV) 4500 5000 5500 6000
CTEQ-1L Distributions
A=o0 T04 339 155 T4
25 TeV 1226 724 447 276
Energy-independent Weights
A= 718 349 167 79
25 TeV 1257 739 468 286
Energy-dependent Weights
A= 676 321 148 70
25 TeV 1189 701 435 267
L) L ‘[—r LI E L L I
3 depending on the choice of distributions.
2 ]
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2 |
5 3
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5 3
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N
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NI EEEEEE R | I VY S B i
6000 8000 10000 12000
Jet Pr{GeV) .

FIG. 242. Inclusive jet Ep spectrum for substructure
at the scale A = 23 TeV {dashed) and for QCD (solid).

by which the calorimeter energies are smeared
(see Section 2.2.3). In studying nongaussian ef-
fects, we compared the rates of the CTEQ-1L,
EHLQ-1 and MT-2 distribution functions.

The inclusive cross sections for jets with
|n] < 1.1 are shown in Fig. 242 for A = 25 and
QCD (A = o0). The CTEQ-1L distribution
functions were used to generate this figure.
Table 2-15 lists the number of jets expected
in a nominal SSC year with Er > Ef**. It is
clear that a quark substructure signal at the
scale A = 25TeV could be discovered easily in
one year with a detector whose calorimeter is as
linear as the one modeled here. The variation in

curve is the average relative response for jets
in the compositeness sample in which energy-
independent weights have been used to calcu-
late the response. Energy-dependent weights
were used for the dashed curve. The energy-
dependent weighting scheme is more difficult to
implement. The naive linear extrapolation to
high energies shown here gives noticeable errors
in both cases, but mimics the extrapolation
from test beam energies that will have to be
carried out when calibrating the real detector.

The effect of the nonlinearity in the two
weighting schemes is illustrated in Table 2-16.
The CTEQ-1L distribution functions were used
to prepare this table. As expected from Fig.
2-43, the energy-independent weighting scheme
tends to increase the measured Er of the jets,
while the energy-dependent scheme reduces jet-
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FIG. 2-43. Nonlinearity of calorimeter response to pi-
ons after employing corrections with energy-independent
weights (solid curve) and energy-dependent weights
(dotted curve).

Er. The effects are small, of order 5% and
the scale A = 25TeV is still easily within
reach for a one-year data sample. We expect
that more detailed, higher-statistics studies will
show that the effects of nonlinearity will be
smaller using the energy-dependent weighting
scheme. However, in this case there will be more
theoretical uncertainty because of the greater
reliance on the jet fragmentation function to
establish the calibration. These studies are still
in progress.

Finally, we can estimate the reach in the
quark scale A that GEM could attain with a
data sample of 100fb™". We anticipate no spe-
cial difficulties for high-Ey jet measurement as-
sociated with operations at £ ~ 10%*em=2s71.
Thus, the reach in A can be determined from
the fact that the subprocess cross section goes
as §/A% This yields A ~ 45 TeV, a factor of 40
greater than the limit set by existing hadron
collider data.

2.6. HIGH MASS PHYSICS AT UL-
TRAHIGH LUMINOSITY

The standard integrated luminosity pro-
duced in one to two years at the SSC should
be sufficient to discover or exclude the signals
of much of the collider’s initial physics program
— electroweak and flavor symmetry breaking.
This has been demonstrated elsewhere in this
and other documents.* Still, there remain many
potential new physics signals which require an

integrated luminosity of order 100fb~". This lu-
minosity can be achieved practically only with
extended running at £ ~ 103 cm~?s™!. These
new physics opportunities are almost all at very
high mass scales, with effective cross sections of
order 1 — 10fb. Examples include multi-TeV,
weakly coupled Z’ and W' bosons, quark-lepton
substructure, and very massive technirho vector
bosons. In these and most other examples, the
new physics is signalled by an excess of well-
isolated leptons at high-pr. For this reason, the
clean identification and precise measurement of
high-pr electrons and muons at ultrahigh lu-
minosity are fundamental goals of the GEM
design philosophy.}-?

This section demonstrates the capacity of
GEM at ultrahigh luminosity for (1) precision
measurements of the masses, widths and chi-
ral couplings of 4 TeV Z’ bosons via e*e~ and
ptu~ final states and (2) for the signatures
and properties of quark-lepton substructure at
the scale A = 25TeV in Drell-Yan production
of high-mass dimuons. For both, we show that
GEM can distinguish different models with a
data sample of 100fb™!. We also find that
the reach of the GEM detector is Mz ~ 8 TeV
for Z' and A = 30 — 35 TeV for quark-lepton
substructure. Finally, we briefly describe ap-
proaches to studying high-mass W'* — %y,
and quark-lepton substructure in gg' — p*v, .5

The isolated high-energy lepton signals of
these and most other new physics processes are
relatively free of all physics backgrounds includ-
ing irreducible ones. For example, a rejection
factor of R(e/jet) of O(107*) reduces the jet
backgrounds to Z' — ete~ to the level of a few
percent (see Section 2.6.1). Straightforward
isolation cuts on muons completely remove the
main physics backgrounds to §g — utu~ (Sec-
tions 2.6.1 and 2.6.2). The real difficulties of
this experimental program are instrumental and
environmental. Robust performance of all the
main detector systems, as well as the trigger,
at ultrahigh luminosity is the key to success.

2.8.1. Precision Studies of New Heavy Z’
Gauge Bosons

Extensions of the standard electroweak
gauge group, SU(2) ® U(1), involve neutral
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Z' and, usually, charged W'* vector bosons. In
the models of interest, the new weak bosons
couple to quarks and leptons with strength
of O(e). In one year of running at the
SSC at £ = 10**cm~?s~!, one can reach
Mz ~ 4 — 6 TeV, depending on the Z' cou-
plings.” The reach criterion is the detection, in
107 seconds, of 10 Z* — ete~ events in a nar-
row M.+.- range where none are expected. If
such a boson were found, high-statistics stud-
ies would be needed to determine its nature.
These studies will require extended runs at
10*em~2s~!, This section concentrates on
heavy, 4TeV, Z’' bosons. At this mass, ultra-
high luminosity generates hundreds of detected
events per year in GEM, sufficient for preci-
sion studies. Since the couplings of such Z’
bosons must be flavor-conserving, they may be
detected in both modes, Z' — e*e™ and utu~.
Very precise measurements of the Z’' mass and
width are made via the ete™ decay. The chiral
nature of the Z’ couplings to quarks and leptons
is investigated in the y*u~ mode by measur-
ing the distribution in the angle # between the
outgoing x~ and the incoming quark.

The goal of the studies presented here is
to determine GEM’s ability to distinguish two
different Z’ models by the bosons’ widths and
angular distributions. (Preliminary studies of
these two models were presented in Refs. 2 and
3.} The two models considered were:

1. A left-right model, in which SU(2), ®
SU(2)r @ U(1) breaks down to SU(2). ®
U(1). The SU(2)g coupling was taken to
be the same as the SU(2). one. The extra
Z-boson of this model is called Z; below.

2. A model in which the grand-unification
group SO(10) breaks down to SU(5)QU(1),
then to SU(2); @ U(1). Such a model may
have an extra 2’ = Z, well below the
unification scale.

The left-and right-handed couplings to quarks
and leptons in the two models are given by®®

Gur =0, Gur=08+7;

gar=p0, gar=0-17; (2.6.1)
ger=-38, gr=-38+7;
g = =38, Ger=-38-17.

The parameters 3 and v are

B=00528, ~v=-03630 (Model 1)
B=0.0979, 7=-0.1958 (Model2).
(2.6.2)

In calculating the Z’ decay widths, it is
assumed that there are three generations of
quarks and leptons and that right-handed neu-
trinos exist and are much hghter than Mz.. If
there are no other significant decay modes, the
widths are given by

QGMZfC,'

Nz~ ff) = 3sin? 26,

(9 + 9i) »
(2.6.3)

where C; = 3 for quarks and 1 for leptons.

The full widths in the two models are I'(Z;) =

105 GeV and I'(Z;) = 67.7 GeV.

2.8.1.1. Z/ — ete"

PYTHIA 5.6 was used to generate 1000
events for each of the two Z' models, includ-
ing full 4/Z/Z’ interference. Except for studies
that specifically involve the operation of the
tracker, pileup at £ = 10 cm=25"! was simu-
lated only as increased noise in the calorimeters.
Because we are dealing with such high energies,
pileup makes a negligible contribution to the
isolation cone energies. The total cross sections
for 3.75 TeV < M.+.- < 4.25TeV are 5.44fb for
Model 1 and 4.54fb for Model 2.7 No rapid-
ity cut was imposed on the generated events.
Electron candidates were required to satisfy the
following criteria:

e They had || < 2.46 so that they were
within the tracker’s coverage. Electrons
falling in the transition region between
barrel and endcap (1.01 < |g| < 1.16) were
excluded because their energies are not as
precisely measured.

e They had Er > 250 GeV in a 5 X 5 tower in
the EC; 98.6% of the events with |n| < 2.46
passed this cut.

¢ To reject hadrons, the transverse energy
leakage into the first, thin layer of the HC
behind the 5 x 5 EC tower was required
to be less than 10% of the electron’s Er;
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99.4% of the remaining events passed this
selection. If a high energy EC cluster was
isolated at this level, any energy in the
first layer of the HC behind the cluster was
added to the EC energy to improve the
resolution.

The geometrical acceptance of the GEM detec-
tor for these ete™ events is approximately 88%
for both models. The trigger efficiency for these
events is close to 100%. Thus, GEM collects
475 Z, — ete” and 400 Z, — e*e” events in a
run of 100fb~1.

Physics backgrounds to the Z' — ete™ sig-
nal come from misidentifying jets as electrons
in QCD-jet production and in pp — W + jets
with W — er. They may also come from iso-
lated, high-mass e*e~ pairs from ¥t production.
The cross section for QCD jets with || < 2.46
and invariant mass Mj; in a bin 500 GeV wide
centered on Mz, = 4 TeV is 700 pb. The corre-
sponding cross section for W + jets — e + jets
is about 25fb. The rate for ft — ete~ + X with
generated Mz, > 1.4 TeV and pr(t,7) > 100 GeV
is 1.4 pb, for m, = 140 GeV. These backgrounds
are eliminated by a combination of isolation and
M.+.- cuts. The calorimetric isolation cut is

I.= Y Er—11) Ef(EC)<0. (264)
R=0.5 5x5

This cut accepts 97% of the signal events
while providing a jet rejection factor R(e/jet) =

2x 1073, Requiring exactly one charged track®®.

with py > 50 GeV pointing to the EC cluster
then gives a rejection R(e/jet) ~ 4 x 104,
Thus, the dijet background is less than 4% of
the signal, while W + jet is negligible. After the
isolation cut, the ?t — e*e~ + X background
is completely eliminated by requiring M,.+.- >
3.5TeV. (See the discussion below of the
it — ptp~ + X background to 2' — utu~.)

The ete~ mass resolution is given by

AM+.- 1 (AE1)2 (AE,)’
Her  I\E ) T\

012 2
+ | cot -5— Abyo N

where E,, are the e* energies and &, is
the angle between them. In the EC energy

(2.6.5)

resolution, only the constant term matters for a
4TeV Z'. For the GEM baseline, this is 0.4%.

For the high energies of interest here, the
et. e directions can be determined to an accu-
racy of about 2mrad by using the longitudinal
segmentation in the EC. (See Section 5.2.1.)
This gives A6y, = 0.003. We are investigat-
ing whether even greater angular precision may
be obtained by using the calorimeter and the
tracker in concert to determine the vector from
the shower centroid to the event vertex. The
shower position is determined to about ! mm. If
the vertex position can be determined to a sim-
ilar position at 10* cm~%s~!, we will achieve
Afy; ~ 0.0015.

In sum, neglecting environmental effects at
L = 10¥cm~%s5"! that might degrade M,+,-
resolution, we expect AM.+.- = 0.003 x M.,
since #;, & 60°. This is appreciably less than
I'z:/2.35 for the models under consideration.
GEM will be able to resolve a 4TeV Z' as
narrow as 30 GeV, a factor of two better at
L = 10 cm~2s"! than can be achieved by
an electromagnetic calorimeter with a constant
term of 1%.

Several environmental effects were consid-
ered that might affect the M, +.- resolution:57
Pileup noise in the calorimeters is unimportant.
Events were simulated without, as well as with,
the Gaussian pileup noise turned on. The mea-
sured I'z. agreed to 1.3% and Mz to 0.1%,
consistent with statistical fluctuations. The ef-
fect of pileup tracks on the performance of the
tracker for the purpose of vertex determination
was included in the z-resolution quoted above.
Finally, bremsstrahlung from the passage of the
very high energy electrons’ through the CT ma-
terial enters the same 5 x 5 EC tower which
defines the electron shower.

Figures 2—-44 and 2-45 show the M,+.- dis-
tributions for the two Z’' models as generated
by PYTHIA and as simulated by gemfast.5” In
the reconstructed distributions, the electron di-
rections were found using the EC shower point-
ing only. These distributions are fit very well by
a Lorentzian. The reconstructed masses deter-
mined from this fit are Mz, = 3996 £ 1.5 GeV
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FIG. 2-44. The M, .- distribution for a2 4 TeV mass
Z' of Model 1 as described in the text. Reconstructed
(solid} and generated (dashed)} distributions are shown.

and Mz, = 3994+ 0.9GeV. The widths are
Iz, =132+£5.0GeV and Tz, = 99.2+ 3.7 GeV.
Here, the errors are from the fitting routine and
include the finite statistics. The reconstructed
masses differ from those obtained by fitting the
generated distributions by 0.1%. The gener-
ated widths are 124 GeV for Z; and 94.2 GeV
for Z,.5%* They differ from the reconstructed
widths by an amount that corresponds to the
detector resolution estimated above. Very sim-
ilar results were obtained by using the CT and
EC together to determine the electron direc-
tions. This redundancy gives confidence that
GEM’s precision electron measurement capabil-
ity will survive at ultrahigh luminosity.

While the error in T'z: will be dominated by
statistics, the main error in Mz is systematic,
arising from possible nonlinearity in the EM
energy scale in the TeV region. The energy
scale of the EC will be calibrated by test
beam data at the highest available energy and
determined at higher energies by extrapolation
of the data and Monte Carlo simulations (see
Chapter 14).

Finally, we estimated the reach of the GEM
detector in M. for an integrated luminosity of
100fb~'. Assuming that ten detected 2’ —
et e~ events are sufficient for discovery (there is
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FIG. 2-45. The M_4 - distribution for a 4TeV mass
Z' of Model 2 as described in the text. Reconstructed
(solid) and generated (dashed) distributions are shown.

no background after cuts), the reach was found
to be about 8 TeV for both models considered.
The reach for other models may be more or less
by 1 - 2TeV. This high mass, then, sets the
upper limit of the dynamic range of the GEM
electromagnetic calorimeter.

2.6.1.2. Z' — utu-

The chiral couplings of Z’ bosons to quarks
and leptons determine the lepton angular dis-
tribution. Thus, the cos # distribution can help
distingunish alternative models. For very heavy
Z' bosons, such as the ones considered here, the
angular distributions of the high energy muons
can be measured reliably in GEM because their
angles and charges can still be determined at
ultrahigh luminosity. We imposed the criterion
that muon charges must be known with at least
2.50 significance. At least 99% of the signal
events that passed the isolation and invariant
mass cuts described below have the charges
of both muons determined. Events with one
mismeasured sign were rejected. The probabil-
ity of two mismeasured signs is O(10~*) and
no such events are expected in a data sample
of 100fb™'. These results are consistent with
those of Section 4.2.5 where a slightly looser,
20, criterion is adopted.
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To measure the angular distribution of the
g~ in Z' decay, one must determine, in addi-
tion to the muons’ charges, the motion of the
subprocess center-of-mass {c.m.) frame relative
to the lab, and the direction of the incoming
quark in the lab. The usual procedure is to
determine the quark direction and, hence, the
angle # by requiring that the Z’ be produced
at large rapidity, 5z & 1.° Only about 20%
of the heavy Z’' — u*tu~ events pass this cut.
Fortunately, this data-limiting criterion is un-
necessary. As we will discuss below, the quark
direction is well-determined by the muon rapidi-
ties, allowing use of the full data sample.®!2
This method works just as well for measur-
ing muon angular distributions in continuum
Drell-Yan production (see Section 2.6.2).

For dimuon events with /3 2 2TeV, the
pr of the c.m. frame is less than 200 GeV
about 70% of the time. Thus, to a good
approximation, one may ignore the transverse
motion of the c.m. frame. Its longitudinal
motion is then given by the boost rapidity,
N5 = 3(Mu- + Mu+). Here, of course, ng = 9z
We define the angle 8* by

cos 8* = sgn(np) tanh (n—“.—-;—!?—"-t) . (2.6.6)

For 4/ > 2TeV, the quark is harder than
the antiquark, and its direction is given cor-
rectly by 7g, at least 75% of the time. Thus, to
the extent that one may also ignore the trans-

verse motion of the c.m. frame, the angles #*

and @ are equal 75% of the time. This is ad-
equate to distinguish the angular distributions
of the two Z’' models considered here, provided
enough data is collected.

The cos8* distribution is given in the par-
ton model by (for a muon system with perfect
acceptance at |9} < 2.46)

iy = T
fo(VTE™, Mz} fi{V/Te™"®, M)
X (0(113 ) Ngq(cos 8*)
+ 8(—n8) Ngy(~ cos 8"))

X 8(2.46 — |n,-1)0(2.46 — |n,+1).
(2.6.7)

Here, 7 = M%./s = 0.01,

Nmax = Min{—In /7, 2.46), (2.6.8)
and #(z) = 1(0) if z > 0(z < 0). The dimen-
sionless ¢g — £+{~ angular distribution A, is
given by

Nyq(cos8°) = (a2,97 + g2rgin) (1 + cos§™)’

+ (92L9ip + 97r92r) (1 — cos 7).

(2.6.9)

The forward-backward asymmetry expected in
the parton model is given by

A = N{cos8* > 0)— N(cos8* < 0)
FB ™ N(cos8* > 0)+ N(cos8* < 0)°
(2.6.10)

PYTHIA 5.6 was used to generate 1000
events of Z' — ptu~ with |My+,- — Mz| <
250 GeV for each of the two models, as in
the previous subsection. The cross sections
in this simulation were found to be o(Z; —
ptp~) = 5.86fb and o(Z, — ptu~) = 4.491b.
The geometrical acceptance of the muon system
for all events was found to be 63% for both
models; for muons with || < 2.46, it is about
70%. For these muons, the trigger was highly
efficient. Thus, before any additional losses, a
data sample of 100fb™" yields 375 Z; — u*pu~
and 285 Z; — p*u~ events. A study of the
muon system’s geometrical acceptance for these
Z' events was carried out using sigem and is
described in Section 4.2.6. The results found
there are essentially identical to those obtained
here with gemfast.

The only physics backgrounds to the Z'
signal are continuum Drell-Yan production and
tt —» ptpu~ + X. After momentum smearing
is included, the signal region used for angular
distribution studies was taken to be 3.2 TeV <«
My+,- < 4.8TeV. The Drell-Yan background
was studied by generating 4000 v/Z/Z' events
with M 4,- > 1.5TeV. Drell-Yan production
contributed six background events to the signal
region.

The #t — p*u~ + X background was stud-
ied by generating 200K events with generated
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FIG. 246. Isolation variable J, = ER=O_7ET—U.IP;
for 2y — ptu” (solid) and # — p*p~ + X (dashed).
Events have M.+, > 1TeV and |gu] < 2.6 at the
generator level.

Mz, > 1.4TeV and pp(t,7) > 100GeV. The
rate for this background is 1.4 pb, so the sam-
ple corresponds to 140fb™". (Other potential
backgrounds, such as tW and WW-production
have very much smaller rates.) Detector re-
sponse to events having M,+,- > 1TeV and
|7.] < 2.6 at the generator level was simu-
lated with gemfast. There were 2900 such
events (for 100fb™"), of which 2700 passed the
geometrical acceptance simulated in gemfast.
This is higher than the geometrical acceptance
for Z/ — ptu~ events because most of the
muons from f-decay follow their parent’s direc-
tion, which is fairly close to the beam. These
muons are usually accompanied by hadronic de-
bris. Thus, the background can be removed by
a combination of isolation and M,+,- cuts.

The isolation cut was tuned to optimize
signal acceptance and background rejection.
Figure 2-46 shows the isolation variable

I,= ) Er—0.1pr(p) (2.6.11)
R=0.7
for signal and background events. Here, the

sum is over energy in the full calorimeter and
pr(p) is the corrected muon momentum. For
these studies, the muon momentum was cor-
rected for energy loss in the calorimeter as
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FIG. 2-47. The M 4+ - distribution for the Drell-Yan
continuum and Zg -+ gtp~. The #t — ptpy~ + X
background before the invariant mass cut is also shown
{dashed).

described in Sections 2.2.4 and 4.2.5. A cut of
I, < 0 rejects 96.5% of the ¢ background while
retaining 94% of the Z’ events. All these events
had identified muon charges. Finally, a cut on
the measured dimuon mass of M +,- > 3.2 TeV
left no #f background events.

As discussed in Section 4.2.4, the rate of
mismeasured low-pr muons (e.g., ones with
their tracks straightened by scattering) is small
compared to the real high-pr muon rate. There-
fore, the probability of getting two mismeasured
high-pr muons with pr balanced to within
300 GeV is wholly negligible.

A potentially serious loss to the Z/ — utu-
signal comes from muon scattering debris spray-
ing into the muon system and degrading the
reconstruction efficiency. This usually affects
the first superlayer of the muon system. This
effect is discussed in Section 4.2.4, and the ef-
ficiency was parameterized for use in gemfast.
The average reconstruction efficiency for the
high-energy Z’ muons was found to be 85%
per muon. However, it was possible to raise
the reconstruction efficiency for Z' — ptu-
events to 96% by accepting events with at least
one well-reconstructed muon plus one muon
with sufficient hits in two unaffected superlay-
ers to determine its angle.%®% Since the pr
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(solid) cos®* distributions for Z; — utpu~ events
passing signal selections.

of the poorly-reconstructed muon is expected
to match that of the well-reconstructed one to
within 300 GeV, its momentum can be deter-
mined. If necessary to do so, it is reasonable
to assume that the charge of the bad muon is
opposite that of the good muon.®® Finally, the
muon reconstruction efficiency and momentum
resolution may be significantly enhanced by us-
ing the beam line constraint. The knowledge
of the beam line relative to the muon system
with a precision of about 500 um allows the
use of events with no measurable hits in the
first superlayer. A goal of the GEM muon de-
sign is to know the beam position to within
200 um (see Section 4.1.4). We have not used
this constraint in the analysis.

In summary, the overall acceptance of the
signal (including all produced events) is 60%.
There are 350 Z; and 270 Z; — utu~ events
detected by GEM with 100fb™! of data. The
Drell-Yan dimuon spectrum for the Z; model
is shown in Fig. 2-47. This shows all events
that had generated invariant mass greater than
1.5TeV and passed all cuts. For comparison,
the distribution of dimmuon events from the
tt background that passed the isolation cut
is also shown. The Drell-Yan spectra for
the two models were fit with an exponential
plus a2 Gaussian to determine the masses of
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FIG. 2-49. Generated (dashed) and Reconstructed
{solid) cos8" distributions for Z; — atu- events
passing signal selections.

the Z' enhancements. These were found to be
Mz, = 4036140 GeV and Mz, = 3968£65 GeV.
The errors are purely statistical.

The measured cos #* distributions for Mod-
els 1 and 2 are shown in Figs. 2-48 and
2-49. - Events in the mass range 3.2 — 4.8 TeV
were used for this analysis. There are 319
Z, and 257 Z, events in this sample; the
missing events were lost due to momentum
smearing. As noted above, only six Drell-Yan
background events contaminate this sample.
For comparison, the PYTHIA-generated dis-
tributions, corresponding to a perfect detector
with GEM’s 5-coverage, are shown in these
figures. The agreement between theoretical ex-
pectation and simulated measurement is quite
good. The forward-backward asymmetries for
the two models are:

Arp(Z;) = 0.113+ 0.056 (GEM)
= 0.083+ 0.051 (PYTHIA)

Apgp(Z,) = —0.090 £ 0.062 (GEM)

= -0.115+0.058 (PYTHIA)
(2.6.12)
The PYTHIA and gemfast asymmetries agree
well within the statistical errors and the central
values of the two models are separated by about
3.5e.
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2.6.2. Studies of Quark-Lepton Substruc-
ture in Drell-Yan Processes

The search for quark-lepton substructure
may require probing dilepton and dijet masses
as high as 10 TeV. If a signal is found, the in-
herent precision of lepton measurement at high
energies will make the Drell-Yan process a much
more incisive tool than high-Er jet prduction
for studying substructure. However, as with
the Z’, hundreds of events at very large ener-
gies will be required. As explained in Section
2.5, the contact interactions induced by quark-
lepton substructure will be flavor-symmetric if
the substructure scale A $ 500TeV. Thus,
the Drell-Yan processes pp — £+t£~ and £*y,
will have equal cross sections for electrons
and muons (up to detector-related effects, of
course). Signals in pp — ptu~ are consid-
ered here. While it is important to observe
the substructure signal in pp — ete™ as well,
the ete~ spectrum cannot help distinguish be-
tween models because a difference in rate can
be compensated for by a change in A. A brief
discussion of substructure studies in the utw,
channe] is presented in Section 2.6.3.

Quark-lepton substructure modifies dimuon
production in two ways: an excess of events’
at high M,+,- = V3 and a deviation in the
angular distribution of the outgoing u~ relative
to the incoming quark.®® GEM’s potential
for studies at 10** cm~%s~! of isolated muons
at the highest energies, M +,- < 10TeV, is
demonstrated by considering two different chiral
forms for the contact interaction L, arising
from substructure at A = 25TeV. This scale
is well beyond that at which such studies can
be done at 103¥cm~?s5~!, The goal is to
distinguish these two models by their muon
angular distribution. These models received
preliminary treatment in Refs. 2 and 3.

In the first model, left-handed quarks and
leptons are composite and the contact inter-
action is the product of two weak-isoscalar
currents (the “ISO” model):

4r -
Liso = X Qra7*Qra Lrovulry . (2.6.13)

where Qrs = (us,da)r and Li, = (va,la)L
are left-handed quark and lepton fields and

a,b =1,2,3 label generations. This interaction,
together with the standard Drell- Yan processes,
produces the subprocess cross section

dé(qq; — £47)  7a
d(cos8) T 243

{A‘-(é) (1 + cos8)?

+ B;(8) (1 - cos 9)2} .

(2.6.14)

The functions 4; and B; were given in Ref. 3.

At high energies, § > aA?, 4;(3) ~ (§/aA?)?

and the angular distribution of £~ relative to g¢;
is approximately (1 + cos#)?.

The second case involves a helicity noncon-
serving contact interaction (the “HNC” model)
given by

Lunc = —% €;Qria%ra Lrjslry + 1. C.
(2.6.15)
where 7,7 = 1,2 label indices in an electroweak
doublet and €;3 = —e5; = 1. This interaction,

while theoretically unlikely, is studied here be-
cause it generates an angular distribution that
becomes isotropic at large 8. The interaction
Lune affects u;4; — il Al only:

do(u; — £74%)  ma® . 2
d(cosB) 243 [4.9)0 +c056)
T8

2 2
+ B,(3)(1 — cos 8) ] + LI
(2.6.16)
The functions A, and B, were given in Ref.
3. The contributions of Lync and 7/Z° do
not interfere because their chiral structures are

different.

PYTHIA 5.5 was used to generate 1500
events each of standard Drell-Yan (DY) and
DY modified with the ISO and HNC contact
interactions with A = 25 TeV. The muons were
required to have generated M,+,- > 2TeV.
The cross sections for events in which both
muons have |5} < 2.46 are 2.83fb, 9.44fb and
7.881b for the DY, ISO and HNC cases, respec-
tively.

Detector response to events was simulated
using gemfast with gaussian pileup for £ =
10**cm~?s"!. The acceptance was 70% for
events with both muons in |5 < 2.46, consistent
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Fig. 2-50. The M+ ,- distributions for the ISO (a) and HNC (b) substructure models defined in the text. The
lower dashed histogram is the standard Drell-Yan distribution.

with the acceptance of 2’ — u*tu~ events.
Of these, 99.5% of the standard DY events
had the charges of both muons determined.
This dropped to 96% for the ISO and HNC
models, reflecting the excess of high-energy
muons generated by the contact interactions.

The discussion of backgrounds and muon
reconstruction is essentijally the same as in
the analysis of Z’ — u*tu~. The isolation
criterion I, < 0 defired in Eq.(2.6.11) and the
invariant mass cut M,+,- > 2.5 TeV eliminated
the physics backgrounds. The acceptance of
these two cuts for signal events passing previous
selections was 41% for the DY events, 60% for
the ISO events and 66% for HNC. The higher
acceptance in the ISO and HNC cases is due
to the excess of high-mass dimuons. Retaining
those events in which at least the momentum
of one muon and the angle of the other are
well-measured, the net reconstruction efficiency
was found to be 95% for the DY and ISO cases
and 92% for the HNC model.

The net acceptances and number of events
detected by GEM per 100fb~! are 23% and 80
events for DY, 33% and 360 events for ISQ, and
35% and 315 events for HNC. Figures 2-50 show

the M,+,- distributions for the ISO and HNC
detected in GEM per 100fb™'. Also shown
are the underlying DY mass distributions. The
muon angular distributions were determined as
in the Z' case. The cos#* distribution for
the p~ in the ISO model, compared to DY,
is shown in Fig. 2-51 (a) and for the HNC
model in Fig. 2-51 (b). The DY background
was not subtracted from the substructure-model
distributions in these figures. The tendency for
a (1 + cosd*)? distribution in the ISO model
and a flat one in the HNC model is clear and
the two models are very well separated. The
forward-backward asymmetries are

Arp(DY) = 0.295 + 0.108

Arp(ISO) = 0.328 + 0.050 (2.6.17)
Apg(HNC) = 0.122 £ 0.056.
The errors are statistical only. Since the

contributions of Luync and Drell-Yan to the
HNC events are non-interfering, the Drell-
Yan component can be subracted. This gives
App(HNC) = 0.065 £ 0.065, consistent with an
isotropic distribution.

Finally, we estimate the reach in substruc-
ture scale A that GEM could attain with a data
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Fig. 2-51. The cos#* distributions for the ISO (a) and HNC (b) substructure models defined in the text. The
lower dashed histogram is the standard Drell-Yan distribution.

sample of 100fb™!. We define the reach as that
value of A which gives 50 over the Drell-Yan
expectation, approximately 125 events. Then,
since the subprocess cross sections above go as
§/A%, it is possible to determine the reach by
scaling the numbers of events found above. We
expect to reach 30— 35 TeV in one nominal year
at ultrahigh luminosity.

2.6.3. High Mass and Luminosity
Physics Studies of £*v;, Modes

The range of physics that can be studied
at ultrahigh luminosity can be greatly extended
by searching for isolated, high-pr leptons ac-
companied by large Fr ~ pr. Extensions of the
standard gauge group generally involve W' as
well as Z’ bosons. Their mass and couplings
can be determined in high-statistics studies
of W' - e*y, and p*y,, respectively. At
£ = 10* cm~?s™1, it should be possible to carry
out high-statistics studies up to My, >~ 5TeV
and to reach as high as 10TeV. If contact
interactions reflecting an underlying quark lep-
ton substructure exist, they may involve terms
of the form @dfr and its conjugate. Much
can be learned about the chiral coupling of
such interactions by comparing the rapidity
distributions of the outgoing u* and u~. High-

statistics studies should again be possible up
to A ~ 25TeV. This section contains a brief
description of the measurements GEM can per-
form at £ = 10%cm~?5~! if this new physics
exists.

Precise determination of the mass of a W'-
boson should be possible by measuring the pr
distribution of the electron in pp — W' — ev,.
The main issue is how well the Jacobian peak
determines Mw-. For high My, there are no
significant physics backgrounds. For example,
the background jet + Z° where the jet fakes an
electron and Z° — (— Dv), is removed by the
jet rejection R(e/jet) ~ 4 x 10~%. The detector-
related issues are much the same as in the
Z' — ete~ study, except that high precision
is not as important here as the resolution on

Fr R 1TeV.

Information on the W’ couplings to quarks
and leptons can be obtained by measuring
the angular (4) distribution in W'* — u*y,
decay. The f-distribution of p~ relative to the
incoming d-quark will be the same as that of
pt relative to the incoming d. Thus, increased
statistics can be obtained by adding data from
both modes. These angular distributions are
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Fig. 2-52. |n;| (solid) and jp;}| (dashed) distributions for the ISO (a) and HNC (b) compositeness models defined

in the text.

the only way in pp colliders to detect the
presence of right-handed neutrinos in the decay
of W' bosons. To measure them, one proceeds
as follows: (1) Select events with pr(u) “near”
the Jacobian peak found in W’ — er, and
having balancing Fr. This enhances the signal
relative to any Drell-Yan continuum or other
background. (2) Measure the muon rapidity
Nu- (3) Determine the neutrino rapidity, 7,,
by reconstructing the W’. For this, assume
pr(v) = —pr(p). As noted, this is a good

approximation for multi-TeV W’ bosons since

pr(W’) 5 200 GeV 70% of the time for My &
2TeV. The neutrino 4-momentum and 7,
are determined up to a quadratic ambiguity
by imposing the W’ mass constraint. One can
either select the value that minimizes the nw-
np or accept each event twice. The analysis
of the muon angular (cos#*) distribution can
now be carried exactly as was done for Z’ and
Gg — ptp~. Requiring good hits in all three
muon superlayers, the fake high-pr background
to the W' — u + Fr signal is negligible (see
Section 4.2.4). Studies of the analysis procedure
are underway.

Contact interactions of the form %dlv give
an excess of muons at high-pr. Even though
the parton c.m. frame cannot be found in this

case, it is still possible to obtain information
on the chiral nature of the contact interaction
by comparing the rapidity distributions, |7,+|
and |n,-| of muons with pr & 1.5TeV. I,
for example, the angular distribution between
the incoming d-quark and the outgoing p~ is
{14 cos8)? in the parton c.m. frame, then |7,-|
is pushed to larger values because the d-quark
is harder than the u-quark and the p~ tends
to be produced forward. Correspondingly, the
|n.+| distribution is squeezed to smaller val-
ues. If the angular distribution is flat, as in the
HNC model, the two rapidity distributions will
be identical. These features are illustrated for
the ISO and HNC models in Figs. 2-52. These
plots were made for the surviving dimuon event
samples of Section 2.6.2. The two models are
clearly separated by the muons’ rapidity dis-
tributions. Studies of the event selections and
backgrounds are in progress. Finally, concur-
rent measurements of the angular distributions
in the p*u~ and p*v channels should go a long
way toward pinning down the chiral structure
of the contact interaction.

2.7. SUPERSYMMETRY AND Er SIG-
NATURES

Supersymmetry (SUSY) is theoretically at-
tractive because it eliminates the quadratic
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Table 2-17. Choices of MSSM paramaters for the three cases considered. These were chosen to have different

event topologies and to span the whole mass range.

All the squarks and all the sleptons are taken to be

degenerate for simplicity. All masses are in GeV. See Ref. 26 for the notation.

Parameter Case |
M; 300
M—; 600
M'tv 500
My 300

# —300
tan # 2

Case II Case III
350 2000

325 2500

200 1500

300 300
-300 —1000

2 2

divergences in the Higgs sector and so allows
light elementary Higgs bosons to occur natu-
rally. Its study also provides a good testing
ground for many aspects of GEM, including
missing energy, jets and leptons. The mini-
mal supersymmetric extension of the standard
model?® or MSSM has two Higgs doublets and
superpartners (denoted by a tilde) for all nor-
mal particles. In particular there are four
neutralinos, X7, which are linear combinations
of the partners of the photon, Z, and neutral
Higgs bosons, and two pairs of charginos ¥t .
If SUSY is broken at the electroweak scale, the
masses of all of these particles should be less
than about 1TeV. There is a conserved R par-
ity carried by all superparticles, so they must
always be produced in pairs and decay to the
lightest supersymmetric particle, which is abso-
lutely stable. Only the minimal model with X7
being the lightest supersymmetric particle will
be considered here. The results demonstrate
that in GEM the backgrounds for these signa-
tures are dominated by standard model physics,
not by detector effects.

2.7.1. Fr Signature for Gluinos and
Squarks

Since the lightest supersymmetric particle
X} is neutral and interacts weakly with mat-
ter, it escapes from the detector. Thus, one
of the basic signatures for SUSY is missing
transverse energy, Er, from the ¥9 plus mul-
tiple jets. A stringent test for GEM’s missing
energy resolution is to be able to detect, in
this mode, gluinos and squarks with masses as
light as 300 GeV. This is near the limit ex-
pected from the Tevatron and is also the mass
range expected in some SUSY grand unified

models.?”*® The MSSM typically produces cas-
cade decays from one supersymmetric particle
to another. The events can have many jets and
leptons, and the missing energy from the fi-
nal lightest supersymmetric particle ¥] can be
small compared to the parent mass. A typical
decay sequence for a relatively light squark and
gluino with M; > M7 might be

EJ‘L - ﬁu 1
g— Xfud, (2.7.1)

~t ~=0_+
xl —”xle V.

Decay chains can be even more complex for
heavier masses. All of these possible decays are
included in the version of ISAJET®® used for
this analysis.™

There are a number of other parameters
in the MSSM besides the gluino and squark
masses, and it is beyond the scope of this study
to explore the MSSM parameter space com-
pletely. Instead, the representative choices
listed in Table 2-17 have been considered.
Case I has a light gluino and a heavier squark;
it is generally similar to the models of Ref. 67
and to the case considered in previous GEM
studies.? Case II has a squark slightly lighter
than the gluino and is generally similar to the
models of Ref. 68. Since § — §¢ dominates for
M > M, the signatures in this case are sim-
flar to those for squark pair production. One
might think that this case would be more dif-
ficult to detect because the events contain just
two hard jets from § — ¥{g. It is actually eas-
ier, because the branching ratios for §r — Xig¢
and §r — X3¢ turn out to be large and to
provide multijet signatures, and the dominant
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FIG. 2-53. Pr signal for Case I MSSM parameters
defired in Table 2-17 (open circles) and for QCD
background (histogram) after requiring at least 5 jets
with pr > 75GeV and the sphericity and leptor veto
cuts described in the text.

decay §r — X;¢ gives a harder Er distribution.
Finally, Case III has all the masses pushed to
their highest values if SUSY is to be related
to the electroweak scale. It tests the ability of
GEM to cover the top of the plausible mass
range for weak-scale supersymmetry.

For the three cases samples of 70K, 25K,
and 35K, respectively, of gluino and squark
signal events was generated with a version
of ISAJET containing all the MSSM- decay
modes.®® The total production cross sections
for all combinations of gluinos and squarks are

Case I: c = 8.27nb,
CaseII: o =7.60nb, (2.7.2)
Case III: oc=10.81pb.

The Monte Carlo statistics are therfore small
compared to those obtained in 10fb™" for the
first two cases but comparable in the third.
This is reflected in the error bars on the plots
shown below.

The signal events are characterized by mul-
tiple jets and large missing energy. For the
lower masses in Cases I and II the dominant
standard-model physics background comes from
heavy flavors decaying into neutrinos, and the
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FIG. 2-54. Open circles: Ratio of signal and back-
ground curves from Fig. 2-53. Histogram: The same
ratio for a perfect T measurement.

dominant detector-induced background comes
from mismeasuring QCD jets. A total of
1.5M QCD jets of all types in ten pr ranges
covering 50 < pr < 3200 GeV was generated
with ISAJET to determine both kinds of back-
grounds. For the high masses in Case III, the
backgrounds from W — &v and Z — vii are
also significant. A total of 40K W — {v and
80K Z — vi events were generated covering
the same pr range.

The .detector response to all events was
simulated with gemfast. The missing energy
was calculated using the single-particle pr res-
olution of the forward calorimeter determined
from GEANT plus an additional 1% nongaus-
sian tail three times as wide as the main peak,
as described in Section 2.2.3. The effect of
this nongaussian tail is small compared to the
effects of angular resolution in the forward cal-
orimeter and of the hole for the beam pipe, so
its exact parameterization is not crucial.

In the inclusive Pr cross section, the
standard-model physics background is larger
than the signal. Furthermore, the detector-
induced background from mismeasured jets in
the forward region is several times larger than
the real background, even for an ideal calorime-
ter covering < 5.5.7! First consider the lower-
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mass Cases I and II. Since gluinos and squarks
are centrally produced with pr ~ M, they give
multiple jets and “round” events in addition
to Er. Jets with pp > 75GeV were found
using the gemfast fixed cone algorithm with
R = 0.7. The minimum number of jets, N,
was varied between two and five. To identify
round events, the sphericity in the transverse
momentum plane, Sr, was calculated by sum-
ming all calorimeter cells with Er > 0.5 GeV
and || < 3. A cut on Sy > 0.2 provided good
separation of signal and background. After
these cuts the signal to background ratio §/B
for Er ~ 250 GeV was about 3 for Case I and
about 5 for Case II. The larger §/B for Case II
reflects the harder Fr spectrum from gz decays
mentioned earlier.

Semileptonic decays of gluinos and squarks
are important; see Section 2.7.2 below. How-
ever, a lepton veto further improves the §/B
for the Er distribution by rejecting ¢f and other
standard model backgrounds. Events were ve-
toed if they contained a muon or an isolated
electron. An electron was identified as an iso-
lated electromagnetic cluster in the calorimeter
with pr > 20GeV and || < 2.5, matched to
a single track in the central tracker with loose

matching constraint,
|E/p - 1] < max(0.5,30,). (2.7.3)

Isolated muons with pr > 20 GeV and n < 2.5

were identified using the standard gemfast

muon reconstruction. The efficiency of the
lepton identification is not crucial for this anal-
ysis; even if it were perfect, there still would be
background from r-decays of b and ¢ quarks.

The signal and background Er distribu-
tions for Case I with at least five jets and
the sphericity and lepton veto cuts described
above are shown in Fig. 2-53. The (S + B)/B
ratio, shown in Fig. 2-54, reaches about 8
for Fr = 250GeV. Figure 2-54 also shows
the (S 4 B)/B ratio obtained using Fr cal-
culated from the the missing » and X9 mo-
menta, with the rest of the analysis unchanged.
While the GEM calorimeter performance in-
creases the background at low fEr, it provides
reasonable agreement with the perfect detec-
tor result in the region for which the ratio

[ ] LIRS [ 1 LIRS B B | I

@ 325 GeV squark
QCD background

Events/100GeV/0 fb~!
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TIP-03077

FIG. 2-35. [ signal for Case II MSSM parameters
defined in Table 2-17 (solid cizcles) and for QCD
background (histogram) after requiring at least 2 jets
with pr > 75GeV and making the sphericity and
lepton veto cuts described in the text.

is large. The (S + B)/B ratio is larger than
that found previously® after similar cuts, partly
because both gluinos and squarks are now in-
cluded, and partly because the description of
the decays has been improved and the other
MSSM parameters are slightly different. For
the same physics assumptions used before, the
new simulation gives (S + B)}/B ~ 4. This is
somewhat smaller than found previously, re-
flecting the larger beam pipe and the more
realistic description of the central and endcap
calorimeters.

Figure 2-55 shows the signal and back-
ground for Case II, requiring at least two jets
with pr > 75GeV and the same sphericity and
lepton veto cuts. For this case the direct decay
Gr — X¢ dominates and leads to a significantly
harder Fr spectrum and to lower jet multiplic-
ity. The (S 4 B)/B ratio is even larger in this
case. Figure 2-56 plots the signals for Cases [
and II and the standard model the background
for Fr > 250 GeV and Sy > 0.2 vs. the mini-
mum number, Nj., of jets with pr > 75GeV.
Both signals and backgrounds are constant for
Nii < 2. It is impossible to have a large
sphericity with only one jet. The signal falls off
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FIG. 2-56. Event numbers with Fr > 250GeV and
the sphericity and lepton veto cuts described in the text
vs. the minimum number Njet of jets with pp > 75 GeV.
Open circles: Case I signal. Solid circles: Case II
signal. Histogram: QCD background. Case II has
more events with low jet multiplicity because gg — 52‘1]:1
dominates.

faster with increasing Nj.: for Case II than for
Case I because gr — Xbq is dominant and gives
a large rate for two jets plus fr. Thus, the Nig,
dependence provides a handle to distinguish
among models.

Given the large number of signal events,
the statistical significance of the signals is not
an issue. The ¢, W and Z backgrounds can be
checked using isolated lepton samples; the b and
¢ backgrounds can be checked using muons in
jets. The Er resolution of the detector can be
studied using inclusive data on QCD jets and
on v + jets events. While the detector effect
is larger than in the less realistic Baseline I
design, it is still not the dominant problem.
Given all these constraints, the background
should be reliably known, so observation of
a signal 5-10 times that expected from the
standard model should be very convincing. The
difficult problem of extracting the masses and
other model parameters is briefly discussed in
Section 2.7.3.

For heavy gluino and squark masses such
as those in Case III, Fr is so large that the
Er resolution is not important. Figure 2-57
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FIG. 2-57. Jr signal for Case III MSSM parameters
defined in Table 2-17 after requiring at least 4 jets
with ppr > 300GeV and making the sphericity and
lepton veto cuts described in the text. Open circles:
Signal. Solid squares: QCD background. Triangles:
W — fv and Z — vP backgrounds. Histogram: Sum of
all backgrounds.

shows the signal and background Fr distribu-
tions for Case III with at least four jets having
pr > 300GeV and with the sphericity and
lepton veto cuts identical to those for lighter
masses. ' Heavy flavor backgrounds, detector-
induced backgrounds from mismeasured QCD
jets, and W and Z backgrounds are included.
The QCD background dominates for low fr
but falls more rapidly than the W and Z back-
grounds, and both must be considered. Since
several hundred signal events survive these cuts
with large §/B, it is evident that GEM could
discover SUSY in this channel up to masses of
order 2TeV, about the upper limit if SUSY is
related to electroweak symmetry breaking. For
such heavy masses the ability to run at high
luminosity may be important.

2.7.2, Leptonic Signatures

In addition to the fr plus multi-jet signa-
tures described above, there are many other sig-
natures for supersymmetry, including a number
involving two or more leptons.” In particular,
since the gluino is a self-conjugate Majorana
fermion, §§ and §g pairs can give isolated ¢*¢%
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pairs. Observing such likesign pairs is essen-
tial for establishing the Majorana nature of
any gluino signal. It also helps in separating
gluinos and squarks. The dominant standard
model ££¢* background is expected to be from
i events in which either a & — £X lepton
appears isolated or an isolated lepton sign is
wrongly determined. These backgrounds, cal-
culated previously in Ref. 72, are found to be
negligible. For light gluinos, such as those in
Cases I and II, the cross sections are so large
that one can rely only on the u*u* channel,
for which the lepton signs are very well deter-
mined in GEM. Therefore, only the issue of
measuring the signs of electrons from Case III
is addressed here.

The same sample of Case III signal events
described in the previous subsection was used
for this analysis. While it is possible to enhance
the leptonic sample by forcing a particular de-
cay chain, eg. § — ¥Feq, ¥ — 0y,
there are many such chains possible, no one
of which obviously dominates. It was there-
fore decided to use the inclusive sample. For
the background, only # events, which are ex-
pected to dominate, were considered. A to-
tal sample of 30K #f events in ten bins with
50 < pr < 3200 GeV were generated, forcing the
decays t — e*»,b and ¢ — u~5,X. This sample
was used to determine the principal detector-
induced background, that from misidentifica-
tion of e* signs in the central tracker. From
this, the total £*£* background was determined.

Electrons and muons with pr > 50 GeV
and || < 2.5 were identified using the relatively
loose cuts described in the previous subsection.
These cuts, optimized for background rejection
rather than for signal detection, appear to
be adequate to identify this signal. At least
two such leptons were required satisfying the
isolation criterion

Y Er <0.1pre+5GeV.

R=0.2

(2.7.4)

Here, the prime on the sum indicates that
the lepton itself is not included. This cut
effectively rejects’™ the background from t —
£tvb and T — bX, b — £tX. In addition 2
missing energy Er > 500 GeV and a transverse

O 2000 GeV gluino
102 B tt— Il background

10

—

Events/100 GeV/10 o™’

—
<
A

200 400 600 800
Pt (GeV)

TIP-03085

FIG. 2-58. pr distributions for the highest-py isclated
lepton in dilepton events containing two isolated like-
sign leptons. Open circles: Signal events generated
with Case III MSSM parameters. Histogram:
background from mismeasured electrons in the GEM
central tracker.

sphericity S7 > 0.2 were required. After these
cuts, the total dilepton rates for the signal and
for the tf background were comparable, so a
very large rejection of unlike-sign pairs is not
needed.

Figure 2-58 shows the transverse momen-
tum distribution of the highest pr lepton in
likesign dilepton events satisfying the above
cuts. The lepton spectrum is soft relative to
the gluino mass because the leptons arise from
cascade decays. Figure 2-58 also shows the
tt — £rubl—vb background in which an elec-
tron sign is mismeasured by the GEM central
tracker. The probability of mismeasurement
was determined using the gemfast parameter-
ization of the central tracker electron resolu-
tion, including the tail from bremsstrahlung,
as described in Section 2.2.2. Muon signs are
assumed perfectly determined, an excellent ap-
proximation at these momenta. Since the cuts
not dependent on the electron sign reduce the
background to the order of the signal, and since
most of the signal leptons have py < 600 GeV,
for which the central tracker determines signs
with 95% reliability, it is not surprising that
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the background is small compared to the sig-
nal. The signal comprises several tens of events
per 10fb~? when both electrons and muons are
combined. It would be uncomfortably small
if one had to rely on only the u*u* signal,
which is a factor of four smaller. Thus, the
ability to identify electron signs improves the
performance of GEM for this physics.

2.7.3. SUSY Parameter Determination

In the MSSM there are at least eight mass
parameters (M';, M;', My, M, M:'.'L’ Mf};’
M; , and M,), two additional parameters re-
lated to the Higgs sector (u a.ng tan 3), and
still more parameters related to ¢ decay. Non-
minimal SUSY models have even more param-
eters. Since all supersymmetric particles in the
MSSM ultimately decay into the X%, which is
invisible, it is not possible to reconstruct any
masses directly.

The approximate mass scale can be inferred
from the Fr scale at which the signal deviates
from the standard model background, as can be
seen by comparing Figs. 2-53, 2-55, and 2-57.
The mean 7 for the distribution of the excess
of events can be calculated very accurately
for low masses because of the high statistics.
However, the relationship of this mean to the
masses is model dependent. For example, the
missing energy is lower and the jet multiplicity
is higher if M; > M; than if M; > M.

There are a large number of possible signa-
tures to use to determine the parameters. These
include the Er cross section with multiple lep-
tons,” multilepton cross sections arising from
production of ¥¥¥3 — 3¢ and similar channels,
and the observed cross sections or limits for
hH — vv; h,H — 4f; and t — H*b. The
tools to simulate these signatures have recently
been developed,®® and the methods to deter-
mine all of the MSSM parameters from these
signatures are being studied. However, it is
clear from the previous two subsections that
GEM is capable of observing clean samples of
events in the relevant channels.

2.8. CONCLUSIONS
In this chapter we have presented in-depth
simulations of the GEM detector’s response

for a selection of electroweak, flavor, and new
gauge-interaction physics processes. The ex-
amples studied were chosen for their ability
to help quantify GEM’s capabilities for new
physics and to aid in the detector’s design
and optimization, as well as for their intrinsic
physics interest. The simulations were generally
carried out using gemfast, a GEANT-based pa-
rameterization of the GEM detector. Detailed
GEANT simulations were employed in studies
where the fast parameterization of GEM was
insufficient.

We summarize our principal conclusions:

¢ GEM is capable of discovering new physics
at the SSC. As a result of its high reso-
lution for leptons and photons, it is able
to cover a wide range of new physics pro-
cesses. Most importantly, GEM’s ability to
measure isolated lepton and photon signa-
tures cleanly makes it possible to discover
new physics in the TeV energy region that
is unexpected.

¢ GEM can discover the standard neutral
Higgs boson, if it exists, for any mass in
the range between the LEP II limit of about
80 GeV up to above the triviality limit of
about 700 GeV, with an integrated lumi-
nosity of 10 — 30fb™" (see Table 2-3). The
higher integrated luminosity is needed only
at the extremes of the mass range of in-
" terest: near 80 and near 800 GeV. In the
intermediate mass region of 80 — 150 GeV,
the energy and pointing resolutions of the
electromagnetic calorimeter, and the ver-
tex finding and e/ separation capabilities
of the central tracker, are essential for
detecting the H° — <47 signal above the
backgrounds. If a signal is found, GEM
has the important capability of being able
to confirm the discovery in the associated
production channel, H°(t/W) — {£yy. In
the difficult mass region up to 150 GeV,
detection of the Higgs signals in both of
these channels is essential for the discov-
ery. The combined significances for the
discovery (in one standard SSC year) of
the other intermediate mass Higgs chan-
nels, H° — Z2* — ¢*+¢~¢+¢", are all high
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except near the cross section minimum at
Mg =~ 170GeV. Near 800 GeV, discovery
with an integrated luminosity of 10fb™" re-
quires confirmation of the £*{~£*{~ signal
in the £*£~Dv and, possibly, the £+ £~ jet jet
channels. Alternatively, a clear signal can
be obtained in the £+{~£*£~ channel within
a year at higher luminosity (1001{b™").

Heavy top quarks can be discovered gquickly
and their mass can be measured with con-
siderable precision. By measuring the in-
variant mass of an isolated lepton and a
non-isolated muon from #-decay, the mass
of a 200 — 300 GeV top quark can be de-
termined to within a few GeV, with an
integrated luminosity of 10f/b™'. GEM’s
high identification and reconstruction effi-
ciency for non-isolated muons is central to
this measurement. Because the event rate
is so high, we may require a second iso-
lated lepton to further purify the sample.
Alternatively, a direct b-tag by the cen-
tral tracker can be employed (see Section
6.2.3). The top-mass can also be deter-
mined in the decay mode ¢t — 3jets. A
b-tag is not required for the determination
of m; via the Mj; distribution. However,
because of the kinematics in the decay of a
lighter O(140 GeV) t-quark, the tag is use-
ful for obtaining a clean W — jet jet decay
sample and My, measurement. Systematic
errors dominate in this measurement of the
top-mass. These can be minimized by the
using the measurement of My as a nearby
calibration point.

The tracker and calorimeters make it pos-
sible for GEM to discover a charged scalar
in the decays t — H*b, HY - 1ty 7 > 1
or 3 prongs. A large range of ¢ and
H+* branching ratios {alternatively, the pa-
rameter tanf occurring in the minimal
supersymmetric extension of the standard
model? is accessible with a data sample of
10fb™". Studies in progress on the hadronic
decays H* — c3 are expected to show that
GEM can measure the H+ mass to within
a few GeV.

The jet energy resolution of 60%/vE @ 4%
expected for the GEM calorimeter is
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matched to all physics tasks we envisage.
Much more critical will be our knowledge
of the jet energy scale and, hence, the
4% systematic term. Using relatively sim-
ple energy weighting schemes to correct
for the calorimeter’s nonlinearity, a quark
substructure scale of A ~ 25TeV can be
detected with a data sample of 10fb~?.
Verification of this conclusion requires test-
ing the schemes against real data at lower
energies.

At the highest SSC luminosity, GEM could
probe quark substructure up to a scale
of about 45TeV with a data sample of
1001

Operations at the highest luminosity
the SSC is expected to deliver, £ =~
10* em~2s~?, are essential for realizing the
full high-energy potential of the collider and
for covering the largest possible mass range
in the search for new physics. The GEM
design stresses full functionality of its muon
and calorimeter systems and sufficient cen-
tral tracker performance at ultrahigh lumi-
nosity. With a data sample of 100fb™",
GEM can distinguish among different Z'-
boson models on the basis of the width mea-
sured in the Z’ — ete~ decay mode, and
angular distributions measured in the u*y~
mode. For Mz ~ 4TeV, the mass resolu-
tion is found to be AM, +.- /M +.- ~ 0.3%.
Thus, a width as small as 30 GeV can be
measured in GEM for a 4TeV Z’. Differ-
ences in width of 10 — 15 GeV correspond
to 3¢ separation for the models we con-
sidered. GEM’s reach in the ete™ mode
depends on the integrated luminosity, and
is about Mz = 8 TeV with 100fb™". Ap-
proximately 95% of the Z‘ — u*u~ events
within the muon system’s geometrical ac-
ceptance are reconstructed. The proba-
bility of mismeasuring both muon signs is
about 10-%. Thus, with several hundred 2’
events detected, the angular distributions
and forward-backward asymmetries in their
decays can be used to further distinguish
among the models. A similar method can
be applied to detect quark-lepton substruc-
ture, using even higher-energy muons in the



process §g — ptp~ (as was studied for the
scale A = 25TeV). There, events occur all
the way up to the effective kinematic limit,
My+,- =~ 10TeV. The two models stud-
ied were very well-separated by their muon
angular distributions. In 100fb™, the ex-
pected reach in the quark-lepton scale is
A =30 - 35TeV. Corresponding studies of
W'-bosons and substructure signals involv-
ing a high-pr lepton and Fr are expected
to yield comparable results.

o GEM’s calorimetry coverage to |n| ~ 5.0
ensures that we are able to discover the
Er signature of gluinos and squarks that
occur in minimal supersymmetry models
with masses up to about 2TeV, i.e., above
the plausible limit for weak-scale super-
symmetry. For masses at the lower end of
the discovery range, near 300 GeV, there
is a large signal of order 10% events, with
a signal to background ratio of approxi-
mately 7 for Fr > 250GeV. For 2TeV
gluinos and squarks, there are hundreds
of signal events on a much smaller back-
ground for Fr > 1TeV. In addition, in the
likesign dilepton signature for gluino pair
production, GEM’s muon system and cen-
tral tracker provide important confirmation
of the Er signature.

The processes studied so far were not in-
tended to represent a full survey of new physics
possibilities at the SSC. For some cases that
are not explicitly presented here, GEM’s per-
formance can be determined by scaling the
signal cross sections, leaving the backgrounds
unchanged. A case in point is that of the two
neutral Higgs bosons, H° and h°, which oc-
cur in generalizations of the standard model
such as the minimal supersymmetric standard
model. In other cases, GEM’s performance will
be studied in new, dedicated studies. An ex-
ample of this is the production of color-octet
technirho vector mesons.

These simulations are currently being de-
veloped, together with an improved set of tools
for modeling the detector. In an intensely
interactive process, this is occurring as the de-
sign evolves in response to our simulations.
We are developing a package for simulation of

the GEM detector which will unify the vari-
ous approaches described in this chapter (see
Section 8.8.1). This package will provide the
user the option of choosing from a fast pa-
rameterized detector response, a mixture-level
GEANT treatment, or a fully-detailed GEANT
simulation, separately selectable for each of the
subsystems.

The physics goals of GEM have guided its
design principles and major technical choices
from the outset. Examples are:

1. The requirements for the energy resolution
of the electromagnetic calorimeter — both
for the stochastic (~ 7%/vE) and the
constant (< 0.4%) terms — are set by the
discovery potential for H® — vy, H° —
ZZ* — ete"ete ™, and Z' — ete".

2. The pointing capability and angular res-
olution of the electromagnetic calorimeter
((40 — 50)/vE + 0.5mrad) are also moti-
vated by the need to cleanly identify and
measure H® — 4y and 2’ — ete~. The
pointing ability of the calorimeter comple-
ments the central tracker’s determination
of the event vertex.

3. The segmentations of the calorimeter sys-
tems are dictated by the need to measure
EM processes with high precision, and the
need to reject hadronic backgrounds. The
calorimeter and the tracker combine to pro-
vide clean isolation for photons, electrons
and muons.

4. The high momentum resolution of the
muon system at all rapidities and mo-
menta is needed to detect Z’' — ptu~ and
H® = ZZ* — p*p~p*pu~ decays with high
efficiency.

5. The resolution of the compact central
tracker permits the complementary search
for supersymmetry in the §g — (*¢* + X
channel.

6. The rapidity coverage of the forward
calorimeters, extending to |f| ~ 5.0, is dic-
tated by the need to suppress backgrounds
to the Fr signatures for H° — ¢+¢ v
decays and for supersymmetry signals.
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7. We have designed adequate shielding to
suppress neutron and photon backgrounds
to low levels, even at £ =~ 103 cm~?s"!.
The shielding is necessary to maintain low
occupancies in the muon system.

The physics simulations described in this
chapter are an essential part of the optimiza-
tion of GEM. This optimization is an involved
process — from simulating the detector design
with GEANT and other detailed programs, to
parameterizing and encoding the simulations in
gemfast, carrying out the simulations of the
physics signals and their backgrounds, and, fi-
nally, feeding the results of the simulations
back into the design. Following the extensive
round of simulations presented in this TDR, we
have initiated a program of design optimization
and/or further studies focused on:

1. Improved acceptance for the muon sys-
tem. This is important both for low-mass,
H® - Z2* — pru~u*tu~ (Section 2.3.4),
and high-mass, 2’ — p*u~ (Section 2.6.1)
processes.

2. Further reduction in the material in the
middie superlayer of the muon system, to
improve the resolution in low-mass pro-
cesses such as H° — Z2Z* — utu—ptu-.

Based on studies of the further development
of the current engineering design, we have
set the practical goals of at least a 50%
reduction in the geometrical losses and a
25% reduction in the overall material in
the muon system. We can thus expect an
acceptance improvement of about 40% for
H® — ZZ" — ptrp-pty.

3. A detailed alignment procedure, using
muons produced in pp collisions, to deter-
mine the zy-position of the muon spectrom-
eter with respect to the center of the beam
spot to within 200 gm. This constraint
would significantly improve the resolution
for high-momentum muons.

4. The detailed calibration strategy for the
EM calorimeter. While there is consider-
able experimental evidence confirming the
stability and uniformity of liquid ionization
calorimeters, it is essential to ensure that

the constant term in the energy resolution
is kept small by monitoring physics signals
such as Z - ete™ and by calibration of the
electronics. This is important for measure-
ments of H° — 4y and Z' — ete™. (See
Chapter 5.)

5. A careful program of calibration to ensure
that the jet energy scale will be well-
understood. This is important for top
and other flavor physics, for H® — ZZ —
£+£€~ jet jet, and for studies of jets at the
highest Er.

6. Improvement of the Fr resolution by use
of a smaller beam pipe at the position of
the forward calorimeter, to further extend
the rapidity coverage. Consideration of
the neutron and photon backgrounds (see
Chapter 12) and realistic clearances are an
integral part of the design process.
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MAGNET
31 OVERVIEW Table 3-1. Major magnet design options.
: Major
3.1.1 Introduction Option Comments disadvantages
The GEM magnet provides the magnetic field Resistive coil Low technical | High construc-
for charged particle tracking, both near the beam with iron risk tion cost,

. ‘ i fiux return high operat-
axis in the central tracker and at larger radii in the ing cost,
muon system. The detailed magnetic field require- b ae;iu'e
ments were developed by trade-offs between — _ : _ :
physics needs and technology limits. Resistive coil  [Low technical High operating

) return minimal fring'e field
To support our physics goals, the magnet construction
tracking systems must meet the following perfor- cost
mance requirements: Supercon- Moderate High construc-
ducting coil technical tion cost,

e Mucn momentum resolution in the barrel }T'ith iron {isk, zctlzedule
region: Ap/p = 5% for tracks with ux return ;‘i':',egr:fs?" elay
pr=>300 GeVicatn < 1.35. Supercon- High perfor- | Technical risk,

¢ Muon momentum resolution in the forward dlgtc;‘ting coil ?ame, i hig'}st »

P— . with super- igh techni- | construction
region: Ap/p < 13% for tracks with conduc?ing ool rik. Soot
pr=500GeV/cat 1.35< N1 <25. shield coll lower oper- schedule
. ating cost delay
e Momentum resolution in the central tracker: 5 e
_ 3 1 upercon- ow technical |Fringe fis
Ap/p? =1.15 x 1073 (GeV/e) L, dgmng Coll oy g
s Charge separation in the central tracker at the without iron lower oper-
. fiux return ating cost
95% confidence level for tracks with momen-

tam below 600 GeV/c.

Our approach to meeting these objectives is to
enclose the entire detector in a moderate magnetic
field: less than 1 T. Since the momentum resolving
power varies linearly with magnetic field strength
and quadratically with trajectory path length, maxi-
mizing the tracking volume of the muon system in
the magnetic field is clearly advantageous, Higher
magnetic fields would limit technology options for
other detector components and a smaller magnet
would degrade the muon momentum resolution. A
high-field, small-radius magnet version of GEM
was investigated and discarded for these reasons.

Several alternative magnet concepts were
considered in the early design stages. These are
listed in Table 3-1.

3-1

Given the selection of a large magnet, we
concluded that a resistive coil is not a viable option
because of the high operating cost. The operating
power requirements would have been in excess of
20 MW. The size of the magnet dictated that the
simplest approaches to design and fabrication issues
be adopted wherever possible at reasonable
construction and operating costs. These require-
ments are fulfilled by superconducting technology.

Based on these considerations, we have
selected a large superconducting solenoidal coil for
the GEM magnet. It is about 31 m long with an
18-m-diameter inner bore and a field of 0.8 T. The
scale of the magnet and the choice of its supercon-
ducting technology were set by engineering and cost



constraints, including practical limits on the size of
the detector hall and mechanical constraints in
magnet construction, installation, and maintenance,
The coil design uses a single-layer winding and no
return yoke. The design has been cost optimized and
has low technical risk. It meets GEM requirements
for muon resolution and inner tracking in the central
rapidity region. However, in a simple solenoid, the
mucn momentum resolution in the forward direc-
tion, 1.5 < ) < 2.5, was found to be insufficient,
Because the resolution in this region is not very
sensitive to the radius and length of the solenoid
alone, a variety of local forward field shaping

FIG. 3-1.

3-2

options were studied. From among these options, a
simple, passive iron field shaper was adopted. The
iron forms a truncated cone around the beam axis in
the region between 10 and 18 m from the beam
interaction point. It introduces flux concentration
and alarge field gradient in the region of the forward
muon chambers, allowing for substantial improve-
ment of the momentum resclution in that region.

Our present design, shown in Figures 3-1
and 3-2 and described in Table 3-2, fulfills all
performance requirements and meets our overall
cost and schedule objectives.

The GEM magnet, showing one half-coil and forward field shaper retracted.
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FIG. 3-2. Elevation view of the GEM magnet.

Table 3-2.  Maijor parameter list for the GEM magnet.

Central field
Mean radius of windings

Inner radius of the vacuum
vassel

Overall outer radius, including
structural ribs

Coil length {per half)
Number of turns {per half)

Central gap between wind-
ings

Magnet axis height above
floor level at interaction
point.

Operating current
Stored energy
Inductance

Total magnet assembly mass
(per ha%)

Forward field shaper mini-
mum z

Forward field shaper maxi-
mum z

Forward field shaper included
angle

Forward field shaper mass
each

o8 T
95 m
90 m

109 m

1425 m
228
1.6 m

13.0 m
50.2 kA
25 GJ

1.98 H
1500 Mg

10,0 m
18,0 m
18.8°

1265 Mg

A detailed description of the magnet can be
found in the engineering design report. !

Subsections 3.1.2--3.1.5 below address general
requirements, design trade-offs, the magnet option
selected, and the forward field shapers (FFS).

3.1.2 General Requirements for the GEM
Magnet

The momentum resolution of reconstructed
tracks results from the interplay of several factors.
These include the integral of the magnetic field
strength along the trajectory of the particle and the
accuracy of the position measurements in the
tracking systems. The position measurements are
affected by the alignment precision of the tracking
chambers and by the precision of knowledge of local
magnetic field vectors, which are needed to mini-
mize and correct for Lorentz effects. Furthermore,
present plans for the track reconstruction algorithins
in the central tracker are based on the assumption of
nearly uniform field in the tracker volume. The
tracking algorithms and trigger design in the muon
system are based on the assumption that the magnet-
ic flux is uniform in the central rapidity region and
is well known in the forward region. In both areas,
only small deviations from axial symmetry are



allowed. The choice of cathode strip chamber
technology for the muon system together with an
adequate understanding of the alignment precision
of those chambers (see Chapter 4) impose a require-
ment that the field integral BL? along the muon
trajectory be known to better than 0.4%. The
precision of knowledge of the field in the central
tracker region is even less critical: an uncertainty of
less than .5% will not significantly degrade central
tracker performance.

The quality of the magnetic field also affects
the behavior of the main collider ring, due to a
potential coupling of the vertical and horizontal
betatron oscillations of the protons in the beam. The
radial field component near the beam axis must be
very small in order to minimize effects on the
accelerator lattice. This requirement imposes align-
ment and stability criteria on the magnet. A study of
the effects of the GEM magnet on SSC beam
dynamics? indicates that the uncertainty of the
magnet axis alignment must be less than 5 milli-
radians, which is well within general alignment
criteria.

Finally, the SSCL operations cycle imposes a
number of general requirements on the GEM
magnet. The magnet has to be working during the
SSC accelerator cycle of 4500 hours per calendar
year. The magnet design assumes an overall lifetime
of 20 years and, very conservatively, is designed for
100 therma!l cycles, from ambient to operating
temperature and back to ambient, and 200 normal
charge/discharge cycles.

3.1.3 Trade-off, Risk, and Optimization
Studies

We conducted numerous trade-off, risk, and
optimization studies in developing the overall mag-
net configuration. In arriving at the present design,
the most important of these studies were:

a) optimizationof the solenoid field strength, coil

radius and length;

b} shielding the fringe field;

¢) choice of the approach to meeting the small
angle resolution requirement (FFS);

d) the technical decision on the configuration of

the superconducting conductor,
Each of these points is discussed below.
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a)

Field strength, radius, length, and geometry:

The most important and difficult optimization
study defined the overall size and field of the
magnet, Major considerations taken into
account were the muon momentum resolution,
muon technology requirements, magnet
technology risks, and a combined magnet and
muon system Cost.

The momentum resolution is defined as:
Ap/p = Aprpr = AS/S,

where p is the momentum, pr = Ip! sin@, and 6
is the polar angle from the beamline. The
momentum resolution is computed as a func-
tion of angle for a given pr. S is the sagitta,
related to the curvature of the track, and AS is
the total uncertainty in the sagitta, which
includes measurement, multiple scaitering,
and systematic errors. The uncertainty in
resolution depends on the actual trajectory,
since path length and angle with respect to the
magnetic field vary with trajectory geometry.
The sagitta S is given at 90° by
s=33 g2,
8 pr

where BL? is given by an integral of the field
along the trajectory:

L s
z]dsfjaxx-n
0 0

A detailed derivation of the above relations and
a discussion of muon resolution are given in
Section 4.3.1.

BL’ =

A parametric model of the combined magnet
and muon system cost was used to optimize the
field strength and size of the magnet. The
model showed that for fixed muon transverse
momentum resolution, and for fixed muon
system alignment criteria, chamber resolution,
and number of layers, there is a broad cost
minimum at a field of apprexitmately 0.8 T and
an inner radius of 18 m (see Fig. 3-3). In
addition to cost considerations, the field
strength is limited by technological risks
associated with construction of very large
magnets with high magnetic fields. For fields
above 0.8 T, the magnet would require multi-



b)

FIG.

layer winding and the conductor operational
safety margin near the ends of the coil would
be unacceptably small. Further improvement
of the resolution could be achieved by increas-
ing the radius of the magnet. For the magnet
alone, the cost increases by about $2M foreach
additional meter of length and about $10M for
each additional 0.5 m in radius at fixed field
strengths of 0.8 T. Although an increase in
either radius or length would relax some of the
precision requirements imposed on muon
chamber technology, a larger radius magnet
would require more material for its construc-
tion, more superconducting material for the
conductor, and a larger surface area of muon
chambers. The sizes of the detector hall and
magnet construction facilities also impose
practical restrictions,

Shielding the magnetic fringe field.

Our early studies? revealed that elimination of
a magnetic return yoke would save consider-
able money and time without introducing any
significant safety or health risks or imposing
any significant operational challenge. Shield-
ing options were found to be either very
expensive, approximately doubling the overall
construction cost, or technically risky, Each
required a long instaltation time that would
extend the schedule by approximately one
year.

Magnets without a flux return to shield the
fringe field are common. Large air core
electromagnets without flux returns are used in
superconducting magnetic energy storage
systems, MHD devices, MRI machines, and
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3-3. Cost estimate of the combined magnet and

muon system as a function of the magnaetic field
strength for fixed muon resolution.

c)

d)

large magnetic fusion devices such as JET,
TFTR, and MFTE The cost of capturing all the
flux for these machines is prohibitive; the
manageable alternative is to shield only the
sensitive volumes. Experience also comes
from ALCATOR at MIT Francis Bitter Magnet
Laboratory, LCT (ISMTF) at Oak Ridge
National Laboratory, and the 15-ft Bubble
Chamber at Fermilab. For GEM, the compo-
nents of the detector and the electrical, cryo-
genic, and other services in the experimental
hall are either designed to operate in the
magnetic fringe field or will be shielded at
relatively low cost. The magnetic field on the
ground surface also can be managed easily.*
The technology to ensure satisfactory opera-
tion of equipment is well understood. Calcula-
tions of forces and torques that act on ferro-
magnetic bodies and current-carrying
elements are summarized in GEM technical
notes.?6 Susceptible components such as vac-
uwum turbopumps and electrical switches
located near the detector may require local
shielding to operate properly.

Calculated field maps have permitted detailed
investigation of these effects, and shielding
specifications have been made for the elec-
tronics counting house.” While full specifica-
tion of all shielding requirements has not yet
been completed, more than enough has been
done to determine that the unshielded magnet
presents no major operability problems.

Forward Field Shaper:

We studied a variety of options for increasing
the bending power for tracks emitted at small
angles. These included® forward pinch coils,
opposing field coils, and various iron wedges
with and without additional windings. We
found that the simplest, lowest-risk solution is
provided by a conical, passive forward field
shaping iron structure—the FFS, By introduc-
ing an inward-pointing radial component to the
forward field, such iron provides sufficient
concentration of the field lines to meet the 13%
momentum resclution requirement.

Conductor Choice:

One of the primary considerations governing
the design of the GEM magnet is that it must



operate with a high level of stability and
reiiability to ensure efficient operation of the
experiment. This requires a conservative con-
ductor and coil design with substantial operat-
ing margins. Several conductor options were
studied in detail. The selection was narrowed
down to an indirectly cooled conductor or a
cable-in-conduit (CIC) conductor. The CIC
conductor chosen® has a large operational
safety margin. The operating current is less
than 25% of the critical current and the
current-sharing temperature margin is 3.4 K.
The design also permits extensive component
testing before on-site winding, thus reducing
risk of late detection of manufacturing flaws.
The selected conductor consists of 450 con-
ventional  NbTi:copper  superconductor
strands, cabled together and surrounded by a
2-cm inner diameter stainless steel conduit
filled with supercritical helium at 4.5 K. The
helium is in direct contact with superconduct-
ing strands. This provides alarge heat capacity,
allowing the conductor to withstand substan-
tial external heat input without quenching. The
stainless steel conduit is surrounded by a
rectangular aluminum sheath which provides
hot-spot protection in the unlikely event of a
quench. This type of conductor has undergone
many years of development in magnetic fusion
programs and the performance record con-
firms the analytical predictions of excellent
stability.

3.1.4 Magnet Description and Rationale

The GEM magnet consists of two (half-length)
coils, each 14.25 m long, separated by a distance of
1.5 m. The decision to split the magnet into two coil
halves was dictated by logistics. The magnet is 100
long to be built and lowered into the hall in one piece,
Each coil half is composed of 12 identical segments,
each consisting of 19 turns of conductor wound on
the inside of a 7.6-cm-thick, 1.2-m-long cylindrical
aluminum bobbin, The central tracker and both the
electromagnetic and hadron calorimeters are sup-
ported by a free-standing structure centered between
the coils. The gap between the coils will also
accommodate signal cables, cryogenics, and electri-
cal services, without significant effect on field
uniformity in the central region.

The coils and the two forward field shapers are
designed to be mobile along the beam axis. The rails
and displacement gear are necessary for initial
installation of the magnet components in the exper-
imental hall. We have enhanced their design to
provide additional flexibility in planning the detec-
tor installation and access scenarios. Indeed, the
possibility of separation of the coils from the central
detector support system (CDS) during initial instal-
lation was found to be a most efficient and cost
effective way of assembling large and heavy compo-
nents of both the barrel and endcap calorimeters. It
also allows access to the calorimeters and the central
tracker. The two forward field shapers have indepen-
dent mobile support systems, allowing for their
independent separation from the coils and for access
to various regions of the muon system.

The large stability margin of the conductor
ensures achievable winding and assembly require-
ments appropriate to the large overall size of the coil.
Current plans are for the conductor to be roll-formed
on the inside of the bobbin, with conductor segments
and joints being prefabricated and tested off-site.
The baseline design of the electrical joints between
segments is a cryostable, resistive coupling with a
separate cooling system. Cooling for the coil struc-
ture is provided by a natural-convection liquid
helium thermosiphon system connected to the
bobbin exterior. The supercritical helium within the
conductor conduit provides transient stability and
does not remove a significant amount of heat during
normal operation. The coils are enclosed ina thermal
radiation shield consisting of multilayer insulation
and liquid nitrogen cooled panels. These ar¢
enclosed in a cryostat that provides insulating
vacuum and structural support. Electrical current
from the 20-V, 51-kA power supply is routed to the
magnet by air-cooled resistive busses. The system
can charge or discharge the magnet in 8 hours. A
S-minute emergency discharge is also possible; it
can be automatically initiated by the quench detec-
tion system or by other safety interlock systems, and
is accomplished by switching a large external dump
resistor into the power circuit using large circuit
breakers.

Each of the two identical forward field shapers
consists of a conical steel mass of approximately
1265 Mg, centered on the beam axis, and located at



z = £10-18 m. Each FFS is independently mounted
at specially reinforced mounting locations on the
experimental hall floor. For installation and for
maintenance, each assembly can be moved along the
beamline to the end of the hall. The support structure
of the FFS can also provide support for the forward
muon system during installation and for various
radiation shielding components. The support struc-
ture extends to a maximum z = £19 m in order to
provide for mechanical stability.

The magnet is on the GEM critical path. Its
installation and testing should be completed before
underground installation of other subsystems. After
testing and preliminary field mapping, the magnet
halves will be separated for installation of the
calorimeters, muon detectors, and central tracker.
Magnet testing must be completed by March 1997 10
permit physics operation at SSC turn-on in
March 1999,

32 MAGNETICFIELD

3.2.1 Field Requirements

Knowledge of the magnetic field inside the
detector is needed for precise fitting of charged
particie trajectories and to correct for Lorentz angle
effects in the muon chambers. However, the require-
ments on field precision imposed by the central
tracker and the muon system are not very restrictive.
In both systems, the momentum resolution of low
momentum tracks is dominated by Coulomb scatter-
ing effects; for high momentum tracks, by position
measurement resolution. The magnetic field mustbe
known to better than 0.5% in the central tracker
region to preserve the low momentum (pr< 40 GeV)
resolution. Measurement resolution with the CSC
technology selected for the muon system shows little
sensitivity to the error on local field knowledge. It
requires the field to be known to about 0.09 T, i.e.,
with approximately 10%—30% precision. The inte-
gral of the magnetic field along the trajectory of the
muon, however, must be known to better than 0.4%
to achieve required momentum resolution.

Field uniformity facilitates trigger and track
reconstruction. Contours of constant flux for the
magnetic field are shown in Figure 3-4.

In the central region, the deviations from fietd
uniformity are small: less than (.3% in the region of

the central tracker and less than 1% in the barrel
muon system. Contours of constant magnetic field
are plotted in Figure 3-5 for the whole detector and
in Figure 3-6 for the central region.

In the forward region, the field shapers
introduce a significant radial field component,
which improves momentum resolution and charge
separation of forward tracks in the central tracker
and the muon system, as discussed in the Sec-
tion 4.3.1 and Chapter 6.
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3.2.2 Field Measurements,

The above physics requirements will require
knowledge of the field in the central tracker and
muon system volumes. This can be accomplished by
a combination of Hall probes and magnetoresistors.
A field mapin the small volume of the central tracker
can be obtained by measuring the field on a
three-dimensional grid of points spaced a few
centimeters apart. This approach has been used in
many experiments (e. g., ALEPH, H1, CLEO, SLD),
and a number of existing measuring devices can be
used. The field in the much larger volume of the
muon system can be measured either on a similar
grid of space points or by magnetic field probes
distributed on outer boundary of the system that
encloses no current or iron. In the latier case, the
detailed field map is derived from a scalar potential
with zero Laplacian, using values of the field
measured on the closed boundary.1© This technique
is also used extensively in field mapping of large
magnets for particle physics and plasma-fusion
research.

One possible scenario involves placing inex-
pensive probes (inagnetoresistors or Hall probes) on
the outer frames of the outer layer of muon chambers
and near the FFS. The muon chamber alignment
system will then provide precise alignment of the
probes. The number and spacing of the probes
depend on the local field variation. Very few probes

8

Illlllllllllll|IIII|I|Ill'llll[llllllll|

)

i\

1||1|||||I||||||||1

2 ‘9, o5
0 |
0 1 2 3 4 5 ] 7 8
Z(m) TIP-03517

FIG. 3-6. Contours of constant B for the central
region in increments of 40 G.

are needed in the central barrel region, where field
deviations from uniformity are small. Most of the
probes will be needed on the outer boundary of the
forward muon chambers, which are situated in a
rapidly varying field. Additional probes will be
spaced throughout the volume of the detector to
provide a cross check on the solution of the summed
field model. An extrapolation from the system
designed for the L3 magnet yields an estimate of
8200 probes needed for the GEM magnet. An
additional constraint in the field determination is
provided by its axial symmetry. In order to maintain
the symmetry, stainless steel is used in the CDS;
magnetic iron is only used in the FFS support. A
careful study of the influence of the magnetic
materials used for the FFS support!1 on the symme-
try of the field inside the detector shows negligible
effects throughout most of the volume. Field devi-
ations from symmetry are maximum in the region of
the outer endcap chambers, but reach only 0.03 T
there.

33 MAGNET DESIGN

33.1 General Approach

Preliminary magnet design has been underway
since January 1992, and we have a self-consistent
design that meets the technical, cost, schedule, and
facility requirements. An R&D program supports
the few areas where verification or additional design
information is desired. The state of the design is
summarized in Section 3.4.2. The preliminary
design process will be completed soon after the
magnet prime contract is awarded in mid-1993. At
that time design features will be reviewed and final
design will begin.

The GEM coil is similar in concept to thin
superconducting solenoids used in other large detec-
tors (DELPHI, ALEPH, VENUS, SLD ) with some
design modifications to accommodate its larger size.
In each case, the coil winding is held within a thin
annular vacuum vessel on long, thin supports. Each
cold mass is surrounded by a liquid-nitrogen-cooled
thermal shield that, in vacuum, reduces radiation to
the cold mass to a manageable level. The windings
are restrained within a structural bobbin. Electronic
detection and protection systems provide for safe
operation. Local control systems provide operator
control of the magnet system.



The larger size of this coil mandates a number
of changes from previous designs. The solenoid is
separated into independent halves, split at the
midplane for easier handling and to provide routes
for utilities and data acquisition conduits. A cable-
in-conduit conductor, developed for large fusion
magnets, is employed. The cable-in-conduit design
is more stable against the internal and external
energy disturbances predicted for a coil of this size
and its stability is less sensitive to fabrication
problems expected of more conventional indirectly-
cooled conductors.

Many GEM coil components are large enough
that they must be fabricated at the SSCL IRS site.
Each 14.25-m-long, 525-Mg cold mass is built from
twelve 1.2-m-long, 44-Mg segments. Each com-
plete half-solenoid therefore requires eleven stable
electrical joints between the twelve segments. These
joints are based on a design proven in the US-DPC
plasma fusion program. The vessels and the forward
field shaper structures also must be erected at the IRS
site from transportable components. While handling
and assembly of large components will be time
consuming and expensive, a plan that is consistent
with the overall cost and schedule objectives has
been developed. It is summarized in Chapter 9 and
detailed in a GEM report.12

3.3.2 Magnet System Interfaces

The magnet system has mechanical interfaces
with the central tracker, the calorimeters, the central
detector support (CDS), the muon system,-and the
IRS5 site facilities. Specific interface control docu-
ments are being developed to set the requirements
for each of these interfaces.

The muon system dictates magnetic field
volume, shape, magnitude, uniformity, stability, and
alignment objectives to achieve proper momentum
resolution.

The mainrequirements imposed on the magnet
by the interface with the central tracker are mocdest
magnetic field requirements and access for installa-
tion and maintenance. The field should be as high as
possible and uniform. The magnet must allow access
for installation and repair of the tracker and calorim-
eter components during a long maintenance period.
Access requires mobile magnet halves, Calorimeter
interface requirements primarily affect the design of
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the central detector support. However, weight and
cabling of the calorimeters and consequent CDS
stability lead to the physical separation of the
magnet halves at the detector centerline. In addition,
the magnet must withstand a liquid argon spill from
a calorimeter leak without significant damage. The
CDS must allow passage of compression elements
between magnet halves to resist the 64-MN net axial
force, and must allow room for detector services
conduits between the magnet halves.

The magnet makes extensive use of the surface
and underground facilities provided at the IRS site.
These include the surface fabrication structures, the
heavy equipment movement paths, the experimental
hall, and cryogenic, power, and control interfaces.

3.33 Coil Design

The cold mass of each GEM magnet haif
consists of modular windings, moduie-to-module
joints, and bobbins and end flanges, which provide
radial and axial structural support. Twelve identical
coil modules are mechanically and electrically
joined to form each of the symmetric coil halves.
The mean radius of the windings is 9.5m, and the
active winding length for the 12 modules is 14.25m.
The cross section of a coil is shown together with the
vacuum vessel and the forward field shaper in
Figure 3-2. Parameters for the cold mass subassem-
blies and related magnet parameters are summarized
in Table 3-3,

Table 3-3. Cold mass parameters.
L ]

Mean radius of windings 85 m
Cold mass length (per half) 14256 m
Conductor length (total) 27219 m
Conductor and insulation mass 158 000 kg
(per half)
Mass of 4 K structure (per half) 525 000 kg
Operating current 50 200 A
Stored energy 25 GJ
Inductance 1.98 H
Number of turns (per half) 228
Peak voltage to ground 500 A
Turmn insulation thickness 1.25 mm
Ground insulation thickness 6 mm



The NbTi superconducting cable!? is enclosed
in conduit and bathed in supercritical helium. Each
coil half is joined to the external bus by two
vapor-cooled current leads that operate at 50.2 kA.
Similar leads, rated for 75-kA service, are used at the
University of Wisconsin Applied Superconductivity
Center High Current Test Laboratory.

A section through the conductor is shown in
Figure 3-7. The conductor consists of 450 NbTi-
copper superconducting strands that are twisted ina
3 X 5 x5 x 6 pattern. The copper-to-superconductor
ratio is 3.6:1. The cable is compacted inside a
stainless steel tube, leaving a helium void fraction of
about 37%. The cable-in-conduit is enclosed in an
aluminum sheath that provides hot-spot protection
for the conductor. The conductor will be assembled
at the factory into full-module finished lengths
of 1134m.

The conductor is wrapped with 1.25-mm-thick
turn insulation. A layer of 6-mm insulationis applied
to grounded surfaces. Ground insulation isolates the
outer side of the winding from the aluminum bobbin
and the inner side from the radiation intercept. The
combination of the helium thermosiphon cooled
bobbin and inner radiation shield completely sur-
rounds the conductor and shunts heat around it. The
helium coolant flows by convection through tubes
welded to the outer side of each bobbin.

Each coil segment (see Figure 3-8) is com-
prised of 19 conductor turns that are wound in a
single layer inside the bobbin and then captured
axially by compression flanges. The compression
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FIG. 3-7. GEM magnet cable-in-conduit conductor.

flange bolts are tightened during construction 10
apply precompression to the coil stack. Precompres-
sion is sized to provide an initial axial winding
displacement greater than arises in service from
electromagnetic compression of the winding. Pre-
compression of the winding stack therefore prevents
significant conductor motion when the magnet is
powered.

The present plan is 1o provide three separate
helium cooling circuits to the coil modules. The
thermosiphon piping attached to the bobbin pro-
vides mostof the cooling; alow-flow-rate supercriti-
cal helium coolant supply to the conductor conduit
provides additional transient stability against distur-
bances; and a separate supercritical helium circuit
provides stable coolant supply to the joints. Alter-
nate cooling schemes that might reduce the number
of loops and/or simplify the system are being
evaluated.

The bobbin is the primary structural element of
each cold mass. It restrains the windings against
radial magnetic pressure, shares in carrying the
cumulative axial load, provides support against
gravity, and distributes concentrated loads at the
cold mass support points. Each bobbin is fabricated
from 76-mm-thick 6061-T6 aluminum plates that
are rolled or stretch-formed to a cylinder with a
nominal inner radius of 9.54m. In the baseline
design, each bobbin is composed of four arced
segments and four tensioning joints, which also act
as azimuthal insulating breaks. Insulating breaks are
provided in the bobbin to reduce eddy-current
heating during fast discharge. Without insulating
breaks, the induced currents in the bobbin during
emergency discharge would be sufficient to guench
the coil. Recharging the magnet would then await
cooldown, which would take several days.

The axial compression flange segments are
also made from 6061-T6 aluminum. In addition to
providing axial pre-stress, the flanges are used to
bolt modules together and connect them to the cold
mass supports. The bolting rings in the compression
flange segments have alternating bolt holes and slots
so that, as adjacent flanges are mated, small azi-
muthal alignment adjustments can be made between
coil modules.

Lorentz forces on this solenoid vary slightly
from a those on a continuzous solenoid due to the gaps
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FIG. 3-8. Coil module cross section.

in the windings at module joints and between coil
halves. The radial field component on the winding
peaks at 1.6 T, at the outermost turn, but is also
significant for windings near the magnet midplane
due to the 1.5-m gap between winding halves. The
accumulation of the resulting axial forces within
each module is shown in Figure 3-9. The largest
axial Lorentz load of 452 kN/m around the circum-
ference is in the cutermost moduie.

The combined behavior of the cold mass
elements has been modeled with a variety of
axisymmetric and three-dimensional models. Con-
ductors, bobbins, and flanges all share hoop and
axial loads. Slip surfaces at the bobbin/conductor
interface, as well as the sheath plasticity, have been
considered in the model. The most significant
loading is the outward magnetic pressure, which is
resisted by bobbin and conductor hoop tension, The
stress along the length of the 76-mm-thick bobbin is

1.5x 107
1.0x107
50x 108
0
-50x 106
—-1.0x107
—-1.5x107
-2.0x107
-25x107
-3.0x 107
0

Fz (Pa)

10
Axial position (m)

14

TIP-03762

FIG. 3-8. Cumulative axial pressure within each coil
module in pascals.

plotted in Figure 3-10. The contribution from the
strength of the sheath has been considered in this
calculation, The bobbin material yields at 276 MPa
at room temperature. When the effect of the local
plasticity in the sheath is accounted for, the peak
bobbin stress rises to 34 MPa, If the bobbin is
assumed to bear the entire magnetic pressure, the
estimated hoop tension rises to 49 MPa, still well
below 2/3 yield stress or 1/3 ultimate stress.

The vacuum vessel provides the main structur-
al support and insulating vacuum for the cold
mass. !4 Each of the two identical annular vessels,
one for each coil half, weighs approximately 900 Mg
and is 15.1 m long by 21.8 m in outer diameter
(Figure 3-11). They are independently mounted to
the floor of the experimental hall, and can be lifted

12x 107

1.1x107

Hoop Stress {Pa)

119

0 2 4 6 8 10

Distance along bobbin (m)
TIP-03751

12

FIG. 3-10. Hoop stress along the magnet axis in
pascals.
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FIG. 3-11b. Vacuum vessel side view showing the end-rings and periodic ring stiffeners. The axial longerons resist
the attractive magnetic force between each cold mass and the field shapers.
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off the fixed mounts and transported to the ends of
the experimental hall to provide access to compo-
nents within the detector. Each vacuum vessel can be
evacuated independently of the other.

The two vacuum vessels are separated at the
detector midplane by the central detector support
(CDS). The CDS design allows space for columns
that withstand the attractive force between the
solenoids without placing stress onthe CDS. A total
of 64 MN of compression results from the total
magnetic forces on the coils and the forward field
shapers (Figure 3-12). This force is transmitted from
the outer ends of the vessels to the midplane by
compression of eight structural columns (longerons)
on the outer shell of each vessel. Axialloads from the
coil (52 MN) are carried in tension from the
mid-point of the cold mass through eight axial
flexures that fasten to the cutboard vessel end ring at
the eight longerons. Axial loads from the FFS
(12 MN) bear directly on the outboard end of these
longercns through shim blocks.

Feed-through ports are provided in the vessel
at various locations for relief valves, vacuum lines,
cryogenic lines, vapor-cooled leads, sensor cables,
and access for support rod tensioning. The selection
of the vessel shell material is under review. Type 304
stainless steel, cryogenic (9%) nickel steel, and
low-carbon pressure vessel steel are under consider-
ation. Cost, magnetic and vacuum performance,
strength, and fracture safety are the main parameters
under study. Currently the plan is to emptloy stainless
steel (type 304 L) for all structures that must be
non-magnetic to preserve muon system perfor-
mance. All other structural elements will be
constructed from A36 low carbon steel,
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12 MN total
force from
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Support rod”  Coil inner ¥ssel end
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i structure
vessel ring
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FIG. 3-12. Schematic of the axial magnetic forces on
restraint rods.

The cold mass is supported within the vacuum
vessel by long, relatively slender rods that attach to
the end ring of the vacuum vessel. Radial rods,
oriented in a vertical plane at each end of the cold
mass, support the weight of the coil. Axial flexures,
oriented parallel to the axis of the vessel, transfer the
axial forces into the vessel. In the baseline design, a
total of eight pairs of radial rods transfer the coil
weight to the vessel at each end ring. Figure 3-13
shows the gussets in the vacuum vessel end ring
designed to react these loads. The rod ends are
fastened to the vessel end ring with rod end nuts on
spherical washers, identical to those used on the
axial rods. Vacuum ports cap off the rod ends to seal
the vessel. Radial rod pairs are pre-tensioned using
commercially available hydraulic tensioners. When
the proper tension and alignment is achieved in
opposing rods, the rodend nuts are tightened, and the
hydraulic cylinder is depressurized. The procedure
is repeated for each pair of rods on each end of each
cold mass.

Hydraulic tansioner (removable)

Vac can, spherical
washers and nut

A A
vessel ¥ ] L
Q’,‘;,‘,’,'on Preload device
rods (Belleville washers)

| Al dimensionsrin mm l

TIP-04107

FIG. 3-13. Detail of the vacuum vessel support.

While sufficient structural analysis has been
carried out to verify the essential features of the
vacuum vessel design, analyses are revisited as
required by new design features. Fatigue analysis is
not necessary because the vesse! is not expected to
see more than a few hundred load cycles during its
20-yr operation. The vacuum vessel is subjected to
a complex loading pattern due to the vacuum load,
component weights, thermal, magnetic, and possi-
bly seismic forces. Detailed finite element modeling
has determined that the stresses and deflections of
the vessel and support structures are acceptable.
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Table 3-4. Summary of structural analysis results.
e ——— - — 3
Sag of vessel end ring due to

gravity:
12 o'clock vertical sag 6.1 mm
3 & 9 o'clock horizontal 6.1 mm
expansion
3 & 9 o'clock vertical sag 1.3 mm
3 & 9 o'clock end ting 4.8x 10~ rad
rotation
Sag of vessel end ring under
combined loads:
12 o'clock vertical sag 1.0 mm
3 & 9 o’clock horizontal 0.5 mm
contraction
3 & 9 o'clock vertical sag 0.3 mm
3 & 9 o'clock Z rotation 74x10~% rad
Maximum radial rod load 2.67 MN
(alt load cases combined)
Maximum axial rod load 6.5 MN
{magnetic load)
Maximum rotation on 1D of g8x10~4 rad

vesse| end ring

Cold mass supports serve three purposes: to
support the weight of a cold mass, to maintain
alignment of the coil to the SSC beam axis, and to
counteract the axial magnetic force (52 MN). While
performing these functicns, the supports must also
minimize heat t0 LHe-cooled structures and allow
thermal contraction without inducing significant
stresses and consequent distortion to the cold mass.
The cold mass assembly will contract about 8 cm in
diameter and 6cm in length as it cools from room
temperature to 4K. Radial rods are grouped in
opposing pairs about the circumference of the coil,
spaced at45° increments and oriented tangent to the
circumference. Eight pairs of rods support each ceil
end. As the coil cools from 300 K to 4 K, the radial
suppott rods rotate toward the beam centerline on
spherical bearing surfaces. This design preserves the
position of the magnetic centerline of the coil
relative to the beam centerline of the system,

The function of the axial flexures is to resist
magnetic attraction of cold masses. Eight axial
flexures are spaced at 45° intervals about the

circumference to transfer the load directly to the
eight large compressive members (longerons) on the
vacuum vessel. Both the radial and axial supports
have LN intercepts to reduce LHe consumption.
The LHe heat load from the radial rods is about
60 W; from the axial rods, about 35 W. These values
compare well with the heat budget provided by the
LHe refrigerator system.

The cold mass and supports see a complex
combination of loads from gravity, thermal contrac-
tion, and magnetic forces. A model has been
developed that analyzed the combined effects of
these loads on the cold mass with support rods. The
maximum stress at the rod attachment points reaches
72 MPa. Radial thermal contraction overcomes
expansion due to radial magnet loading, resulting in
a net shrinkage of 80 mm in diameter.

Thermal radiation shields enclose the cold
mass at four locations. First, 16 shield segments
form a cylindrical shell between the outer vacuum
vessel and the cold mass. Next, another group of
16 shield segments forms a cylindrical shell
between the cold mass and the inner vacuum vessel
shell. Finally, shaped elements form radiation shieki
caps at both ends of the cold mass. These enclosures
effectively intercept room temperature radiation to
the cold mass. Superinsulation will be applied to
each side of the thermal radiation shields. It
decreases thermal radiation to both the LHe and LN;
circuits and reduces refrigerator load oscillation due
10 vacuum variations.!® All LN, tubing is joined at
the outbeard end of the magnet. Ports in the end
flange of the vacuum vessel will provide access to
tube welds for leak finding and repairs.

3.3.4 Conductor and Coil Joints

The magnet must be stable and reliable to
insure maximum availability of the detector. After
careful review of the requirements (Table 3-5) and
the state of the art, a cable-in-conduit (CIC) conduc-
tor was selected.” This type of conductor has had the
benefit of many years of development by the U.S.
and international magnetic fusion programs, 16:17.18
It will simplify the on-site winding and reduce the
risk of operating instabilities. It is specifically
designed to maximize the use of proven manufactur-
ing processes, tooling and operating experience
gained from previous CIC conductors. The chal-
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lenges of manufacturing long lengths of conductor
and such a large magnet have been resolved by
detailed planning and regular consultation with
potential industrial suppliers.!9-20

Table 3-5. Conductor requirements.

]

Centrai fisld 08 T
Nominal field at winding 11T
Peak field at winding 16 T
Operating temperature 45 K
Operating current 50.2 kA
Maximum hot spot temperature | 100 K
Maximum voltage to ground 500 V
Number of charge/discharge cycles 200
Charging time 8 hr
Maximum number of quenches 100

Number of thermal cgcles (RT/4.5K) 100

Although the central field of 0.8 T and the
resulting electromagnetic loads are well within the
state of the art of superconducting technology, large
dimensions of this magnet necessitate on-site coil
winding and magnet assembly. To minimize the risk
inherent in on-site construction, a robust conductor
and coil design are needed.

The conductor is composed of multi-filamen-
tary NbTi-copper composite wires in a multistage
cable enclosed by a circular stainless steel conduit.
The conduit is then surrounded by a rectangular
sheath of aluminum. In this design the stability
against fast transients is provided by the local copper
in the multi-filamentary strand in contact with
supercritical helium. The aluminum sheath provides
the low resistance current shunt for hot spot protec-
tion during a quench, Key conductor characteristics
are shown in Table 3-6. A complete description of
the conductor is provided in Refs. 1 and 21.

Table 3-6. NbTi conductor configuration.

Strand diameter

0.73 mm

Cu:SC ratio 3.6:1
Cu relative resistivity ratio >150

{OnT/Q45K)
Cable strands 450
3040 stainiess steel conduit ID/OD  20/26 mm
1100 Aluminum sheath dimensions  45.1 x 68.5 mm
Conductor length 1134 m

The conductor is designed to operate at
50.2 kA, generating a central field of 0.8 T. The
magnetic field over most of the conductor is
approximately 1.1T, with a peak field of 1.6 T near
the outboard end. The coil is designed to operate
with stagnant supercritical helium at a nominal
temperature of 4.5K and a pressure of 350 kPa
within the conductor conduit. In steady-state, the
operating heat loads are thermal radiation and
conduction. These heat loads are removed continu-
ously by conduction to the aluminum coil bobbin
which is, in turn, cooled by the helium thermosi-
phon. There is no need to have a positive flow of
helium through the cable to achieve the required
stability.

The nominal operating margins on critical
current and current sharing temperature are quite
large, e.g., VI, = 0.225, with a temperature margin
of 3.4K, asillustrated in Figure 3-14. The supercon-
ducting strand requires a critical current carrying
capability that is easily achievable by standard
materials and wire production methods.

The CIC conductor is very stable against
sudden disturbances. CIC conductors are distin-
guished by the lack of “training” often found in coils
made with other conductors. Stability is provided by
the high heat capacity of helium in direct contact
with a large area of superconducting wires. The
superconducting strands are buffered from external
disturbance energy by the helium in the conduit. The
energy margin is provided by the enthalpy of the
helium and the wire between the operating tempera-
ture of 4.5K and the current sharing temperature.
This is dominated by the helium enthalpy, which is
1-2 orders of magnitude greater than that of all the
other strand components.
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FIG. 3-14. Conductor critical current versus magnetic
field and operating point.

The conductor is also stable in the less likely
event of an internal disturbance. Since the nominal
charge and discharge time is & h, the energy will be
removed in quasi-steady state by the helium thermo-
siphon. Another unlikely disturbance source could
be sudden wire motion within the cable. Measure-
ments of mechanical hysteresis have been per-
formed at 4.2K on a large, similar cable. The results
indicate that even if all the energy were deposited
suddenly in the cable, the energy margin is at least
one order of magnitude greater.

For internal disturbances the stability marginis
defined as the largest sudden energy deposition to
the conductor from which it can immediately
recover the superconducting state. The stability
margin is not necessarily equal to the enthalpy
margin of the helium because the helium is only
effective to the extent that the energy dissipated
directly in the cable is transferred to the fluid. This
depends on the power balance between heat genera-
tion, due primarily to Joule heating in the strand, and
the convective heat flux to the supercritical helium.
The conductor is designed to ensure that the energy
balance is always satisfied, i.e., at normal operating
conditions the helium enthalpy is used to maximum
advantage. This is accomplished by ensuring that the
limiting current is above the operating current. The
limiting current is defined as:

_ [wAs T=T)
fim= 00—

where
h = heat transfer coefficient (W/m?-K)
p = cooled perimeter (m)
Ay = area of copper stabilizer in cable (m2)

O¢y = copper stabilizer resistivity at operating
temperature (£2-m)

1 = critical temperature (K)
Tp = initial helium temperature (K).

The energy margins for the coil segments are
summarized as follows:

For external disturbances: 315 J/m
For internal disturbances: 250 J/m.

For comparison, the energy margins of indi-
rectly cooled, high purity aluminum conductors
typical of those used for other large solenoidal
detector magnets (e.g., CDF, ALEPH, DELPHI) are
between one and two orders of magnitude lower.

The specified superconducting strand requires
no special development. The requirements on the
GEM conductor strands are significantly less severe
than on those of the SSC collider dipole strands.
Production of this wire is straightforward, and thus
the full production run should require only a good
quality assurance program and acceptance testing.

Given these large stability margins the GEM
magnet is stable against quenches for almost all
conceivable operating conditions. Allowances must
be made, however, for safe removal of the coil
energy if an unforeseen event occurs. The coil
segments are simultaneously and continuousty mon-
itored by redundant compensated voltage taps when
the coil is carrying any current. Quenches are
detected by quench voltage monitors and triggering
circuits. A trigger opens redundant current interrupt-
ers to include a large dump resistor into the DC
circuit so that the coil energy can be safely dissi-
pated. The time constant is determined by the L/R
time constant of the coil-resistor circuit. The dump
resistance of 20 mXQ is the largest that is consistent
with coil insulation strength, conservatively speci-
fied as 500 V to ground. The resulting time constant
for the dump circuit is 99.6 s.

Coil quench calculations have been performed
to choose appropriate dimensions of the aluminum
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sheath for quench protection, and to determine the
time-dependent and maximum values of the conduc-
tor temperature and helium temperature and pres-
sure. A conservative estimate of the temperature of
the hottest region of the coil during a quench
provides the basis for the pressure rating of the
conduit. It is assumed that the hottest position in the
coil is the center of the normal zone where the
quench began. Joule heating occurs for the longest
time at this location, while no heat is removed by the
surrounding structure or the helium stream. It is
further assumed that current is shared between the
magnet cable and the aluminum sheath. The pre-
dicted hot spot temperature is 100K for both helium
and conductor. The helium pressure will increase, at
constant density, to 44.5 MPa. These peak values
will be reduced in operation by thermal conduction
and electromagnetic induction to surrounding struc-
tures and most importantly by outflow of helium.
Supporting analysis of time-dependent propagation
of the quench provides similar results. The conduit
is designed and will be tested for these conditions.

While much less strain-sensitive than other
conductors, cable-in-conduit conductor must be
protected from excessive strain and slippage of
components of the winding. Preload of the coil
winding and use of thick aluminum bobbin sheils
reduces strains. Ideally the aluminum sheath should
remain in intimate electrical contact with the stain-
less steel conduit throughout the life of the magnet.
Differential contractions produce large contact pres-

sures at cooldown which slightly yield the sheath. - -

Subsequent quench pressurization further strains the
sheath; however, analysis shows! that adequate
contact pressure remains at 4 K. The local interac-
tions between conduit and sheath have been mod-
eled in an elastic-plastic analysis for a sequence of
load steps that includes cooldown, operation,
quench, reduction in Lorentz force, and heat-up to
room temperature. The model predicts that even
after an initial load cycle produces local plastic
strain in the sheath, the performance of the conduit,
sheath, and bobbin remains adequate. Figure 3-15
shows the hoop stress history of the most strained
elements during the first three cycles. The sheath
hoop tension increases with the first Lorentz force
application, but as the quench pressure is apptied,
hoop tension is relaxed and compression develops
due to the radial compressive stress imposed by the

expanding sheath. Compressive stresses remain
locked-in for subsequent cycles, and the conductor
effectively sheds some of the Loreniz forces to the
bobbin. The analysis clearly shows that the local
plastic behavior in the sheath stabilizes after one
cycle and that the sheath does not continue to
accumulate strain.

The baseline joint design provides a low
resistance electrical connection between conductor
ends on adjacent coil modules. There are eleven
segmeni-to-segment joints and two end-module-to-
lead joints per magnet half. The joint haives are
fabricated, attached to both ends of each length of
conductor, and leak tested during conductor fabrica-
tion at the factory. This enables a complete length of
conductor, with faciory pre-terminated ends, to be
shipped to the GEM coil winding facility, and
virtually eliminates the need to make helium-tight
welds to the conductor conduit in the field. During
magnet assembly on site, the mating joint halves
(each separately sealed) are simply soldered and
clampedtogether. Helium tubing from the cryogenic
system is welded to pre-fitted pipe nipples on the
joint halves. The supercritical helium is supplied to
the conduit of each module conductor at one end of
the 1134-m length and it is returned to its cryogenic
system at the other. All fittings are integral to the
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FIG. 3-15. Hoop stress history during first three load
cycles. Cocldown, operation quench, and warming
represent a single load cycla. Strains stabilize after
three cycles.
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joint design and are also leak tested at the factory.
The joint is depicted in Figure 3-16. A more detailed
description is given in the conductor specification. !2
The joints between the coil modules are cryostable.
This resistive portion of the coil circuit is not a
“weak link,” but is actually more stable than the bulk
of the coil. This is accomplished by attaching large
high conductivity aluminum blocks with integral
cooling channels to reduce the Joule heating in the
normal joint below the corresponding steady state
heat flux capability. The joint lap resistance is
expected to be 5 x 10710 Q, generating the power of
1.25 W at 50.2 kA. This power level is an order of
magnitude smalter than the level in joints for which
cryostability has been provided. Stability is
achieved with a moderate flow of 0.5 g/s of super-
critical helium at 4.5K.

3.3.5 Forward Field Shapers

The forward field shapers (FFS) are two large
truncated steel cones that improve muon momentum
resolution by increasing the radial field component
inthe endcap region. Each field shaper weighs about
1265 Mg and is centered on the detector axis by a
movable support structure that abuts the end of the
vacuum vessel. Each FFS assembly, including the
support structure, is independently mounted on the
experimental hall floor at reinforced mounting
locations, The FFS structure will be moved by a
transporter similar to those in use on the FNAL DO
and CDF detectors. FFS movement is required for
initial installation and for regular access to detector
arrays within the magnet volume.

Aluminum
Reinforcing block

High pressure He outlet
EB weld SS to copper.

304 SS transition block

Copper jacket
fill with SC cable
and soit solder material

End cap TIP-03881

FIG. 3-16. Joint subassembly.

The FFS support structure is a large steel-plate
weldment, which supports static, magnetic, and
seismic loads. The FFS is cantilevered into the
interior of the solenoid, putting large moments into
the support structure., When retracted from the
vessel during maintenance or repair, the field shaper
structure is free standing, with no support from the
vacuum vessel. The moment from the cantilevered
field shaper is carried by the legs and feet of the
support structure, which extend under the vacuum
vessel. Once installed, each support structure is
supported by four semi-permanent mounts. The
function of these steel weldments is to provide
demountable structures which can be easily modi-
fied or replaced to ensure alignment.

During magnet operation each FFS is attracted
toward the center of the detector by a magnetic body
force of 12 MN. The three arms of the support act as
large, deep section box beams to limit FFS move-
ment to less than 2 cm. The body force is transferred
by the arms to the vacuum vessel at five bearing
points. The load is carried by compression of the
vessel longerons to the detector midplane where it is
balanced by force from the opposite side.

Each pad between the FFS structure and the
vessel consists of shims and a cylindrical bearing
pad. The bearing pad allows the forward field shaper
to deflect under magnetic load without imposing
moments or stress concentrations into the end of the
vacuum vessel. This gives the field shaper structure
a hinged-end condition, which limits end moment
loading on the vessel that could potentially misalign
the muon system if mounted to its end rings.

Each FFS structure supports the weight of most
of the endcap neutron shielding. The shielding has
been conservatively estimated to be required at three
locations: a nose cap, a layer on the cone surface, and
a disk extending between the arms of the structure.

A combination of closed-form analysis and
finite element analysis was used to design the
forward field shaper and its support structure
(Figure 3-17). The analysis included the conical
FFS itseif and the three-arm structure it attaches to.
Structural elements were designed in accordance
with the Unified Building Code or American
Institute of Steel Construction Code, as applicable.
Deflections are predicted to be less than 2 cm and
stresses less than half of the material yield strengths,
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3.3.6 Central Detector Support
The central detector support (CDS) is a welded

stainless steel structure designed to support the

scintillating barrel calorimeter, the two endcap and
barrel noble liquid calorimeters, and the central
tracker. The combined weight of the central detec-
tors and their services is approximately 3100 Mg.
The CDS must fit in the 0.8-m gap between the
magnet vacuum vessels and remain clear of the
detector hall walls and services transverse to the
beam direction. This allows a maximum CDS length

of approximately 25 m transverse to the beam -

direction. The structure is required to support the
calorimeters, in various configurations, indepen-
dently of the magnet halves but during operation ¢an
be shimmed to the magnet to derive some stiffness
in the beam direction, The CDS must also be able to
readjust the calorimeter position (small transverse
displacements and small rotations) t0 correct for
shifts in the facility structure, i.e., floor settlement or
floor displacement caused by shifting loads.

The present design is based on conservative
criteria, applied to two required loading configura-
tions. The operational mode has all calorimeters
installed and the CDS positioned. In this configura-
tion the CDS must withstand the static load with a

FIG. 3-17. Forward field shaper model.

maximum Von Mises stress of 50% of the material’s
yield point stress. A possible maintenance configu-
ration would have one liquid endcap calorimeter
removed. Again in this configuration the maximum
Von Mises stress was limited to 50% of the
material’s yield point stress. In addition to these
static load cases the CDS must withstand the
unlikely event of an earthquake with minimal
damage, The Safe Shutdown Design Response
Spectrum for the Comanche Peak steam generating
plant in Fort Worth was adopted and applied to the
CDS. The maximum acceptable stress for the
dynamic scenarios was set at 60% of the material’s
ultimate tensile strength.

Figure 3-18 shows the most efficient structure
developed from an extensive amount of finite
element analysis. The bulk of the dead load is
supported by the columns underneath the calorime-
ters. These are welded structures 0.6 m X 1 m X
60 mm in cross section. A horizontal built up box
section beam that attaches to the A frames external
to the magnet gives the CDS needed stiffness in the
beam direction. This horizontal beam is built from
five welded box sections and is designed to give
flexural and torsional stiffness to the barrel scintil-
lating calorimeter structure. A rib is added around
the outside diameter of the barrel scintillating
calorimeter structure to provide attachment points
and load paths. Jacks are depicted under the two
pedestal columns and the four A-frame legs to
position the calorimeters during initial installation

- and to provide periodic position correction. Shims

will be added under the legs to support the load and
the jacks will be used when position corrections are
necessary. This design is completely independent of
the magnet structure in all configurations.

Preliminary finite element analysis results
indicate a maximum Von Mises stress of 86.2 MPa
for the operational configuration. When one endcap
calorimeter is removed (the maintenance configura-
tion) the maximum Von Mises stress is 115 MPa.
The earthquake results yield a maximum stress of
approximately 241 MPa. All of these values meetthe
adopted design criteria for a standard structural
stainless steel. More advanced analyses, which
include a better model of the barrel scintillating
calorimeter and its interface with the CDS, also
indicate that the chosen values are conservative.
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Because of the asymmetric geometry of the
CDS, the entire structure is made from nron-magnet-
ic stainless steel. Presenily the preferred alloy is
304L because of costs, mechanical properties,
magnetic properties, and weldability. Standard pub-
lished mechanical properties for 304L are 207 MPa
for 0.2% yield strength and 552 MPa for ultimate
tensile sirength. However, a recent trip to Russian
fabrication facilities revealed their preference for
another alloy which is comparable to the US 321
alloy. This alloy contains 0.40% titanium which
reduces or prevents carbide precipitation during
welding or elevated temperature service. It exhibits
higher yield point stress, higher ultimate stress;
comparable (with 304L) machinability, weldability,
and formability characteristics, and a maximum
magnetic permeability of 1.004. The material choice
is still under study.
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Meters

34  FABRICATION, ASSEMBLY AND

INSTALLATION.

3.4.1 Introduction

The major manufacturing challenge of the
magnet system is managing its large size. The
preliminary design phase of the magnet was focused
on solving the problems associated with the size and
weight of components. Plans have been produced
and reviewed by potential industrial partners. The
key steps—conductor manufacture, ¢oil winding,
and magnet assembly—have now been worked out
in sufficient detail to ensure their feasibility.

34.2 Work to Date

Conductor manufacture has been systematical-
ly worked out 12:13.14 and evaluated by industry and
GEM collaborators, Although the general plan is
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established, specific elements were identified that
required further development and verification. A
plan to evaluate prototype conductor performance
at the University of Wisconsin’s High Current Test
Laboratory is being carried out. A winding
specialist, Everson Electric Co., is evaluating
the tooling requirements and the Martin Marietta
Company’s Y-12 site, a DOE Integrated Contractor,
is building prototype full-scale winding tooling. An
MIT/PFC joint development effort is testing sub-
scale and full-scale prototypes. Preliminary specifi-
cations 12:13.14 have been prepared for the conductor
and the joint.

A detailed plan for on-site manufacturing,
assembly, and test of the magnet has been prepared’
and reviewed.2223 A self-consistent work plan
including scope, cost estimate, and schedule has
been prepared. Fabrication specialists were repeat-
edly consulted during the development of the vessel
and forward field shaper designs and the magnet
handling and assembly plans. Specifications were
prepared for the vessel and the magnet and proposals
for the magnet system are currently being evaluated.

Building the GEM magnet will be a challenge,
with drama surpassing past magnet projects because
of its “Texas” size, but the task is considered by
industrial specialists to be within the state of the art.

3.4.3 Conductor and Coeil Joints

The 450-strand, 3 X 5 x 5 X 6 cable is similar
to superconducting cables {i.e., the 486-strand

Westinghouse LCP cable and the 225-strand United .

States Demonstration Poloidal Coil (DPC) cable)
that have been produced in multiple kilometer
lengths. The first operation of the cabling phase is to
twist the triplets in the same direction as the strand
twist to obtain the best wire lays. The three other
cabling operations then proceed in the same twist
direction as the triplets. The completed cable is

wrapped with a thin stainless steel tape to prevent
“bird caging” of the strands and possible interfer-
ence with the weld arc in the tube mill operation
described below. The 1134-m lengths needed for the
GEM magnet weigh approximately 1890 kg, and we
have located a final-stage machine with at least six
76-cm diameter spools that are capable of holding
the 75-strand sub cables.

The baseline plan for fabrication of the GEM
conductor conduit uses the same process as proven
on the Westinghouse Large Coil Program conductor
and more recently for the US-DPC conductor. In this
process, the conduit is formed around the cable using
a tube mill. The function of the mill is to shape a flat
strip into a tube, weld the seam, and compact the tube
to final dimensions. Seam welding is a critical
process, because the conduit is the primary helium
pressure boundary. Therefore, the tube mill operator
willbe quatified to the standards of the ASME Boiler
and Pressure Vessel Code, Section9. The procedures
for this process have been worked out in detail 2*

After welding, the conductor is rolled to a
compaction that yields a nominal cable-space void
fraction of 37%. The conductor is then reeled in
a single-layer onto a take-up spool with the weld
seam in a radially outward position. Each conductor
Iength is pressurized in a proof test to at least
25 MPa. For the final leak test, the helium-pressur-
ized conductor reels are immersed in a liquid
nitrogen bath.

. Methods of extruding the long lengths of
aluminum required for the sheath are being eva-
luated. Discussions with vendors regarding
manufacturing of the aluminum sheath and the
required take-up spool equipment have identified
two candidate designs. Methods for inserting the
cable-in-conduit into each of the two candidate
sheath designs are also being evaluated.
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During joint fabrication, the conductor end is
machined to accept the joint components on each
end. The conduit is cut away from the superconduct-
ing cable and a transition block, prefitted with a pipe
nipple for conduit helium supply, is slipped over the
cable and welded to the conduit. A length of copper
tubing is pulled over the cable and welded to the
transition block. The cable is then rolled flat inside
the tube and filled with solder. The wbe is next
soldered into an aluminum block containing the joint
cooling grooves, An aluminum ¢over is then bolted
over the transition block to provide sheath continu-
ity. All helium joints are leak tested, and factory
preassembly is complete. The joints are designed to
be fully cryostable and are based on a similar proven
design, part of the US-DPC program, which under-
went stringent testing, including ramping at 5 T/s
without quenching,

344 Coil Winding

The 24 segments will be wound at two winding
stations in the south assembly building (SAB) at the
IRS site. The 1134-m-long conductor will be insu-
lated and wound into position within the bobbin at
the rate of about one segment per month per station,
beginning shortly after the SAB is completed. The
challenge at this step will be to master the winding
of such large sizes within the tight schedule
constraints.

The bobbin will first be assembled on the
preparation station adjacent to the two winding
stations in the highbay of the SAB. The bobbins are
formed of four quadrants held together with an
insulated mechanical joint. Each quadrant includes
a shell and an upper and lower set of flanges. Ground
insulation will be bonded on the inner wall of the
bobbin and the completed bobbin will then be
transferred by overhead crane to the winding station.

Each winding station is composed of a ring
turntable powered by a 20-hp motor (Figure 3-19).
It features conductor feed; forming, cleaning, wrap-
ping, and testing stations;, an automatic conductor
payout spool; and automatic ciamps. The bobbin is
aligned and secured to the turntable as the conductor
transport spool is placed onto the payout spooi. As
the conductor is fed from the payout spool, it is first
forced through roil forms to achieve the proper
radius of curvature. The conductor is then cleaned

and wrapped with insulation. The conductor is
pushed into place against the bobbin by a tractor
drive and held in place during winding by automatic
clamps. The top flanges are then installed along with
the joint compression plates and the inner radiation
shield. After inspection and certification, the fin-
ished coil segment is transported to an assembly
station in the north assembly building (NAB).
Winding is expected to be carried out using two
shifts per day to satisfy schedule constraints.

3.4.5 Magnet Assembly and Installation

The magnets will be assembled as two inde-
pendent halves. The assembly sequence is designed
to meet the overall program schedule and accommo-
date the beneficial occupancy dates of assembly
areas and the detector hall. A plan has been prepared
that describes in detail the assembly steps and the
equipment, procedures, and facilities required to
assemble and test the magnet at the IRS site.!! The
plan is described in Chapter 9.

An important decision was whether to as-
semble the magnet halves with axis vertical or
horizontal. After thorough discussion with vessel
and magnet fabricators, qualified rigging specialists
and engineers experienced with large special equip-
ment handling, we have decided on assembly with
the axis vertical. The vertical orientation is best for
vessel fabrication, coil winding, and assembly, and
minimizes the number of special handling fixtures.
After the 1500-Mg magnet halves are assembled,
they must be rotated to a horizontal position. A
number of qualified riggers with experience in
rotating large pieces of equipment have stated that
1500 Mg is well within their capacity. Each lift will
be carefully engineered and will conform to DOE
rigging and handling standards.

3.5 SUPPORTING SYSTEMS

3.5.1 Introduction

Preliminary design of the cryogenic supply
systems and the power and protection systems is
well under way. Preliminary specifications have
been produced for the power supply, and layouts of
systems within the utility building are complete. A
number of important cryogen supply issues are now
being resolved, but the design is mature enough to
predict successful implementation.
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FIG. 3-19. Plan view of the winding station.
3.5.2 Liquid Helium Supply System

The GEM magnet is provided with helium in
two circuits— the thermosiphon and the supercriti-
cal, pressurized circuit (Figure 3-20). The thermosi-
phon loop includes a storage dewar located at the
surface and supplying the magnet 70 m below. A
second circuit supplies a small amount of supercriti-
cal helium, at the temperature of the thermosiphon
ioop, to the conductor cenduit and leads. Despite the
large size of the magnet, the steady-state refrigera-
tion requirement (see Table 3-7) can be satisfied by
the helium refrigerator used for the SSC Accelerator
String System Test (2 KW plus 20 g/s liquefaction).
Because of the very large heat capacity of the GEM
magnet, a separate circuit with a large nitrogen heat

=
1l X i
] -|-n

TIP-03867

exchanger will be used in initial cooling to near
liquid nitrogen temperature. The nitrogen heat
exchanger will be sized to accomplish this cooldown
in a few weeks.

The helium refrigerator supplies cold two-
phase helium to a surface helium storage dewar of
approximately 60 000-1 capacity. Liquid helium in
the thermosiphon circuit flows from the bottom of
the storage dewar through insulated lines to the
bottom of the magnet, approximately 70 m below.

To provide helium for the interior of the CIC,
supercritical helium branches upstream of the Joule-
Thomson valve and flows through a subcooler in the
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FIG. 3-20. GEM magnet helium flow schematic.

liquid helium storage dewar. This circuit also
provides cryogen to the leads.

On cooldown from temperatures in excess of
about 85 K, the cooldown circuit with its large
nitrogen heat exchanger is used to extract heat from
the circulating helium gas. Once a magnet tempera-
ture approaching that of liquid nitrogen is achieved,
the cooling is switched to the refrigerator with flow
initially through just the upper portion. When a
magnet temperature of about 20 K is achieved, the
lower two expanders are brought online and the flow
taken through the entire heat exchanger stack.

During a quench, the heating within the
magnet vaporizes the helium in the cold mass
cooling circuits. To minimize the quantity of vapor-
ized helium, the supply side of the thermosiphon
loop is closed at the storage dewar at quench
detection and the liquid helium downstream from
the shutoff valve is vaporized. There are approxi-
mately 700 I of helium in the supply side and 800 1
on the return side of the thermosiphon ioop. Within
the bobbin heat exchanger and headers, there are
about 400 to 1400 1, depending on the number of
bobbin heat exchanger tubes. In addition to the
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helium contained in the thermosiphon system, the
helium within the conduit system is returned to the
storage dewar on quench. Because of cost
constraints, a helium recovery system has not been
included in the design and on quench, helinm in
excess of that which can be contained in the storage
vessel is vented to the atmosphere.

Table 3-7. Heat loads.

Magnet side wall heating at 0.18 W/m? 580 W
(inside and outside)

Cold mass supports 95 W

Current jeads (self-sufficient 0.125 gskA 250 W
pair)

Piping 300 W

Bayonets 200 W

Supply dewar (0.3%/day loss) 20 W

Valves and miscellaneous 150 W

The helium refrigerator/liquefier is housed in
three rooms of the surface level utility building. An
acoustically insulated room contains the gas coms-
pression system, composed of compressors, oil
removal and purification systems, coolers, air com-
pressors, vacuum pump, and support equipment.
A second room contains the refrigerator/liquefier
cold box module, expander modules, distribution
box, dryer/purification station, cool down heat
exchanger, vacuum pumps, and regeneration skids.
A third room, adjacent to the coldroom, serves as the
control room, housing equipment to maintain con-
tinuous control of the refrigerator/liquefier, heating,
cooling water, and HVAC. High and low pressure
gaseous helium storage tanks and a liquid helium
storage dewar is located adjacent to the building.
The liguid helium supply transfer lines are routed
from the output of the liquid storage dewar to the
utility shaft, down the shaft to the utility tunnel, and
into the underground hall to the detector.

3.5.3 Liquid Nitrogen System
The liquid nitrogen system is large but simple

in concept. A 40 000-1 storage dewar on the surface
provides primary storage. It supplies a dewar in the
experimental hall that cools the magnet shields and
also supplies liquid nitrogen to the precooler in the
helium refrigerator/liquefier, the helium purifier and
the helium transfer line shields. Recent cost trade-
offs have shown that a nitrogen liquefier is a cost
effective method of providing the large amount of
liquid nitrogen required.

3.54 Power Supply and Protection Systems

The functions of the power supply and protec-
tion systems are to supply a controlled current to the
magnet, to detect magnet quenches, and to dissipate
the energy stored in the magnet during normal
discharge and emergency dump situations. While
the current and stored energy of the magnet are large
compared to those of other superconducting mag-
nets, the principles of power and protection are well
understood and an adequate supplier base exists to
insure timely and successful production of compo-
nents. The power supply system (see Figure 3-21)
consists of a 20-V dc, 51-kA power supply, high—
current buswork, a magnet discharge resistor, a
charge/discharge switch, a quench resistor, redun-
dant dc current interrupters, and local controls. The
protection system consists of magnet sensor cabling,
instrumentation moduies and a local control station.

DC Current
Interrupter
L=198H ~1
‘ | B
Rp 20VDC
0.06 mQ f‘oq“g'c“ 51 kA
e m 4160
|E VAC
3¢
R
buss R quench
0.06 mQ2 10 mQ Discharge
Switch
I N\ I " | A l
N | -
DC Current
Interrupter
R discharge
0.24 mQ2
TIP-03755
FIG. 3-21. Major components of the power supply
system.
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Table 3-8. Magnet parameters.

Inductance 198 H
Operating current 50,200 A
Stored energy 25 GJ
Ground isolation 500 Vv
Charge/discharge time 8 hgur
Emergency dump time constant 100 s

The power supply provides current with output
regulation of 0.5%. While the design of the power
supply will be left to the selecied supplier, it is
common practice to use a multiple-pulse (12 or 24)
thyristor rectifier design. Primary filtering or phase
shifting will be required to limit harmonic distortion
on the input voltage lines to acceptable levels. The
power supply system components will be located
inside the utility building. Under normal operating
conditions, the principal load on the power supply
will be the resistive high current buswork. During a
magnet charging cycle, however, the load voltage
will increase to about 10 V due to the drop across the
magnet coil. The magnet coil charging time is
specified as 8 h to limit the effects of induced
currents in surrounding magnet structures. The
voltage between the power supply output terminals
is expected to rise to about 960 V during emergency
discharge. The voltage isolation between the termi-
nals must therefore be at least 1 kV.

The high current buswork will be air-cooled
aluminum bars, which are less expensive than
water-cooled alternatives. The buswork will be
routed through the utility shaft and will consist of six
40 mm x 240 mm parallel bars. The one-way length
of the buswork is approximately 125 m. Under
normal operating conditions, 260 kW will be
dissipated in the buswork. Cooling will be provided
by 20°C air drawn from the experimental hall
through the buswork ducting and returned to the air
conditioning system located on the surface, resulting
in a buswork temperature rise of approximately
40°C. The buswork is designed to operate accept-
ably at higher temperatures by natural convention, if
forced cooling is interrupted.

The function of the magnet discharge resistor
is to absorb the stored energy of the magnet during

a normal discharge cycie. Stainless steel strips
arranged in a parallel plate configuration immersed
in water discharge the magnet. Its resistance
(0.24 mQ) is selected to ensure that the stored energy
is dissipated within the required 8 h. While the
added resistance of the discharge resistor in the
high— current circuit is necessary during a magnet
discharge cycle, it is not desirable to have it in the
circuit during magnet charging or normal operation.
Consequently, the charge/discharge switchis used to
bypass the resistor during these operations to reduce
the load on the power supply.

Quick removal of current from the magnet in
the event of a quench is critical. Consequently, the
power supply system will contain redundant current
interrupters, one in each bus leg, to ensure that the
magnet current flow is diverted from the coil to the
quench resistor. The current interrupters may be
either mechanical or a solid state switches. The
quench resistor must dissipate 2.5G]J if a fast
discharge occurs. The 100-s energy dump time
constant and 1 kV maximum bus-to-bus voltage
require a 20-mQ, low-inductance design. A com-
mon approach for this application is a parallel-plate
stainless-steel resistor arranged in a series-parallel
configuration to produce the desired resistance,
inductance, and power density. The requirement for
voltage isolation of 500 V from bus to ground
dictates that the quench resistor design include a
center tap that can be grounded. This connection is
not in the high current loop, so it only needs to be
capable of carrying a few hundred amperes for a
short time.

The magnet contains sensing elements to
monitor normal operating parameters, detect off-
normal operating conditions, and initiate actions io
protect the magnet. The sensors include voltage taps,
strain gauges, and cryogenic lead temperature sen-
sors (CLTS). While the number and location of
sensor channels is still being specified, itis expected
that there will be 34 voltage taps, 250 strain gauges,
and 400 CLTSs. It is likely that the voltage on some
or all of the sensor signal leads will rise during an
emergency dump of the magnet current. Therefore,
the instrumentation modules must have voltage
isolation while continuing to provide readout capa-
bility. The instrumentation modules will be housed
in a rack-mounted system in the utility building.
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Sensor signal cables will be routed between the
magnet assembly and the utility building through the
utility shaft.

The magnet protection system will include a
local control station for monitoring magnet system
sensors. The local control station will contain
circuitry to detect a magnet quench or other off-nor-
mal operation, and to initiate an emergency dis-
charge sequence. Since this is a critical function, afl
quench detection circuitry will be redundant. The
interface from the local control station for remote
operation will be via local area network.

3.5.5 Vacuum System

The vacuum system for each vessel consists of
rough and high vacuum pumping systems. The
rough vacuum system, which is shared by the
vacuurn vessels for the two coil halves, consists of
two 4000-CFM roots blowers, each backed by a
300-CFM mechanical pump. Mechanical pump oil
is isolated from the vacuum lines using refrigerated
traps. The high vacuum system for each vessel
consists of four 24-in. diffusion pumps backed by a
single 300-CFM mechanical pump. These provide
adequate margin and cost less than one quarter as
much as a turbo pumped system. Refrigerated traps
isolate the vessel from contamination by diffusion
pump oil. Pump-down calculations show that, after
initial clean-up and leak repair, the system should
provide insulating vacuum (<10~ Torr) afier five
days of operation.’

36 FRINGEFIELD

3.6.1 Introduction

Because the magnet has no flux return, the
static fringe field in the experimental hall will vary
from about 1 T near the end of the coil windings to
about 0.1 T near the ends of the hall during magnet
operations. There will also be a fringe field at the
surface directly above the detector. Health, safety,
and regulatory considerations of the effects of the
fringe field on operations are summarized in Refer-
ence 4. Regulatory guidelines for human exposure
to static magnetic field allow access to the detector
with the magnet on. Full-body exposure for workers
in the experimental hall outside the magnet allows
up to seven 8-h shifts per week. Access will be
permitted, however, only to persons without medical
electronic implants such as cardiac pacemakers or

metallic prostheses. Sensitive electronic and me-
chanical equipment will need to be shielded.

3.6.2 Field in the Experimental Hall and
Electronic Rack Room

The contours of constant field in the exper-
imental hall are shown in Figure 3-22.

The field will generate force densities on
magnetizable objects ranging from less than
1 to 20 kN/m3, corresponding to a range of 1-25%
of the object’s weight. Calcutations of the forces and
torques on magnetizable materials in the hall are
summarized in Reference 5. They indicate no need
for upgrading the civil construction requirements.
The crane bridge and movabie steel equipment in the
hall, however, will need to be secured before
energizing the magnet.

The electronic rack room {(ERR) is located in
a shaft about 20 m away from the center of the GEM
detectot. In order to provide unrestricted access for
work on the electronics, the ERR will be shielded’
by placing 297 Mg of iron plate between the walls of
the ERR and the shaft. The shielding design takes
into account penetrations of the walls for the cable
trays and will reduce the stray field to less than
0.005 T throughout the room.

Whenever practical, components insensitive to
the magnetic field will be selected. Equipment
sensitive to the field, such as relays, electric motors,
and electrically driven valves, will be shielded
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FIG.3-22. Contours of constant B in the midplane of
the experimental hall.
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locally with small iron screens. Turbopumps, which
are more sensitive to magnetic field than most
equipment and are situated in a 1-T field, can be
shielded to 0.003 T with 4-cm-thick, low-carbon
iron shields.?6

3.6.3 Field at the Surface

Contours of constant magnetic field on the
surface directly above the experimental hall are
shown in Figure 3-23.

The field peaks at about 40 G at a point directly
above the center of the detector. It drops to4 G orless
at a distance of about 100 m from this point, and t0
the level of earth’'s magnetic field (0.5 G) at the
boundary of the east campus site. All equipment in
the utility building and the operations center will be
in a field of less than 10 G. Sensitive computer
monitors may require local shielding.

3.6.4 Interface with the Accelerator

Axial and radial components of the field act on
the collider beam dynamics. The main irregularities

inthe field along the beam occur in the vicinity of the
FFS.

Simulation results show 2 that the coupling of
the horizontal and vertical betatron oscillations of
the beam induced by the GEM magnet can be
corrected with existing skewed quadrupoles both at
injection energy and at full energy. The radial
component of the field is small in the vicinity of the
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FIG. 3-23. Contours of constant field on the surface
above the detector in gauss.

beam and causes no significant problems. In order to
minimize further the range of the fields of the
skewed quadrupoles needed for the corrections of
the lattice, it is recommended that the GEM and SDC
magnetic fields be anti-parallel. Additional study of
the effects of magnet misalignments have been made
by the SSCL beam-dynamics group. This study
indicated that offsets of the GEM magnet axis by
about 10 mm and angular misalignment of +5 mrad
are well within the tolerances of the lattice.

3.7 MAGNET OPERATION
3.7.1 Introduction

Because of its large size and stored cnergy,
time is required to prepare the magnet for physics
operation and to respond to off-normal events. The
magnet is designed to operate simply and with very
high reliability. The conductor is stable and the
supporting systems, particularly the cryogenic sup-
ply systems, are conservatively designed. Design
objectives are to ensure that the magnet is not
damaged by operational fauits, that magnet-related
downtime is minimized or eliminated, and that
downtime needed {o service other detector subsys-
tems is minimized by providing access where
possible. GEM operating plans take advantage of
SSC planned and unplanned short shutdowns as welil
as planned long maintenance periods to allow
magnet shutdown for maintenance of detector
subsystems.

3.7.2 Requirements

The GEM magnet is designed for simple
operation. It consists of only three operating subsys-
tems: cryogenics, vacuum, and power/protection,
and all three will be run from a single workstation.
Each subsystem is designed to operate automatical-
1y, with set-points for major parameters (such as DC
current) determined by the operator from the GEM
global control system. Use of the magnet, over most
of its lifetime, will not require the dedicated
attention of an operator. However, personnel will be
required to monitor periodically and maintain the
major elements, particularly the moving parts of the
cryogenic and vacuum systems. Additional person-
nel may be required during planned transients, such
as pumpdown, cooldown, charging and discharging,
and during recovery from an emergency discharge.
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Access to the underground hall or shafts is not
required for normal operaticn. We have minimized
the components located in the underground hall that
could fail and interrupt operation. Most valves and
controls have been located either in the utility shaft
or on the surface, where they can be accessed for
inspection and repair at all times, including periods
of magnet and collider operations. The few compo-
nents which must be located in the hall (cryogenic
liquid level sensors} will be given adequate redun-
dancy to preclude additional detector downtime.
They will be replaced, if required, during the SSC’s
weekly scheduled maintenance day.

The annual SSC maintenance shutdown
(1-3 months) will be used for infrequent activities,
such as alignment, that require extended hall access.
Based oninformation from the facility designers, we
expect to require realignment of the major magnet
components (coil halves and FFSs) no more than
once per year. Alignment is corrected by replacing
shims under the supports, which requires lifting the
components slightly, and will take about a week. The
annual shutdown may also be used for access 1o the
other detector subsystems, by moving the magnet
halves, as discussed below.

3.7.3 Normal Operations

After initial instatlation, the coil halves must
first be evacuated. This is accomplished with a
conventional roughing/high-vacuum system, and
requires 2—4 weeks, depending on initial cleanliness
of components within the vacuum vessels. Follow-
ing evacuation, the cold masses will be cooled to
operating temperature, 4.5 K, requiring about
46 weeks. Cooldown is accomplished by circulat-
ing cold helium gas through the magnet, controlling
the inlet temperature so that thermal stresses in the
components are minimized. In parallel, cold nitro-
gen gas is circulated through the thermal shields,
which are then filled with liquid nitrogen when the
temperature falls below saturation. Liquid helium
fills the cold mass system when its temperature falls
to 4.5 K. After initial cooldown, and before opera-
tion begins, an inventory of liquid helium will be
accumulated in the above-ground supply dewar, to
ensure continued operation even during fault condi-
tions (as discussed below).

In normal operation, the magnet coils will
remain under vacuum and at the operating tempera-

ture of 4.5 K. Normal operation consists of ramping
up the current from zero to approximately 50.2 kA
(charging), maintaining it at this value for long
operating periods (many months), and then reducing
the current back to zero (discharging). Charging and
discharging each require 8 h. The cycle allows one
shift of field-free access to the detector even for an
SSC shutdown as short as 24 h.

3.7.4 Off-Normal Operations

In order to maximize availability, the magnet
is designed to operate under a number of off-normal
situations, ranging from extended shutdown to loss
of site power. A key source of this robustness is a
high-reliability cryogenic system that can support
continued magnet operation even during outages.
The helium and nitrogen systems will be capable of
continuing operations for 12 h during a power
outage. This is accomplished primarily by employ-
ing a passive (thermosiphon) design for the primary
cooling of the 4.5 K cold mass (no pumps or active
elements are required to maintain cooling), ensuring
adequate inventory of liquid cryogens at all times,
and using a system designed to function on the
thermal capacity of the stored liquid, if required. The
vacuum system is not a serious concern in this
regard, since it can be made fail-safe in the
conventional manner: high-vacuum valves on the
vacuum vessel fail closed. The power supply system
is designed to allow a very slow or a fast, emergency
discharge, while maintaining control, monitoring,
and safety functions at all times.

Extended Shutdown

An important scenario for the detector as a
whole is an extended (several-month) shutdown, to
access internal detector components for mainte-
nance. Access to the interior of the detector is
accomplished by moving the magnet halves and/or
the FFSs. Movement of the FFSs is a straightforward
operation, since there are no connections to break
and no services to reconnect. To move the magnet
halves, the dc busses and cryogenic, vacuum, and
instrumentation connections must be broken and
essential services reconnected. When retracted for
access to the central detectors, the magnet halves are
“parked” in a specific location near the ends of the
hall, so that cryogenic, vacuum, and limited instru-
mentation connections can be made. As discussed
above, evacuation and cooldown are time-consum-
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ing operations, so we have chosen to keep the
magnet cold and under vacuum while it is retracted,
to minimize overall downtime. The magnet will not
be cooled during movement, however, so after it has
been moved back into position, a short cooldown
time will be required prior to operation.

Emergency Discharge

Emergency discharge, in which the current is
rapidly reduced to zero, is a required operating mode
for the magnet. Although a quench is highly
unlikely, given the stability of the conductor and the
conservative magnet design, the capability to re-
move the current rapidly is a prudent requirement for
any superconducting magnet. The rapid-discharge
scenario may be used whenever field-free emer-
gency access to the hall is required, as in a fire. An
emergency discharge is a programmed event, which
can be initiated automatically by the magnet’s
quench-detection system or by operator command.
To minimize the risk of damage to the magnet, we
have selected a discharge time of 5 min (3 time
constants). During an emergency discharge, most of
the magnet’s stored energy is absorbed by an
external dump resistor; the rest of the energy is
deposited in the cold mass, raising its temperature
slightly. The liquid helium supply is temporarily
shut off, to avoid vaporizing excess hetium. A short
downtime for cooldown is required prior to recharg-
ing. The magnet is designed to withstand this
scenario with no difficulties.

Loss of Site Power

The magnet is designed to operate through a
power outage to the site or 10 magnet components,
with no ill effects. If site power is lost, the magnet’s
operation will be changed as little as possible until
power is restored. As discussed above, the coil will
remain superconducting for up to 12 h. The power
supply will shut down, but will not interrupt the dc
curvent, Instead, the current will slowly diminish, as
energy is deposited in the warm dc current busses.
Although the forced-air cooling of the busses will be
interrupted by the loss of power, they can operate
indefinitely using only natural circulation in the long
chimney-like duct in which they are enclosed. All
controls for the magnet will be on uninterruptable
power, 50 constant monitoring of the magnet will
still be possible; we will also maintain the capability

to initiate an emergency discharge at any time if
required. When site power is restored, the magnet
can be discharged and recharged as required.

Cryogenic System Outage

Refrigerator outages are not uncommon occur-
rences, so the magnet system is designed to function
temporarily without the refrigerator. A redundant
compressor is part of the refrigerator design and it
can be valved in immediately to replace any other
compressor that breaks down, The liquid-helium
storage dewar will always contain enough liquid for
12 h of operation under normal circumstances.
During a refrigerator outage, this reserve allows
sufficient time to diagnose the problem and to effect
repairs on the expanders (the components most
likely to fail in operation). If the problem proves
more serious, there will be time for a slow magnet
discharge, or to import liquid helium as needed to
continue operation. The passive nature of the design
will minimize or eliminate downtime for this event.

3.7.5 Reliability, Availability, and
Maintainability Analysis

We have identified the events most likely to
affect the operation or safety of the magnet, based on
experience, and have developed design approaches
that minimize their impact. Further analysis, to be
conducted as part of engineering design, will dictate
details such as required redundancy, other protective
systems, and operational procedures.

38 ORGANIZATIONAL ASPECTS

Preliminary design of the GEM magnet has
been performed by physicists and engineers from the
following institutions:

Lawrence Livermore National Laboratory
Los Alamos National Laboraiory

Massachusetts Institute of Technology, Plasma
Fusion Center

Southern Methodist University
Superconducting Super Collider Laboratory.

The following groups are involved in research
and development and verification of the design:

Martin Marietta, Y-12 Oak Ridge Laboratory
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University of Wisconsin.

In addition, extensive consultations have been
held with:

Rutherford Appleton Laboratory, Oxford, England
ASEA Brown-Boveri, Baden, Switzerland

Martin Marietta, Denver, Colorado

Lawrence Berkeley Laboratory

JBC Associates, San Diego, California

W. Flick, Austin, Texas.

The magnet steering committee consists of
G. Deis, N. Martovetsky, I.. Pedrotti, P. Reardon,
R. Stroynowski (chair), and B.A. Smith.

P. Reardon is the project manager and G. Deis
is the chief engineer of the magnet subsystem.

The GEM magnet project relies heavily on the
use of an industrial prime contractor, responsible for
most of the final design, procurement, fabrication,
assembly, installation, and management, under the
management of the existing SSCL/SMU/LLNL/
MIT team. Design and development work to date has
been performed by the team and its subcontractors,

Table 3-9. Projected division of responsibility within magnet project.

with the recent addition of a groupat the ORNL Y-12
plant, who are specialists in production engineering.
These groups are pursuing an aggressive prelimi-
nary design and development program, to keep the
project on schedule despite delays experienced in
activating the prime contractor. The RFP for the
prime contractor was released to industry on Decem-
ber 22, 1992, with proposals received March 22,
1993, Following receipt and evaluation of these
proposals (now in progress), we will determine the
most cost- and schedule-effective division of work
among the present collaborators, SSCL, the prime
contractor, other subconatractors, and foreign
sources. Prime contract award is planned for June 1,
1993. Our present assumption on the breakdown of
work is shown in Table 3-9. For each major area of
activity, we will identify “cognizant engineers” from
within the present magnet team to report to the
magnet project manager on technical progress, cost,
and schedule. These individuals will be responsible
for ensuring that all requirements are met and that
activities are proceeding within cost and on sched-
ule. This arrangement will supplement the informa-
tion obtained from the usual cost/schedule control
system, and will provide a very powerful tool for
managing the diverse parallel activities.

Cognizant Engineer’s

tem Responsible Organization Organization
Conductor Prime contractor MIT
{alternate: Y-12)
Cold mass (except conductor} ng?tgrﬁggi’?'tl%r) MIT
Vacuum vessels Prime contractor LLNL
Internal cryostat components Prime contractor LLNL
Forward field shapers Foreign source LLNL
Power/protection systam SSCL/PRD/EFD and LLNL LLNL
Cryogenic systam SSCL/PRD/EFD LLNL
Vacuum system Prime contractor LLNL
Control system LLNL LLNL
Field measurements SSCIL/LLNL N/A
Installation/testing Prime contractor SSCL
Management SSCL (overall), with assistance by LLNL, MIT, N/A

and Erime contractor
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MUON

41 INTRODUCTION

The GEM muon system is the largest measure-
ment system in GEM, encompassing a total volume
of nearly 5000 m3. Throughout its extremely large
measurement volume, the system must measure
muon tracks with a precision approaching 55 gm in
the bend-plane coordinate. This endows the system
with the capability of reconstructing the momentum
and charge of muons over the entire kinematic range
of the SSC. We have developed a system of muon
detectors that approaches our goals of a hermetic,
precision muon detection system. The performance
has been necessarily driven by issues of technology
and cost, however, we are confident that our system
will meet or exceed our measurement goals.

This chapter is divided into specific discus-
sions covering the implementation of the muon
system. We begin by detailing our physics goals,
performance requirements, and measurement
methods. Short descriptions of our system design,
including the effects of magnetic field, calorimeter
and central tracker are presented in this section,
followed by more detailed presentations in subse-
quent sections. Practical design considerations are
reviewed with respect to chamber technology,
chamber support structure, alignment, trigger and
system optimization/upgrades. Finally, we discuss
our R&D plans, engineering and manufacturing
plans, and muon subsystem organization.

4.1.1 Physics Goals

Muons from pp collisions at the SSC provide
signatures for a wide range of new physics proces-
ses. Some of these processes are expected to be rare,
and will req] ire the highest luminosity (L =

1034 cm™2 s7!). The mission of the GEM muon
system is to identify these muons, and to provide a
precision measurement of their momentum over a
wide range.

The muon system is complementary to the
electron and photon physics capabilities of the GEM
detector, muon trajectories can be measured inside
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jets, and the sign of the muon charge determined up
to the kinematic limit of the SSC.

The requirements for the GEM muon system
are driven by the GEM physics program. Some of
the key issues, and the features of the muon system
needed to confront them are:

 Higgs Physics: H— ZZ*— u uutu-.
— Coverage with high efficiency for
b7l < 2.5.
— Good resolution for low mornenta.
o High mass physics: Z' — u'u~, W —uv,
quark-lepton substructure.
- Coverage with high efficiency forjy| <2.5.
— Good resolution at high momenta for sign
selection.
— Clean pattern recognition of high momen-
tum tracks.
— Large suppression of backgrounds at high
luminosity.
-« Heavy flavor physics.
— Measurements of muons in and near high
priets.

4.1.2 Performance Requirements

To address the anticipated new physics at the
SSC, we have designed a muon system to provide
the following functionality and performance:

Muon identification: track identified as amuon
candidate if it has penetrated the 11 A to 16 A
calorimeter, consistent with muon ionization.
Solid angle coverage from polar angles 9.75 to
84 degrees, with the minimum possibie accep-
tance losses due to gaps and dead areas.

prtrigger: typical threshold range 10 GeV <
pr<50GeV. Level 1 single muon trigger rate:

<1kHz @ £ = 10%3 ¢cm™2 s7! for 30 GeV
threshold.

Beam crossing tag: efficiency > 99%.

Momentum resolution for 500 GeV pr: Apr/pr
= 5% at In| = 0 and Apr/pr= 12 % at |n| =



e Low chamber occupancy compatible with
operation at £ = 1034 cm™2 571,

Charge assignment: correct at 95% confidence
level up to muon momenta ranging from pr <
65TeVat ln|=0t2.8TeVfor | [=25.

Knowledge of the bearn position with respect
to muon system of order 500 ym, as an
additional constraint to improve robustness. A
further goal of a 200 um constraint will
improve the high momentum resolution and
efficiency.

4.1.3 Design Considerations

We have designed a system that can function in
a stand-alone mode at the highest SSC luminosity,
by locating all the muon detectors behind the
calorimeter with little reliance on the GEM central
tracking system (although tracker information can
and will be incorporated when available). Not only
is the charged particle background from hadron
punchthrough suppressed to levels well below the
rate of real muons, but also the neutron and
neutron-associated photon backgrounds are reduced
to manageable levels by the thick, nearly hermetic
GEM calorimeter. The muon system is designed to
operate with full efficiency and resolution in the
presence of a neutron flux of up to 105 cm™2 571,

The system will provide a beam crossing tag
and a first level muon trigger for transverse momen-
tum thresholds ranging from 10 GeV to 50 GeV. The
chamber systemn has a multiplicity of measurement
layers allowing local track vectors to be determined,
which gives a high efficiency for muon track
reconstruction even at high energies where muon-
induced electromagnetic showers become impor-
tant. The deleterious effects of these showers are
mitigated by providing drift space between the
calorimeter and the first muon superlayer, and by
minimizing material in the muon system.

The goal of the design process for the muon
system is to specify a practical set of parameters that
will achieve the baseline performance within rea-
sonable cost constraints. The muon system design
concept is based on the sagitta method of recon-
structing the muon momentum in a solenoidal
magnetic field. In our design, all the muon tracking
and triggering elements are located in three super-
layers (SL), each containing multiple layers of
detectors placed between the calorimeter and the
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solenoidal magnet coils. In order to provide a muon
system with good background suppression up to the
highest luminosities and good momentum resolu-
tion, we have placed the entire set of chambers
behind the calorimeter. As a consequence, in the low
momentum region (< 75 GeV) the momentum
resolution is dominated by multiple scattering in the
chambers themselves, and by fluctuations of the
energy loss in the calorimeter. The reconstruction of
low momentum tracks, for isolated muons will
involve measuring the energy loss in the calorimeter
for large energy loss fluctuations, and incorporating
tracker information when availabie. In the high
momentumn range, spatial resolution and alignment
errors are the largest contributors.

Sagitta Method

Figure 4-1 is an overview of the GEM muon
system design. The essential features of the system
are the large open solenoid magnet with a shaped
field in the forward direction, and the three superlay-
ers of multiple detectors located outside the calorim-
eter to trigger and reconstruct the muon momentum.

The momentum is determined by means of a
three-point measurement of the sagitta. The sagitta
is given by:

nt+y .3 BL?

3 0

2 -y»n=% 8 Pr

Here the sagitta s (m) is given in terms of the
transverse position measurements along the muon
trajectory, y; (m), the magnetic field strength, B (T},
the path length L (m) normal to the magnetic field,
and the momentum transverse to the B field,
pr (GeV). The exact formulae are given in Sec-
tion 4.3.1,

From the expression above we note that good
momentum resolution can be achieved even with a
modest magnetic field strength, B, for a large enough
path length, L. In order to improve the momentum
resolution in the forward direction, where the
solenoid magnet has a diminished bending power,
large iron cones! are mounted concentrically with
the beam pipe. These iron cones, called forward field
shapers (FFS) create a radial magnetic field compo-
nent, which improves the bending power by a factor
of three.

The superlayers of muon chambers are held in
rigid space-frames (one for each half of the barrel

sf=
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FIG. 4-1. Overview of the GEM muon system: (a) shown in quadrant view, and (b} barrel end view, (c) endcap
view from IP.
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and one for each endcap), which are attached to the
magnet supports in a manner designed to minimize
vibrations. In order to achieve our momentum
resolution goal, the space-frames must have suffi-
cient stability so that the muon chambers can be
positioned and monitored to a small fraction of the
track sagitta. To set the scale for the stability,
alignment, and chamber resolution needed in our
system, the total sagitta for a py= 500 GeV track at
# = 0 is less than 1100 gm for B = 0.8 T and track
length L = 4.3 m. To measure 500 GeV transverse
momentum there with an accuracy of 5% (which
corresponds to the capability of sign selecting
muons from the heaviest Z’ producible at the SSC),
the total error of the sagitta cannot exceed 55 um.
This tiny error budget sets the requirements for the
muon chamber resolution, alignment, and mechani-
cal stability of the chamber support system.

Magnetic Field

The defining considerations in the design of
the muon system are the choice of the magnetic field
strength, shape, and geometrical extent. These
parameters must be balanced against the practical
limits of magnet cost, the muon tracking chamber
resclutions and other associated costs. As noted
above there is a premium in choosing a large
diameter magnet, because it allows the magnetic
field strength to be kept to a modest value while
maintaining good momentum resolution. Qur mag-
net design is described in detail in Chapter 3 and
Section 4.3.1.

A further magnetic field design consideration
is the outside radius of the calorimeter, which
determines the inner radius of the muon system. In
the GEM detector design the calorimeter has a radius
of 3. 7 m, with a total of 11 4 at # = 0. For practical
reasons of magnet design the field strength is chosen
to be 0.8 T at the center of the magnet. Given this
field value, at least 4 m of bend path is required in
order to obtain the required sagitta in the barrel
region at the highest momentum. This bend path
requirement determines the outer diameter of the
solenoidal field. Similarly, the length of the magnet
is determined by the resolution requirements in the
forward direction, the size of the calorimeter along
the beam axis, and the shaping of the field provided
by the FFS. From these considerations we find the

lever arm must be almost 9 m, and the minimum
magnet half-length is about 15 m.

The flux line profile of the magnetic field is
shown in Figure 4-2, superimposed on the chamber
layout. Note the radial magnetic field in the forward
direction generated by the FFS. This arrangement
increases the sagitta, and hence the momentum
resolution, in the small angle region.

Calorimeter Absorber

The GEM muon system is designed to be
independent (i.e., not requiring the central tracker),
and is located entirely outside the calorimeter. The
major benefit of this design is the capability to
measure muon trajectories in air with minimal
scattering material, after most of the hadronic debris
has been absorbed by the calorimeter.

The backgrounds in the muon system are
greatly reduced by the shielding afforded by the
calorimeter material, leaving the following residual
backgrounds:

e Muon associated background, such as d-rays
and muon-generated showers from the last few
radiation lengths of the calorimeter.

e Hadron punchthrough and muons from /K
decay in the central tracker and calorimeter
volume.

* Neutrons and neutron-induced gammas. This
background arises primarily from interactions
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FIG. 4-2. A quadrant of the muon system showing the
magnetic field and the muon detector. Note the radial
field component generated by the FFS in the forward
direction.



of particles from the pp collisions in the
forward calorimeter and the collimator-quad-
rupole systern.

Detailed simulations of these backgrounds are
covered in Section 4.2 and in Chapter 12. Here we
give a brief summary.

The muon-associated background is reduced
by requiring the muon chambers to be separated by
at least 20 cm from the outside boundary of the
calorimeter. This provides the space needed for low
energy charged particles to curl up, or to separate the
backgrourd particles from the muon track. Pattern
recognition is further enhanced by requiring the
number of chamber measurement layers to be larger
than that dictated by the resolution performance
alone.

In order to have a robust systemn at the highest
luminosity, we require the rate of charged particles
penetrating into the muon system from the calorime-
ter (punchthrough) to be less than half the prompt
muons and those muons from &/K decay in the
central tracker. This leads to a requirement on the
minimum thickness of the calorimeter to be greater
than that needed for hadron calorimetry alone.
Utilizing Monte Carlo studies validated with exper-
imental data, it has been determined that the
calorimeter should be at feast 11 A thick in the barrel
region. Also, the occupancy due to charged particles
in any readout channel should be no larger than 1%.
This demands the calorimeter be at least 16 A thick
in the forward direction.

The neutron and neutron-induced photon
background introduces uncorrelated hits in the
muon detectors. However, this background will be
reduced to a level well within design tolerances by
the placement of special shielding in the forward
regions of the detector and beam pipe. Details of the
shielding design that mitigates this background are
presented in Chapter 12. The radiation and shielding
design studies have demonstrated that the muon
system can operate with full capability even at £ =
10¥cm™2571,

We have also studied the resolution degrada-
tion arising from multiple scattering in the chamber
material and from energy loss fluctuations as the
muons pass through the calorimeter. Both effects are
especially important in the low momentum region.
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Simulations indicate that momentum resolution at
pr= 10 GeV increases to 3.5%. We have the option
of including the central tracker information in the
reconstruction at low momenta. A detailed discus-
sion of this issue is given in Section 4.2.

Muon Detector Technology

Several different muon detection technologies
were considered prior to the final choice. Each
candidate technology was studied, tested and under-
stood during an extensive R&D program. Tests were
performed using the Texas Test Rig (TTR), a large
facility commissioned at the SSC for this purpose.
Limited streamer drift tubes (LSDT)? and round
drift tubes (RDT),? met the coordinate resolution
specifications. Resistive plate chambers (RPC)? and
proportional wire chambers (PWC)® were found to
be capable of providing a trigger and an additional
non-bend plane coordinate measurement, in concert
with either of these precision drift technologies.
Cathode strip chambers (CSC),”8 in which the track
is determined by interpolation of the charge induced
on precision cathode strips, not only met the
coordinate resolution specifications but also demon-
strated that they could provide the trigger function
needed for the muon system. All of these technolo-
gies had features that were considered attractive, as
well as certain drawbacks.

Our R&D program gave us confidence that the
CSCs offered the most complete and lowest risk
solution. We have chosen CSCs because they
provide a solution to both the triggering and tracking
functions needed for the muon system. The features
of this technology are:

Good single-layer resolution: 75 ym.
Flexible configuration: axial strips in barrel,
radial in endcaps.

Non-bend coordinate measurement.

Good timing resolution for beam cross
tagging.

Precision elements directly accessible for
alignment.

Short electron drift time < 30 ns.

All functions in one technology: triggering,
timing, and tracking.



4.1.4 Muon Spectrometer Overview

The properties of the cathode strip chambers,
as well as the chamber alignment requirements,
determine the layout of the chambers in the muon
system. Important considerations are the size limita-
tions of the chambers, the resolution dependence on
muon incidence angle, and the need to tilt the
chambers to compensate for the Lorentz angle.

Chamber Configuration

Our baseline design calls for a momentum
resolution in the barrel region of 5%, for a pr=
500 GeV track. This requirement ensures that the
sign of the muons, and hence the forward backward
asymmetry, can be determined unambiguously for a
Z' with a mass of up to 10 TeV—the heaviest Z’ that
can be produced at the SSC, We have noted that in
order to obtain this resolution, the total error of the
sagitta must not exceed 55 um. To meet this
requirement we have designed a robust measure-
ment system, with multiple chamber layers
deployed within a given superlayer. In this manner
the effective superlayer resolution from random
errors is improved by the (statistical) factor 1/ J]TI .
where N is number of chamber layers in a given
superlayer, and the pattern recognition capability of
the system is enhanced. This enables the muon
trajectory to be recognized as a set of local vectors
that are linked among the different superlayers.

Considerable effort has been expended in the
overall performance/cost optimization of the sys-
tem. We have studied the resolution as a function of
the number of measurement layers in each superlay-
er as illustrated in Figure 4-3, including the effects
of intrinsic chamber precision, layer-to-layer align-
ment, and alignment emors from superlayer-to-su-
perlayer. We have found that our resolution require-
ments can be met by 6 measurement layers in the
middle superlayer and as few as 4 measurement
layers in the inner and outer superlayers. Our pattern
recognition studies require a minimum of three good
measurements (hits) in each superlayer lying within
a “road” defined by the intrinsic resolution of the
chamber layer. Studies of the efficiency for a good
hit in a chamber layer, in the presence of both
uncorrelated (e.g., neutron) and correlated (e.g.,
muon-associated EM shower) backgrounds indicate
that the number of layers should be larger than four,
to ensure that the system is robust for track-finding,
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We have therefore taken the chamber layer-configu-
ration in the superlayers of the barrel
(SL1:SL2:SL3) to be 6:6:6, and in the endcaps to be
8:6:6 in consideration of the higher rates and larger
background expected there. Thus the number of
measuring layers is driven by pattern recognition
rather than by momentum resolution.

The optimization of each individual superlayer
is driven by the specific requirements of the GEM
experiment. The inner superlayer must have the
good two-track resolution to help in measuring
muons with nearby hadronic and electromagnetic
backgrounds. Optimization of resolution allows no
compromises in the spatial resolution of the middie
superlayer. The outer superlayer has less stringent
constraints but is needed to provide lever arm and
pattern recognition to isolate the muon track and link
it with the inner two superlayers. We have worked to
reduce the mechanical cost as well as the number of
electronic channels in the outer superlayers, because
this superlayer comprises the largest area of cham-
bers. :

The spatial resolution of a cathode strip
chamber changes as a function of azimuthal angle,
and the proper chamber layout is dictated by the need
to minimize this source of error. We accomplish this
by allowing each chamber to cover only a small
region in azimuthal angle (< + 7.5° in the first
superlayer of the endcaps, and <+ 3.75° for the other
two endcap layers and everywhere in the barrel).

A related effect is the smearing of resolution
due to the altered direction of drifting ionization
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FIG. 4-3. Resolution improvement as a function of
number of measurement layers in the middle
superiayer for various numbers of measurement
layers in the inner (SL1) and outer (SL3) superlayers,



electrons under the combined effects of electric and
magnetic field—the Lorentz effect. In the barrel
region the natural solution is to simply rotate the
plane of the cathode strip chambers about an axis
parallel to the magnetic field vector. For our
anticipated gas mixtures and operating conditions,
the Lorentz angle is about 8°. Because the resolution
of the middle superlayer is critical for achieving the
momentum resolution performance we rotate that
superlayer by 8°. However, geometrical constraints
within the inner and outer superlayers require us to
compromise on the optimal Lorentz angle com-
pensation by rotating those planes by only 6°.

Similar considerations apply to the endcap
chambers, where the magnetic field is primarily
perpendicular to the chamber plane. The axial
component of the magnetic field is essentially
parallel to the electric field leading to little Lorentz
effect. The small component of the electric field
perpendicular to the magnetic field can be compen-
sated by orienting the anode wires at an angle with
respect to the radial axis of the chambers. The radial
magnetic field interacting with the axial electric
field is relatively small and the net effect on muon
resolution is negligible.

The size limitation of the cathode strip cham-
bers determines the azimuthal partitioning in the
outer superlayer. One driving factor is the maximum
length of anode wires sustainable (without internal
wire supports) before the onset of electrostatic
instabilities. In the present design this dimension is
limited to about 1.2 m. Therefore our superlayers of
chambers are partitioned in 48 chambers, driven by
the width limitation of the outer superlayer of
chambers. This also happens to be close to the
maximum available width of the Cu-clad G10
boards that we are using to produce the cathodes and
also to be consistent with azimuthal angle constraint
of a chamber. Further, the maximum length of
cathode strips determines the partitioning of the
system in the polar angle. At the present time the
length of the cathode strips is governed by the
maximum length of G10 board that can be manufac-
tured—about 3.5 m. Hence the complete polar angle
coverage requires 4 chamber segments for the
middle and outer superlayers, and 2 chamber
segments for the inner superlayer (for each barrel
half). In order to maximize the acceptance and
provide continuous alignment registration between
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sectors, we have chosen to overlap chambers in ¢,
which also provides the capability to transfer
alignment information between ¢ sectors using
muon tracks. The net result of all these design
considerations is illustrated in Figure 4-1.

The operation of the cathode strip chambers
requires the precise readout of the charge induced on
the cathode strip by avalanches occurring on the
anode wire. General considerations indicate that a
resolution of about 1% of the intrinsic strip width can
be achieved. This is discussed in detail in Sec-
tion 4.3. To minimize the overall channel count, the
cathode strip widths and the chamber gas gaps
increase with increasing superlayer lateral extent:
roughly, 0.5 cm, 0.7 ¢cm, and 1.0 cm in each of the
three superlayers, respectively. Similarly, the non-
bend plane coordinate readout segment size, which
is determined by the ganging of groups of anode
wires, increases with increasing superlayer extent.
These groupings are approximately 5 cm, 7.5 cm,
and 10 cm, respectively. Again, refer to Section 4.3
for more details.

Support Structure

The support structure for the barrel is arranged
into 12 modules, each of which is subdivided into
fourths, making a total of 48 sectors in azimuth. The
12 modules are tied together to form a large
monolithic structure, which is mounted on the
magnet at stable support points. There is one
monolith for each half of the barrel muon system
(see Figure 4-4). The endcap muon system is
constructed in 3 complete wheel structures that are
then tied together to form a monolith. In the barrel
the large monolithic structure that is formed from the
12 independent modules is required to minimize the
system’s response to vibrations. Modules can be
loaded with chambers and assembled into the
monolithic structures above ground. This procedure
is facilitated by surface buildings and underground
access shafts large enough to accommodate the
GEM magnet halves. Additionally, there is the
benefit of minimizing the amount of assembly work
required in the underground hall. In our design, the
modules will be fabricated from aluminum tubes
that are bolted, pinned, and welded into truss
structures. In order to minimize muon chamber
misalignment caused by dynamic deformations of
the support structure, the chamber packages will be



FIG. 4-4. Cutaway model of barrel monolith showing the truss structure and support ring ends.

4-8




kinematically mounted within the modules utilizing
3-point supports. In addition the support structure
will have sufficient stability so that location of the
chambers is always within the range of our position
monitors, thus enabling a precise sagitta error
correction. (see Sections 4.3.3, and 4.3.4 for more
details.)

Alignment

The GEM muon system incorporates a muon
chamber design allowing the individual chamber
packages to be aligned with very high precision. The
alignment system specifications are based on the
extensive experience gained in similar open-geome-
try 3-superlayer muon detectors® and on an in-depth
analysis of the influence of measurement, scattering,
and alignment errors on the muon resolution. As
mentioned earlier, our required 5% Apr/pr at pr=
500 GeV entails maintaining a net sagitta error
below 55 um.

For the GEM muon detector, the sources of
sagitta error can be divided into six contributions:
chamber measurement, muitiple scattering, strip-to-
strip placement, layer-to-layer placement, fiducial-
ization, and superlayer-to-superlayer alignment.
These terms are illustrated in Figure 4-5, and a set of
corresponding requirements are listed in Table 4-1.
The net 55 g4m goal in sagitta precision is obtained
by adding the individual error terms in quadrature,
taking into account the radial location of the
chambers and the number of chamber layers in each
superlayer, as follows:

+ 02

0% t o} s/s
+ 04

o %L
NL

0kg = 1.5

+ 0%, + Ohs

This assumes that o, 0111, O5/s and o4 are identical
for all layers and Ny = 6.
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FiG. 4-5. Alignment contributions to momentum
measurement error.

Table 4-1. Contribution to momentum measurement

error.
RMS
Error Source Label (um)
Intrinsic chamber measurement Och 75
Muitiple scattering (p = 500 GeV) Oms 1
Strip-to-strip placement Ogis 17
Layer-to-layer placement o 50
Fiducialization placement Ojid 10
Sagitta error measurement Oglg 25
accuracy

TOTAL Osag 54

The layer-to-layer positioning of CSC strips
must be determined to better than 50 um, and the
deviation in straight-line alignment between the
mean superlayer position must be measured to
within a 25 #m systematic error. To achieve these
goals, the alignment technique places the muon
chambers within a few millimeters of their nominal
position, and interpolates the resulting sagitta



corrections to the required accuracy by using
three-point optical straightness monitors located
along projective paths that link the edges of each
chamber in an alignment tower.!2 These sensor
arrays monitor the deviations from ideal projective
alignment; the ensuing “false sagitta” imposed on an
incident muon track is then estimated and removed.
In order to achieve the needed operational stability,
the alignment data is periodically monitored to
account for thermal and mechanical distortions.
Details of our alignment strategy and systems are
given in Section 4.3.4.

Beam Line Vertex Constraint

The knowledge of the transverse beam posi-
tion relative to the GEM muon system provides
powerful additional track-fitting constraint for the
muon system. This constraint essentially doubles the
available lever arm which quadruples the usable
sagitta because of the L2 dependence.

We have found that the knowledge of the
beamline vertex position, with a precision of about
500 pem, allows the GEM detector to collect events
with no measurement necessary in the first super-
layer that otherwise might be lost. In this case the
resolution of lower momentum muons is limited by
multiple scattering in the calorimeter, and the
resolution at the higher momenta is only slightly
degraded. All muon detection systems at high
energy colliders will be adversely affected by the
backgrounds discussed above, which limit the
track-finding efficiency. This is particularly true at
high muon momentum where muon-associated EM
backgrounds emerge from nearby materials, such as
the calorimeter. The GEM muon system has been
“hardened” to these effects by placing the first
superlayer of chambers some distance away from
the calorimeter, allowing associated low energy
charged particles to become separated from the
muon track. Compared to other SSC muon system
designs, additional EM background is much less of
a problem because the material near the superlayers
has been minimized. In spite of these efforts at
mitigation, the efficiency of the first superlayer is
still affected by the presence of these backgrounds.

Additionally, if the beam position can be
determined to about 200 um, then the higher
momentum muons can be measured with an im-

provement of up to a factor of two over the baseline
system, Le., with all superlayers contributing. Thus
a beam vertex constraint provides both additional
system robustness, and improved resolution capabil-
ity. The proper establishment of this constraint
requires knowledge of the positions of the muon
sectors relative to the beam. We expect that this can
be accomplished by a combination of methods
utilizing survey, beam position monitors, and the use
of single muon tracks coupling the vertex to the
muon system. It is anticipated that the implementa-
tion of a vertex constraint will be an iterative
process, requiring full understanding of the system-
atics. These performance issues are discussed in
detail in Section 4.2.

Trigger Concept

The design of the trigger and beam crossing tag
is based on a simultaneous readout of the anode
wires and cathode strips of the CSCs. This arrange-
ment will enable both a Level 1 momentum-depen-
dent trigger to be formed, as well as a measurement
of the non-bend plane coordinate of the muon track.
The CSCs have a time jitter of < 3 ns (RMS) for
6 layers “OR’d" together, which is sufficiently fast
to select the correct beam crossing 99% of the time.

The Level 1 muon trigger can be based on
either a measurement of the bend angle ¢, or a fast
sagitta determination performed with the resolution
of the intrinsic bend plane strip width. The first
method does not depend on measurements in the
first superlayer, while the second method is indepen-
dent of the multiple scattering in the calorimeter and
reduces the sensitivity to positioning with respect to
the vertex. The concept for the Level 1 trigger is
shown in Figure 4-6. These two methods can be
surmnmarized as:

» Ad¢ cututilizing the last two superlayers only.
This method identifies the difference in loca-
tion between the second and third superlayer
and extrapolates an effective pr for the candi-
date muon track assuming it originated at the
interaction point.

» A sagitta method utilizing all three superlay-
ers. This method forms a line between the first
and third superlayers and searches for a hit in
the second superlayer within a sagitta distance
which determines the muon pr.
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FIG, 4-6. The 3¢ and sagitta concept of the trigger is
iltlustrated for the barrel region.

4.1.5 System Design Studies

The muon spectrometer system described in
later sections of this chapter is based on a detailed
initial engineering design, which uses well-known
mechanical design approaches to the production of
precision chambers and large stable structures,
taking careful account of the cost and schedule. The
system as currently designed attempts to meet the
performance specifications by taking advantage of
the inherent precision of the CSC chamber technolo-
gy, within the constraints imposed by this tech-
nology choice. These technical constraints are:
limited CSC cathode panel size and thus chamber
size (assuming one cathode panel per chamber
enclosure); chamber tilt optimized at a fixed angle
for Lorentz angle compensation; projective optical
alignment paths outside of the chamber active
volume; and chambers designed for stiffness, and
thus flatness, where the chamber depth is optimized
to provide the maximum practical lever arm within
the available radial space.

In many areas the GEM muon system currently
meets or exceeds our design specifications.
However, in three important areas—coverage,
material, and access—we are working to optimize
our design as described in Sections 4.3 through 4.6.
We have recently completed our first-stage
engineering design, along with the resultant
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understanding of the muon system cost constraints,
chamber construction, performance, access, and
alternative methods and configurations for achiev-
ing our required alignment precision. We are
continuing a program to incorporate design
improvements into the system to ensure that it will
be optimized within cost-constraints.

4.1.6 Detector Parameters

The principal parameters of the GEM muon
system are summarized in the Tables 4-2
through 4-5.

42 DETECTOR SIMULATION AND
PERFORMANCE

4.2.1 Introduction

The muon system is designed to function in a
standalone mode providing full track reconstruc-
tion, a first level muon trigger with thresholds
ranging from 10 GeV to 50 GeV, and a beam
crossing tag. It can handle random neutron rates up
to 10° cm™2 571 without significant degradation in
performance. Charged particle rates from hadron
punchthrough have been suppressed to levels below
the rate of real muons by the thick GEM calorimeter.
The use of 6 to 8 layers in a muon chamber
superlayer results in high track reconstruction effi-
ciency, even at the highest muon energies where
muon-induced showers in the materials of the muon
system become substantial. In the following we
discuss the main muon backgrounds, the trigger
performance, pattern recognition capabilities, and
the momentum resolution of the muon system. The
performance of the muon system for a representative
set of physics benchmarks also is demonstrated.
Finally, a discussion of how the performance of the
muon system will be verified and monitored is
given.

The main simulation tool used to evaluate the
performance of the GEM muon system and to guide
its design is the SIGEM!3 simulation program.
SIGEM is a GEANT-based program which now
includes the CALOR code, which extends the
capabilities of GEANT to low energy neutron
interactions. The GEANT geometry coded in
SIGEM includes an accurate description of:



Table 4-2 Parameters of the GEM muon system.

metry:

Magnetic field at the IP 08T

Barrel region: (29° <6 < 84°) 0.1<lpl<1.3
Endcap region: (9.75° < # < 28°) 1.4 < plc 2.46
Number of sectors in ¢ 48

Barre! lever arm >42m
Endcap lever arm >86m
Chamber parameters:

Spatial resolutions:

Single-layer resolution (RMS) 75 um
Nonbend plane resciution 0.8-1.5em
Beam crossing tag efficiency (6 layers) > 99%
Internal chamber alignment 50 um
Superlayer-to-superlayer alignment 25um
Radiation length/chamber layer 1.1%
No. of layers per SL (SL1:S1.2:5L3} ggg Igﬁg:;p
No. of chambers in barrel 960
No. of chambers in endcaps 480
No. of bend plane channels ~ barrel 645,120
No. of bend plane channels - endcaps 276,480
No. of non-bend plane channels — barrel 221,184

92,160

No. of norvbend plane _ endcs
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Chamber Chamber Chamber ‘
Width Length Mass Quantity Quanti Module Mass Barrei-Half
Superayer {m) {m (kg) (Per Module) (2 Barrels) (kg) (kg)
Quter 1.390 3.540 223 14 336 3118 37418
Quter 1.390 2.814 183 2 48 366 4396
Middle 1.139 2.574 145 4 86 578 6938
Middle 1.139 2.320 133 6 144 796 9556
Middle 1.139 2.199 127 4 96 507 6087
Middle 1.139 1.602 29 2 48 197 2367
inner 0.831 3.540 151 6 144 905 10865
inner 0.8 2.872 129 2 48 257 3087
ToTALS %60 80716

Table 4-4. Endcap——Physical Parameters.

‘Endoap Ragion

Chamber Width Chamber Chamber Endcap-
Super Layer M T () (1 Endeap) 7
Outer 0.870/0.515 - 2.640 113 48 5433
Outer 1.310/0.840 3.530 186 48 8924
Middle 0.630/0.380 1.820 66 48 3164
Middte 0.900/0.610 2.223 96 48 4504
Inner 0.730/0.435 1.154 &8 24 1385
Inner 1.150/0.665 1.875 113 24 2705
TOTALS 240
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Table. 4-5. System Weights (kg).

Barrel module structure mass 4274
CDS support ring mass 5455
FFS support ring mass 14727
Barrel-half structure mass 71465
Barrel-half chamber mass 80716
Barrel half mass (total} 152182
Barrel region mass (total) 304364

ndcap
Quter wheel structure mass 3988
Outer wheel mass (total) 18344
Middle wheel structure mass (total) 2133
Middie wheel mass (total) 9900
Inner whesl structure mass 1133
inner wheel mass (total) 5224
Outer/middle structure mass 4646
Middlefinner structure mass 1650
Aftachment hardware mass 494
Total structure mass 14043
Total mass endcap-half 40258

e The central tracker.

o The calorimeters, represented as homoge-
neous mixtures.

o The magnet coil and the cryostat.

* The beam pipe, forward field shapers, and the
collimator low-beta-quadrupole system.

¢ The muon chamber layout, alignment paths,
the chamber frames, the support structures,
and the detailed layer structure of the CSC
chambers.

The calculated magnetic field map is encoded
in SIGEM so that the track reconstruction and
momentum measurement can be investigated in
detail. Figure 4-7 shows the geometry coded in
SIGEM for the barrel and the endcap muon system.
Muons are sirnulated through the GEM detector with
the GEANT kinetic energy cutoffs set so that the
effect of the muon-induced electromagnetic par-
ticles (0 rays, bremsstrahlung, and e*e™ pairs) is
properly simulated. Figure 4-8 shows a single 1 TeV
muon generated at =60 and ¢ = 20°. Apparent is
the multitude of low momentum electromagnetic
particles accompanying the muon as it exits the
calorimeter, and those produced as it passes through
the material of the muon systern. We use SIGEM to
evaluate the impact of geometrical acceptance,
muon system materials, and support structures on

the track reconstruction efficiency. An active effort
is continuing to develop an optimized fitting algo-
rithm for use on the muon hits simulated by SIGEM.

42,2 Muon Backgrounds
Introduction

Four types of backgrounds can affect the
performance of the muon system:

o Hadron punchthrough and decay muons.
e Cosmic ray muons.
¢ Uncorrelated neutrons and associated photons.

* Muon-induced showers (paits and muon
bremsstrahlung) and delta rays.

To fully realize the performance capabilities of
the GEM muon system, careful evaluation of these
backgrounds has been performed, and the results
used to improve the design. In this section, details of
muon background studies are reported. In the
following, we justify the design specifications for
the GEM detector in light of these backgrounds.

The following specifications were established
to assure the robustness of the system:

¢ The punchthrough rate must be suppressed by
a thick calorimeter to levels below that for
prompt muons plus muons from #* and K*
decays in the central tracker.
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FiG. 4-7. The GEM muon system in the SIGEM simulation for the barrel and the endcap regions.

» The occupancy of 4 contiguous strips from
uncorrelated charged particles in a single CSC
layer must be <1% at the highest SSC luminos-
ity (£ = 103 em™2s"1). This assures a track
segment reconstruction efficiency in a super-
layer of > 99%, and a low Level 1 muon trigger
rate.

o The occupancy of a single strip from uncorre-
lated neutrons and gammas should be < 3% at
the highest SSC luminosity. This assures a
track segment reconstruction efficiency in a
superlayer of > 99% and a fake track segment
rate of less than 0.01 per CSC chamber per
event.
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Hadron Punchthrough, Decay, and the
Calorimeter Depth

The SIGEM-based studies have shown that the
GEM muon system is robust to hadron punch-
through and decay up to the highest SSC luminosity.
The ability to observe muon signals from rare
processes at the SSC is uncompromised by hadron
punchthrough by virtue of a thick hermetic calori-
meter, the fine segmentation, the high rate capabil-
ity, and the redundancy of the CSCs. The results of
comparisons of GEANT simulation and experimen-
tal data on hadron punchthrough are reported in
Reference 14. The agreement between GEANT and
experimental data is good, and an active program is
underway to further validate the GEANT code with
experimental data.



FIG. 4-8. Event display from SIGEM for a 1 TeV mucn in the barrel region. The dashed line at ¢ = 20° is the muon.
Solid lines are accompanying muon-induced charged particles. Dotted lines are muon-induced gammas. The
support structure {not sketched} is included in the simulation, and is responsible for some of the interactions shown.
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To study the correlated hadron punchthrough
and its impact on muon pattern recognition, i events
were generated in which the b-mesons from ¢-decays
were forced to decay inclusively to muon. GEM is
well-suited to search for top with this signature.!’
The muon from the b-decay will be very near the
center of the jet, and so this represents a challenging
test of the punchthrough background suppression.
Figure 4-9 shows a high pr b-jet which includes a
480 GeV z. Only the muon and a few neutrons
penetrate the calorimeter. These events will be

considered further in Section 4.2.4, where pattern
recognition is discussed.

In the GEM detector, all the hadron absorber
lies inside the first layer of the muon system.
Therefore, the thickness of the hadron absorber sets
the scale in cost and size for the muon spectrometer.
The depth of the calorimeter in front of the muon
system was an issue raised by the PAC in its report
on the GEM LOI, and therefore it has been the focus
of considerable simulation effort over the past

FIG. 4-9. A 1 TeV b-jet with imbedded muon. The dot-dashed lines are neutrons.
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months. Simulation studies of particle rates in the
muon spectrometer as a function of calorimeter
thickness have been performed!6 for both the barrel
and the endcap regions. Although comparisons of
simulated punchthrough with experimental data
have shown general agreement, many detailed
aspects of the simulated punchthrough have not yet
been compared to data. We have thus used a
conservative approach in establishing the minimum
hadron absorber depth.

For the muon system, a limiting factor will be
the rate of particles in the first muon detector layers
after the calorimeter. This rate should be sufficiently
low that an efficient Level 1 trigger can be formed
for muons of interest, (about 10-20 GeV in trans-
verse momentum). Particles entering the muon
system consist of prompt (including signai) muons,
n/K decay muons, and hadron punchthrough. The
first is irreducible and the second is determined by
the size of the tracker volume. The third is deter-
mined by the depth and composition of the calori-
meter. Thus we use the following two criteria to
evaluate the calorimeter depth:

1)  The overall particle rate exiting the calorimeter
from hadron punchthrough should be much
less than half the sum of the rates from prompt
muons and muons from x/K decays.

2) The rate of particles with transverse momen-
tum above a trigger threshold from hadron
punchthrough should be much less than that
from prompt muons and muons from x/K
decays.

The first criterion addresses the pattern recog-
nition difficulties brought about by a high charged
punchthrough particle rate. The second considers
the non-interacting charged hadrons that generate
fake muon triggers. Both criteria are independent of
the muon system design. However, the muon system
design itself imposes some limitations. These can be
best expressed as a limit on the charged particle
occupancy of the chamber layers. The highest
occupancy will be in the inner superlayer immedi-
ately following the calorimeter. If we assume that the
charged particles entering a muon chamber super-
layer are stiff and penetrating tracks, then a
1% occupancy of charged particles in a 4-strip wide
interval (the lateral extent of the charge distribution
induced by a charged particle traversing that layer)

will translate into a 1% inefficiency to reconstruct a
muon track segment in a superlayer. This is because
the charge distribution resulting from a muon and
another nearby charged track will fail to reconstruct
into a single precise track segment. The inefficiency
of muon track reconstruction in all 3 superlayers will
be approximately 3 times the 4-strip occupancy of a
single superlayer. This has led to a third criterion to
gauge the required calorimeter depth:

3) The calorimeter must be thick enough so that
the 4-strip occupancy from charged particles in
each layer of the first superlayer of the muon
systemn is less than 1% at £ = 1034 cm™2%s71,

For the study, TWOIJET events were generated
via ISAJET!7 Particle rates outside the calorimeter
were determined, including prompt muons, muons
from z/K decays, and hadron punchthroughs. The
GEANT-based PCHTHR code!8 was utilized. It
produced the 4-vectors for a set of punchthrough
particles using tabulated results from simulations of
fixed-momentum pions incident on iron. The simu-
lated punchthrough showers were recorded, and
probability tabies were prepared for the punch-
throughs, the shower multiplicity, individual par-
ticle types, the momenta, spatial positions, and
exiting angles relative to the incident track. The
probability tables are incorporated into a single
subroutine, which is called for each hadron incident
on the calorimeter. We studied calorimeters of
thickness 6-16 4 in the barrel and 10-16 4 in the
endcap.

Figure 4-10 shows, for three rapidity intervals,
the total rate of charged particles exiting the
calorimeter as a function of the calorimeter depth
(solid curve), the rate from prompt muons and #/K
decays in the tracker (large dashed curve), and
punchthrough particles (small dashed curve). The
figure shows that criterion 1 is satisfied for calorime-
ter depths greater than 11 4. Considering only
particles with pr > 10 GeV, the rate coming from
prompt muons dominates for calorimeter depths of
104 and above. Table 4-6 summarizes the single and
4 strip CSC occupancies expected in the two regions
of rapidity, corresponding to the highest rate barrel
and endcap strips at a luminosity of 1034 cm™2s71,
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The third criterion is satisfied in the barrel
region with a calorimeter thickness of 104 or more,
while in the far forward region a minimum of 16 A
of calorimeter depth is required. The rate reduction
by increasing the calorimeter depth beyond 16 4 is
small, and it is not cost effective to increase the
calorimeter depth beyond that. Instead, the chamber
rate capacity will insure its robustness at high
luminosities.

Table 4-7 summarizes the calorimeter depth
requirements resulting from criteria 1-3. To satisfy
all criteria requires a calorimeter with a minimum
depth of 11 A over the barrel region, and from 12 4
to 16 A in the endcap region.

The GEM calorimeter is designed to meet
these requirements (see Chapter 5). Figure 4-11
shows the rate perunit area at 1033cm ™25~ expected
in the first superlayer of the muon system after the
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FIG. 4-10. Charged particle rate versus calorimeter
depth fora) I 1< 0.5,b) 1.0 < Iy | < 1.5, and
c) 2.0 < Iy | < 2.5 at 1033em2 g1 luminosity.

GEM calorimeter. We conclude that at 103*ecm™257!
the maximum occupancy from charged particles will
be 0.44% in the barrel region and 1.0% in the endcap
region. This rate will not affect the trigger or pattern
recognition at high luminosity. Further suppression
of punchthrough particles is possible by using the
inner tracker, as discussed in Section 6.2.3.4.

In general the charged particles exiting the
GEM calorimeter are of low transverse momentum.
Figure 4-12 shows the pr of these charged particles
(in three rapidity intervals) is strongly peaked at low
values. This background is further considered in the
evaluation of the trigger performance (Sec-
tion 4.2.3) and the pattern recognition performance
(Section 4.2.4).

Cosmic Ray Background

Cosmic rays will serve as an important calibra-
tion and commissioning tool for GEM. The expected
cosmic ray flux at the surface above the GEM hall is
about 0.02 cm™2 s™1. The GEM detector is located
below 43 m of rock, and the expected muon energy
loss through this material is 18 GeV. Integrating the
cosmic ray spectrum!® from a lower energy limit of
18 GeV results in an expected flux at the GEM
detector of 4 x 1074 cm™2s™L. This is consistent with
what has been measured (5 x 10 cm™2571) in the
similarly deep L3 detector.20 The contribution to the
Level 1 trigger rate from cosmic rays has been
calculated, assuming a 10 GeV pr threshold, to be
less than 0.4 Hz. The trigger rate from cosmic rays
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FIG. 4-11. Charged particle rate versus rapidity in the
first muon system superiayer.
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in the endcap will be negligible. There will be no

{a) [T —r — T contribution to the dimuon trigger rate from cosmic
= 10° ray muons passing near the origin since the time
2wk difference between the opposite side hits in the
E, - middle superlayer will be more than 40 ns. Each leg
£ 400 - of the cosmic ray muon will therefore be assigned to
s oL a different beam crossing.

o " Uncorrelated Neutron Background
PR =AY | As discussed in Chapter 12, considerable effort
E I : on shielding design and the detector configuration at
E 101 "] large % has resulted in an acceptably low flux of
T 109k _' neutrons and neutron-associated photons. The low
K] r 1 neutron and photon flux, along with the choice of

103 Bl Ll R materials to reduce the rate of interactions of these

© particles in the chambers, will result in a rate of

108 [ LR RLL) B L § uncorrelated neutron-induced background hits that

E s [ ] will not affect the muon trigger rate or the pattern

5 10 7 recognition efficiency. The occupancy per readout

L 0o ] channel from this type of background is determined
;:2 - . by the following factors:

«~ NI Lol
10'30 o T, T . gle:r:';en:sgamma flux through the muon
Py (GeV) TIP-04289 s
¢ CSC sensitivity to neutrons and gammas.

FIG. 4-12. Charge particle rate exiting the Ly
calorimeter versus transverse momentum * Spatial size of one channel.
a) lpl<05,b) 1.0<inl<15,¢)20<ipl<25. = Integration (or resolution) time of one channel.

Table 4-6. CSC single and 4 strip occupancy at 1034 cm™2 s~ luminosity from particles exiting the calorimeter in
two rapidity intervals as a function of calorimeter depth. 4-strip occupancy refers to any hit in a given 4 contiguous
strips. The rates shown are for the highest rate strips in each rapidity region.

01<iyl<1.34
Rate per strip (Hz) 33000 6600 2200 800 480
Strip size 350 cm x 0.5 cm
Single strip occupancy 2.6% 0.40% 0.13% 0.05% 0.03%

300 nsec integration time

4-gtrip occupancy 10.4% 1.6% 0.52% 0.20% 0.12%
186 <yl < 2.46
Calorimeter thickness ) S T T o T
Rate per strip (Hz) 13100 10500 6640 4320
Strip size 93 cm x 0.5 cm
Single strip cccupancy 0.78% 0.64% 0.40% 0.26%

300 nsec integration time

4-strip occupancy 3.1% 2.68% 1.6% 1.0%
L 3

4.20



Criteria

Table 4-7. Depth Requirements imposed by criteria 1, 2, and 3.

Minimum Depth required

0.1<inl<1.34 1.38«<Inl < 1.86 1.86 <yl <2.46
1 _ 1 11 1
2 10 10 10
3 10 12 16
Ouerall __ 1 J2 5

The neutron fluxes and detector sensitivities
are functions of the neutron or gamma energies;
therefore we integrate the products of these func-
tions over the energy.

The neutron and gamma fluences in the GEM
muon system are presented in Chapter 12. The
responses of the GEM muon system to neutrons and
associated gammas are considered here. Studies of
the neutron (and neutron-induced photons) back-
ground in the GEM muon chambers are currently
being carried out by a number of institutions using
252Cf sources and neutron beams.21-22:23 A summa-
ry of neutron and gamma detection efficiencies of
the GEM muon chambers is presented in Table 4-8.

Elastic scattering of thermat (E, < 0.5 eV) and
low energy neutrons (0.5 eV < E; < 100 keV) off
gas nuclei does not result in ionization. Therefore,
the detection efficiency of the CSC to these slow
neutrons is due to (n,y ) reactions and activation of
CSC components (mainly G10 and copper cath-
odes). The average cross sections of those neutron-
induced processes are highest for thermal neutrons.
Therefore, for the CSC, the detection efficiency for
thermal neutrons is used as a conservative estimate
of background rates due to all neutrons with E, <
100 keV. Figure 4-13 shows the efficiency of
thermal neutron detection in a proportional chamber
filled with CF,4 gas as a function of the threshold of
the collected charge. It should be noted that neutron
capture by a nucleus is usually followed by the
emission of several gammas (two-four) of order
1 MeV energy. Each of the garmas can suffer (with
low probability) Compton-scattering in the CSC
material and gas gaps. These rare events can lead to
correlated double or multiple hits in different CSC
layers of the same chamber. A dedicated study of
CSC component materials from the point of view of
neutron or gamma detection efficiency is under way,

and we will optimize the design to suppress the
multipie hits in the CSC layers.?3

Neutrons with energy higher than 100 keV can
transfer sufficient energy to recoil gas nuclei
(C. O, F)toionize the gas. Hence the elastic neutron
scattering dominates the CSC neutron detection

3
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FiG. 4-13. Neutron detection probabifity in the RDT
filled with CF4 as a function of the threshold for the
collected charge for a) thermal neutrons and b} fast
neutrons.
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efficiency at these energies. The CSC detection
efficiency for these neutrons is proportional to the
average neutron path length in the gas gap, as
reflected in Table 4-8. Figure 4-13b shows the
probability of 252Cf fission neutron (< Ep> =
2.3 MeV) detection in a 1 cm CF4 gas gap as a
function of the threshold of the charge collected in
the muon chamber. One can see that neutrons of such
energy often give signals of much higher amplitudes
than 1 MIP (1 MIP = 5 keV in a 1 cm CO,/CF, gas
mixture). Neutrons of energy higher than 10 MeV
are able to knock out protons from CSC cathodes
into the gas volume. However, the cross-section for
this process is relatively small, and the relative
number of these energetic neutrons in the GEM
muon system will also be small.

Gammas of energies up to several MeV, due
primarily to (n,y) reactions the in GEM components
surrounding the muon system, will have a fluence
about 30% of the neutron fluence. However, the
CSC detection efficiency for gammas is expected to
be about 10 times higher than that for neutrons. 10

Table 4-8. Detection efficiency of CSCs for

The CSC walls (G10 plates covered by Cu) are not
transparent for photons of energies below
20-30 keV. Near this threshold the photoelectric
effect in gas is the main process leading to gamma
hits (especially if the gas mixture contains Ar). At
energies of several hundred keV, Compton scatter-
ing off both CSC gas and electrons in the chamber
walls will dominates the gamma detection effi-
ciency. The amplitudes of CSC pulses for gamma
hits is then of the same order as that for MIPs.22

The neutron and photon fluences (see Chap-
ter 12) were convoluted with the detection efficien-
cies shown in Table 4-8 to obtain the random hit rates
in the muon system. These rates were then used to
determine the single strip occupancies in the system
by integrating the hit rate over the area of the strip
using a £ 300 ns integration time, as shown in
Table 4-9. The strip occupancies are everywhere
below the limiting pattern recognition rate of 3% per
strip. The pattern recognition performance corre-
sponding to the occupancies in the table is presented
in Section 4.2.4.

thermal and fast neutrons and photons.

Detection efficiency

gzprrgrlué':‘d%z (in units of 1073)
Superlayer {mm) m&m neFuat?ct)ns Gamma
Inner 5/5 0.65 0.20 4.3
Middle 8/7 0.82 0.32 5.5
Quter 1010 — 040 55

Table 4-9. Single strip occupancy (+ 300 ns
integration time) in the CSCs due to uncorrelated
neutrons and gammas at 1034 cm25~1,

Rapidity Range
Superlayer 0.01-1.34 1.38-1.86 1.86-2.46
Inner 0.6% 0.3% 0.3%
Middle 0.6% 0.4% 0.4%
Quter 1.1% 0.6% 0.5%
Muon-Induced Showers

As the energy of the muon increases above a
few hundred GeV, electromagnetic (EM) shower
losses (from bremsstrahlung or pair production)
increase rapidly and eventually dominate over

ionization losses . The amount and character of the
muon-induced showers depends on the atomic
number and the density of the final layers of the
calorimeter preceding the muon system, and the
material of the muon system . The GEM muon
system design inherently suppresses this back-
ground by a combination of the magnetic field and
the small amount of material. GEANT simulations
of muon-induced showers in the GEM muon system
have been performed using the SIGEM simulation

program.

In contrast to uncorrelated neutron and cosmic
ray backgrounds, muon associated EM background
is strongly correlated with muon hits, both in time
and space. The EM background is produced by
shower leakage from the hadron calorimeter, -elec-
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tron production, and muon radiation in the material
of the muon system. Shower leakage background is
produced by two major mechanisms:

¢ Photon conversion in the muon chamber.

e Shower electrons (or positrons) exiting the
calorimeter with sufficiently high momentum
to reach the first superlayer in the vicinity of
the muon.

Delta-ray electrons account for the majority of
background hits in the second and third superlayers
(only about 10% of the hits arise from the conversion
of gammas exiting the calorimeter). Figure 4-14
shows the distance of closest-approach to the muon
track plotted in units of the SL strip width for the
barrel and the endcap from EM background charged
particles of momentum higher than 1 MeV in each
superlayer. This distribution peaks near the muon
because of -rays produced in the gas volume and
chamber walls of the CSC layer. The distribution
also has a tail stretching out to several cm due to
d-rays and gamma conversions produced in the
chamber walls and the calorimeter. Lower kinetic
energy cutoffs of 10 keV were used for the pattern
recognition studies reported in Section 4.2.4
and 4.2.6.

In the barrel region, the axial magnetic field
acts to sweep away much of the electromagnetic
debris accompanying the muon as it emerges from
the calorimeter. For a 20 cm clear space before the
first superlayer, only 25% of the charged EM
background particles exiting the calorimeter reach
the muon system. The EM particles that reach the
muon system are swept clear of the muon by the
field, allowing a precise measurement of the muon
position. On the other hand, in the endcap region, the
transverse field is not as strong and does not sweep
away the EM debris as efficiently. This is clearly
seen by comparing Figure 4-14a (inner barrel
superlayer) and Figure 4-14b (inner endcap super-
layer). As a result of these simulations and pattern
recognition considerations, we have decided to
space both the barrel and the endcap superlayers by
a minimum of 20 ¢m from the material of the
calorimeter.

4.2.3 Trigger Performance

The design of the muon Level 1 trigger is
described in Sections 4.3.5 and 7.2.2. This section
describes the performance of the muon trigger in

(a)

0.06

0.02

TIP-04038

FIG. 4-14. Distance between muon and EM debris in
the different superlayers for a 1 TeV py muon a) for
barrel and b) for endcap. The strip width increases
with distance from IP.

identifying muons above a certain pr threshold. A
GEANT-based hit level Monte Carlo?4, developed
to study the trigger issues, was used to predict the
trigger rate for both the barrel and the endcap. For
these studies we assumed that the trigger element
width is equal to twice the cathode strip pitch in each
barrel layer. This translates into 11.42, 16.96, and
21.4 mm element widths for the three barrel super-
layers. The trigger element width in the endcap
region was assumed to be a single cathode strip
pitch. The simulation was based on electronics that
provide single hits per superlayer. The two trigger
methods (6¢ and sagitta) under consideration have
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been described previously. The d¢ method uses the
two outer superlayers and extrapolates an effective
pr assuming that the track originated from the
interaction point. The sagitta method utilizes all
three supertayers and measures the muon prdirectly.

We use the sagitta method to evaluate the
trigger performance2’ as a function of the strip
number difference. Figure 4-15 shows the trigger
threshold turn-on for different threshold settings for
both the barrel and the endcap. Sharp trigger
thresholds can be set for pr values below about
40 GeV. Figure 4-16 shows the integrated trigger
rate as a function of the pr thresholds in Figure 4-15.
This trigger rate was obtained with the hit-level
Monte Carlo and includes both muon and punchth-
rough rates. The curves show the trigger rate from all
tracks satisfying the requirements for the sagitta
trigger and the rate of real muons above the trigger
threshold. The sagitta trigger will operate with
single muon pr thresholds of 10 GeV and above at a
total trigger rate below 104 Hz at 1033 cm™2571. The
3¢ trigger will have comparable rates.2% These
thresholds are sufficiently low to give high efficien-
cy for the physics processes of interest.

The neutron and gamma fluence in the muon
system has been computed to be below 104 cm=2 ™1
at a luminosity of 1033 cm™2 s™1. The trigger
simulation has considered the trigger rate as a
function of the neutron rate. The study used the
neutron and gamma detection efficiencies given in
Table 4-8 and the trigger gate width of 50 ns. The
trigger assumes the coincidence of at least 4 out of
6 layers in each superlayer, and hits from the anode
signals in the superlayers consistent with a straight
track in the non-bend plane. We have determined
that the muon trigger works in the presence of
neutron rates of an order of magnitude higher than
the expected rates.

The identification of the beam crossing re-
sponsible for a particular muon trigger is essential
for the purposes of data acquisition and event
building. We identify the beam crossing locally in
each superlayer by using the signals from the six
layers of anode wires. The anodes have a maximum
drift time of about 30 ns and the beam crossing can
be tagged by using the first arrival.
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4.2.4 Pattern Recognition

Pattern recognition in the GEM muon system
must fulfill two tasks:

e Finding the road containing the muon track
with high efficiency with a minimum number
of wrong track assignments and moderate

precision.
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FiG. 4-15, Trigger efficiency versus muon pr for
various thresholds in a} the barrel and b) the endcap.



+ Finding muon hits uncompromised by back-
grounds to perform a precise reconstruction of
the muon momenturm.

The efficiency of pattern recognition is more
than 90% in the barrel region for muons of up to
1 TeV pr. In the endcap region the efficiency is
somewhat less. However, the efficiency for satisfy-
ing a minimum 3 out of 6 good layers in the middle
and the outer superlayers in the endcap is still 94%
for 1 TeV pr (up to 5.8 TeV energy) muons. Using
a vertex constraint, muons of high pr with track
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FIG. 4-16. Integrated trigger rate versus pr threshold

for a) the barrel and b) the endcap

segments in at least two superlayers can be fit with
reasonable resclution (Section 4.2.5). The pattern
recognition performance for selected physics pro-
cesses, where the muon system is essential, will be
presented in Section 4.2.6. The space-time granular-
ity of the CSC muon system combined with shield-
ing of neutron sources provides for robust recogni-
tion of muon road segments in each superlayer as
described below.

The general strategy for pattern recognition
and track reconstruction in the GEM muon system
is as follows:

1. Reconstruction of ¢ projection of tracks

a) Selection of good muon hits from the
charge distribution on the CSC strips: the
definition of a good muon hitin aCSClayer
is determined by the two-track resolution of
the CSC. The precise position of the muon
hit can be measured unambiguously if no
extra ionization occurs within (2 X w)
(where w is the strip pitch-see Sec-
tion 4.3.2) along the anode wire direction.
For the barrel muon system, the strips are
5.71 mm, 8.48 mm, and 10.7 mm wide in
the inner, middle, and outer superlayers,
respectively. In the endcap muon system,
the strips are, on the average, 5 mm, 7 mm,
and 10 mm wide in the inner, middle, and
outer superlayers, respectively. We define
a good muon hit as not having any other
ionization which occurs in the range
0.2 mm < Ax < 2 X w. The conservative
approach used to evaluate the GEM muon
system pattern recognition assumes that
hits from muons that are compromised by
extra particles within the loose 2-track
separation requirement are unusable.
Nevertheless, these hits will be useful for
finding the road containing the hits, and
will also be useful to some extent in
momentum reconstruction.

b) Fitting the muon hits into ¢ track segments
consistent with a minimum pr from the IP
with a loose x2 constraint to maintain high
efficiency: A minimum of 3 good hit layers
defines a good track segment in a
superlayer. The requirement of a minimum
of 3 good hits per superlayer allows
position residuals to be used to further
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suppress the rate of fake track segments
from randoms. Figure 4-17 shows the
probability for having a minimum of
3good hit layers out of a six-layer
superlayer as a function of the single strip
occupancy. For occupancy less than 3% per
strip, the efficiency for track segments is
more than 99%. Also shown in the plot are
the average rates of 2-layer and 3-layer
tracks from random hits per chamber layer
(100 strips wide) per event, as a function of
occupancy. The rate of 2-layer fake track
segments (loosely pointing to the IP)
exceeds that for 3-layer tracks by more than
a factor of 10° at 3% occupancy. For this
reason the minimum 3 good hit layer track
requirement is used to define a good track
segment.

c) Fitting ¢ track segments from different
superlayers: We classify tracks into those
having good track segments in all 3 super-
layers, those with only 2 good superlayers,
and the remaining unmatched single super-
layer track segments.

2.  Reconstruction of z/R projection of tracks:
Track segments in different superlayers are
loosely fitto a straight line track through the IP.

1.0

0.8

TIP-04287

FIG. 4-17. Probability to have a minimum 3 (solid) or
2 {dashed) good layers out of & layers in a superlayer
as a function of the single strip occupancy per
chamber per event. Also shown is the average number
of fake track segments,

3. Assignment of ¢ and z/R projections to the
same track.

The above procedure gives high efficiency for
reconstruction of muon tracks while suppressing the
level of fake tracks. We simnulate charged particles
{(prompt muons, decays, punchthrough), the uncor-
related neutron/gamma fluence, as well as the effect
of muon-induced showers. We estimate that the
reconstruction of high pr fake muon tracks entirely
by conspiracy of random hits is less than 1075
per 100 fb™!. We also estimate the rate of reconstruc-
tion of high pr fake muons caused by catastrophic
multiple scattering through the mucn system or by
overlap of a lower py mrack and random neutron,
gamma, or muon-shower induced hits. The rate
depends on the pr of the fake track and the number
of superiayers required. For a minimum 1 TeV
(3 TeV) pr, the rate of fake tracks with good track
segments in all three superlayers is less than 3 (0.3)
per 100 fb™}. For the relaxed requirement of good
track segments in the middle and outer superlayer
only, the rate of fake tracks of minimum 1 TeV
(3 TeV) pris less than 30 (10) per 100 fb™1. This can
be compared to the rate of real high pr muons of
minimum 1 TeV of 2 x 104 per 100 fb™! assuming no
new muon physics signals. The rate of high pr fake
tracks has been compared to the rate of high pr
muons in high mass W’ and Z° events (see Chap-
ter 2). It was found to contribute negligible back-
ground to these rare physics signals.

In the following studies, the track reconstruc-
tion efficiency for a given muon track is defined by
the probability to have a minimum of 3 layers with
good hits in each of the three superiayers.

Muon-Induced Showers

In the first superlayer, the muon-induced
electromagnetic showers produced in the final layers
of the calorimeter provide the major source of
background. Simulations were performed with a
stay-clear space between the calorimeter and the
first superlayer ranging from a few to more than
60 cm in the barrel region. For a stay-clear space
above 20 cm, the probability to have a minimum of
3 good layers in the inner barrel superlayer is
constant at 94% for a 1 TeV pr muon. Below 20 cm
the probability for the superlayer to have a minimum
3 good layers decreases to 89% at 10 cm, and less
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than 85% for 5 cm. We have thus included a
minimum 20 cm stay-clear zone in the GEM muon
system design. Half of the inner barrel superiayer is
actually more than 50 crn away from the calorimeter.
In the endcap region the track reconstruction effi-
ciency also improves as the stay-clear is increased.
We also require 20 cm minimum separation between
the inner endcap superlayer and the calorimeter. The
hard muon bremsstrahlung and pair production in
the GEM calorimeter and the material of the muon
system lead to deterioration of the muon momentum
reconstruction for some fraction of the high momen-
tum muons. The efficiency has been evaluated using
the full GEANT simulation of the GEM detector
provided by the SIGEM program.

The track reconstruction efficiency in various
rapidity intervals for different pr values from
20 GeV to 1 TeV is summarized in Table 4-10. The
statistical errors in the values given in the table are
1% or less. The values are for positively charged
muons. The efficiency for negatively charged
muons is less by 0.5-2% for 500 GeV. It is important
to note that Table 4-10 shows the reconstruction
efficiency for constant values of pr. For = 2.5,
1 TeV of pr corresponds to 5.8 TeV for energy. The
reconstruction efficiency in the endcap region
decreases due to both the lower transverse magnetic
field acting to sweep out the low momentum EM
particles, and the increase in the production of such
particles by the more energetic muons.

Energetic muons can be measured with reason-
able resolution even if a superlayer is missed. As will
be demonstrated in the next section, with a vertex
constraint the momentum resolution for high pr
muons is degraded by only 20% with the loss of the
innermost superlayer. This is especially important
for the endcap region, where the innermost superiay-
er will have greater background from muon showers
emerging from the calorimeter, and from hadron
punchthrough and decay. Table 4-10 also shows the
probability for having a minimum 3 good layers in
the middle and outer superlayer only. It can be seen
that for high pr, especially in the endcap region, the
probability to have good track segments in the outer
2 superlayers is substantially higher than that for all
3 superlayers.

Table 4-10. Probability for having good track
segments for isolated muons in:

a) alt three superlayers
b

Muon p1 Rapidity Range
(GeV)
0.1- 0.50- 092- 138~ 186~
0.50 0.92 1.34 1.86 2.46
20 0.99 0.99 0.96 097 0.98
100 0.99 0.98 0.86 0.85 0.96
500 0.97 0.98 0.94 0.89 0.89
1000 0.95 0.93 0.90 0.84 0.82

b) middle and outer superlayers only

Muon pr Rapidity Range
(GeV)
0.1- 0.50- 0.92- 138 1.86-
0.50 0.92 1.34 1.86 2.46
20 0.99 09 096 0.98 0.99
100 0.99 088 096 097 0.98
500 0.99 099 096 095 0.97
1000 0.97 0985 093 094 0.96

Uncorrelated Neutron and Gamma
Background

Since the GEM muon system must be able to
operate at high luminosity it is important to consider
the track reconstruction efficiency as a function of
the neutron and photon flux, over a wide range. We
have studied the efficiency up to 106cm™25~1, which
is more than an order of magnitude greater than the
maximum flux expected at £ =
1034 cm™2571, as discussed in Chapter 12. As
presented in Section 4.2.2, the occupancy for the
CSC detector elements depends not only on the
neutron and gamma fluence, but also on the detector
area, charge integration time, and neutron and
gamma detection efficiency. It is this occupancy that
determines the track reconstruction efficiency as
defined by having a minimum of 3 good layers in a
superlayer. For our pattern recognition studies, the
following conditions were taken:
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* Gamma fluence equal to 30% of the neutron
fluence

» CSC charge integration time of + 300 nsec

* Neutron and gamma detection efficiencies per
CSC layer according to Table 4-8.

Figure 4-18 shows the probability to have 3 or
more good muon hits in each superlayer as a function
of the neutron fluence for a 0.5 TeV pr muon in
3 rapidity intervals. Included in the efficiency is the
electromagnetic background associated with the
muon, and the uncorrelated charged particle back-
ground from minimum bias events. These result in
an efficiency which is less than 100% at low neutron
fluence. In all three rapidity intervals the efficiency
is constant up to about 10° cm™2571, and then falls
off as the occupancy of the strips becomes substan-
tial. At 10° cm™2 571 the single CSC strip occupancy
of the outer barrel muon chamber is near 15%.
However, as shown in Chapter 12, the expected
fluence is much lower in this region at high
luminosity.
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FIG. 4-18. Probability to have at least 3 good iayers
in each of the three superlayers versus neutron
fluence, for & 500 GeV pr muon (including EM
background), for three different rapidity intervals:

1) 0.1-1.34; 2} 1.4-1.85; 3) 1.85~2.45. Dashed curve
shows effects of punchthrough at £ = 1034 cm—2s-,

Correlated Hadron Punchthrough Background

An important signature for the discovery of
top!d is the decay mode ¢t = W + b, where the W
decays to an isolated lepton and the b-quark decays
to a muon and a jet, plus neutrinos. The muon from
the b-quark decay is not isolated from the jet. One of
the special features of the GEM muon system is its
ability to identify and measure muons inside jets
without assistance from the inner detectors. This
capability was investigated?’ by considering the
pattern recognition performance of the system on
muons from the b-quark decay. The worst case was
considered by requiring the t-quark (m, = 250 GeV)
to have a minimum of 200 GeV in transverse
momentum. This leads to an energetic (narrow) jet
from the b decay with the average angle between the
muon and the jet direction of only 1.1°. The muons
from the b-quark decay have an average energy of
70 GeV and an average pr of 39 GeV. Four thousand
events of this process generated by PYTHIA were
simulated in the detector by SIGEM. Table 4-11
shows the probability for having good track seg-
ments {minimum 3 good hit layers) in all three
superlayers and for the middle and outer superlayers
only. The same rapidity intervals were used as in
Table 4-10 for isolated muons. Shown for compari-
son are the 20 GeV and 100 GeV pr isolated muon
probabilities. Despite having an average of 64 par-
ticles in the jet from the b-quark decay, there is no
significant degradation of the track reconstruction
efficiency. This is further evidence that the calorime-
ter depth is sufficient to suppress the hadron
punchthrough to a level below that which would
adversely affect the performance.

4.2.5 Momentum Resolution

We have performed several different calcula-
tions of the muon momentum resolution. They are
all in agreement with each other. Our results are used
in Chapter 2 for representative physics processes.
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Table 4-11.
superiayers only, for muons in b-jets compared with isol

Probability of having good track segments in a) all three superlayers and b} the middle and outer
ated muons.

Rapidity Range
a) All Three Superlayers 0.1-0.5 0.5-0.92 0.92-1.34 1.36-1.86 1.86-2.46
b—u+ X <ptr>=39 GeV 0.99 0.99 0.98 0.97 0.96
isolated u: Py = 20 GeV 0.99 0.99 0.96 0.97 0.98
Isolated u: pYr = 100 GeV 0.99 0.98 0.96 0.95 0.96
b) giﬂele and Outer Superlayers 0.1-0.5 05-0.82 0.92-1.34 1.38-1.86 1.86-2.46
bou+ X <pir>=239GeV 0.89 0.99 0.98 0.98 0.97
Isolated u: p#r = 20 GeV 0.99 0.99 0.96 0.98 0.99
Jsolated u:_pir =100 GeV 0.9 LR 0.87 098

One group of simulations?® was based on a
parametric description of the system and quasi-ana-
lytic calculations of the impact of design parameter
changes. In this approach a model of the distribution
of material in the detector and the shape of the
magnetic field is coupled to an analytic track model,
and the covariance matrix for the track parameters is
calculated. The detector planes are modeled as
superlayers with point resolution improving as
I/,/ﬁ for N layers within a superlayer. Misalign-
ment effects due to relative layer positioning within
a superlayer, and relative misalignment between
superlayers are added in quadrature. The covariance
matrix directly gives the various (correlated) resolu-
tions. It also was used to implement a fast parametric
track simulation, by drawing samples of track
parameters from the multivariate Gaussian distribu-
tion of these quantities. The results obtained in this
way are equivalent to those expected from a 2 fit.

In addition, we have studied the momentum
resolution?? using a GEANT model of the detector.
It simulates individual chambers within superlayers,
structural frames, and the support structures. The
tracking package of GEANT was used to propagate
muons through the magnetic field. It accounts fully
for multipie scattering and showering in materials
along the trajectory, and determines the intersections
of the muon trajectory with the planes of the CSCs.
The simulated track positions were used to obtain
the momentum resolution, including the effects of
the number of measurements along the trajectory,
the intrinsic chamber resolution, and alignment
uncertainties. The momentum resolution in the exact

detector geometry was mapped out and parameter-
ized (along with detector acceptance) as a function
of #, ¢, and pr. The parameterization was used for
physics studies (see Chapter 2) as part of the gemfast
program.

We have also developed hit level Monte Carlo
and track fitting programs. Momentum resolution,
pattern recognition, reconstruction efficiency, and
benchmark physics performance are presently under
study using a reconstruction program.30 It uses hits
generated by the SIGEM simulation; performs
pattern recognition, track finding, and ambiguity
resolution; fits tracks to0 momenta and extrapolates
them back to the vertex.

In the following, we describe the resolution
obtained by the parametric approach. We also
discuss performance at high and low momenta and
the robustness of the system.

In Figure 4-19 for the baseline (standalone,
three superlayer) GEM muon system, we display the
transverse momentum resolution as a function of
at low and high pr. The resolution for pr < 50 GeV
is limited by multiple scattering in the second
superlayer and by Landau fluctuations of the unmea-
sured energy loss in the calorimeter. We add to the
momentum measured in the muon system the
average momentum loss in the calorimeter unless
the calorimeter measurement is greater than
L.5 times the most probable energy loss. In this case
the measured energy in the calorimeter is used. We
have tuned the factor, 1.5, to minimize the tail and
optimize the width of the reconstructed momentum
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distribution. Inclusion of the central tracker mea-
surement in the determination of the momentum
somewhat mitigates the effect of the Landau fluctua-
tions at the lowest energies. In Figure 4-20 we show
the low pr resolution, treating the tracker and the
muon systern momentum determinations as inde-
pendent measurements. At high pr the resolution is
indistinguishable from that obtained with the stand-
alone systemn.
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FIG. 4-19. Transverse momentum resolution for
standalone three superiayer system:

a} 10 < pr 100 GeV and

b) 100 < pr< 1000 GeV.

We expect®! to determine the transverse posi-
tion of the vertex to < 200 #m using muon tracks.
The availability of the transverse position of the
vertex, in addition to the coordinates measured in the
CSC superlayers, improves the high energy perfor-
mance. In Figure 4-21, we show the low and high
momenturn behavior of the momentum resolution
with the inclusion of a vertex constraint. The vertex
constraint was added by including a fourth measure-
ment of the transverse coordinate at the origin with
an effective measurement error of 200 #m. The
momentum resolution significantly improves over

dPy/Py
© © o
8
‘_!Il'llr1l|{'—'_rl'r."ll

that produced with the baseline system as the pr
increases beyond = 500 GeV, and leads to an
improvement factor of 1.5-2 in the very high
momentum region in the barrel. It is noteworthy that
as the pseudorapidity increases, the vertex constraint
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FIG. 4-20. Transverse momentum resolution for the
three superiayers with the inclusion of the central
tracker as an independent measurement;

10 < pr < 100 GeV.
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FIG. 4-21, Transverse momentum resolution for

three supetiayers with the inclusion of a 200 um vertex
constraint; a) 10 < pr < 100 GeV,
b) 100 < pr < 1000 GeV.
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also improves the pr resolution at the lowest
transverse momenta, due to the improved angular
precision associated with the pr determination at the
event vertex.

The vertex constraint may be used to recover
those tracks where one of the superlayers does not
provide a good track segment (see Table 4-11),
increasing system robustness especially at high
momenta. In Figures 4-22 we show the pr resolution
for the GEM muon system, with the inclusion of the
vertex constraint at a progression of values, assum-
ing the loss of the first superlayer. The resolution is
generally limited by the multiple scattering in the
calorimeter to a fairly constant 8-10% over a large
range of pr and angie. We note, however, that the
resolution of the system with the vertex constraint of
200 um and without the first superlayer is compara-
ble with the stand-alone system performance, for
transverse momenta 2 700-1000 GeV.
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FIG. 4-22. Transverse momentum resolution for

10< pr < 1000 GeV, with the inclusion of a vertex
constraint but without the first superiayer for a) 200 um
and b) 500 um vertex resolution,
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The charge determination capability of the
GEM muon system is excellent. In Figure 4-23 we
give the maximum momentum, pryax. for which the
probability of determining the charge correctly is
2 95%, as a function of # under the assumption of
Gaussian errors in 1/p. The baseline system is
capable of charge determination for momenta up to
6 TeV at  ~ 0 and increasing to 15 TeV atn ~ 2.5.
With a 200 um vertex constraint we approach the
kinematic limit over much of the angular range.

4.2.6 Performance for Representative Physics
Processes

This section summarizes the pattern recogni-
tion performance of the muon system for physics
processes (see Chapter 2). The SIGEM program was
used for this study.

HO - pupu~

One thousand events of each mass were
generated with no geometrical cuts. Of these 54, 64,
78% for the 150, 400, 800 GeV mass, respectively,
have all 4 muons in the rapidity range |5 |< 2.46.
These events have been analyzed where the muon
track segments were found in the different super-
layers, using the requirement that a minimum of
3 good muon hit layers define a good track segment.
Figure 4-24 shows the probability to have good track
segments in all three superlayers as a function of
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FIG. 4-23. The maximum momentum, Prmay, for
which the probability of determining the charge
correctly is > 95%, as a function of 5 under the
assumption of Gaussian errors in 1/p for the baseline
system and with the inciusion of a 200 um vertex
constraint,




rapidity, for muons from a 150 GeV Higgs. The
figure shows the effect of the acceptance cracks in
the muon system when it is operated in the stand-
alone mode. The acceptance for a single muon with
a flat rapidity distribution in the region || < 2.46
is 84%. Table 4-12 shows the probability that all
4 muons have good tracks segments in all superlay-
ers.

For cases where a muon is from a decay of a
real Z, the constraint on the Z mass can be used. In
this case, the second muon need only have its angle
measured, and this can be done well with track
segments in 2 superlayers. At low momenta 2 super-
layers give reasonable resolution utilizing a turning
angle measurement, and at high momenta, 2 super-
layers with a vertex constraint can give similar
resolution to a 3 superlayer measurement (see
previous section). Table 4-12 shows the increased
probability for the relaxed requirement that 3 muons
are well-measured in all the superlayers and 1 muon
is measured well in at least 2 superlayers. The loss
of efficiency for Higgs is dominated by geometric
acceptance losses. In Higgs events where all
4 muons are detected in the muon system, more than
98% have at least 3 muons well measured in all
3 superlayers.

1.25 LI B L B I L L L O

r 150 GeV Higgs

1.00

Probability

0.50

025

TIP-04292

FiG. 4-24. Probability 1o have good track segments
in all 3 SL for the muons from the decay of 150 GeV
Higgs. Because the track reconstruction efficiency is
very high, this figure clearly shows the effect of the
muon system acceptance.
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Table 4-12. For Higgs events where all 4 muons
have |7 |< 2.46, the probability to have 1} all 4
muons with good track segments in all 3 superlayers,
or 2} 3 muons with good track segments in all
superlayers plus 1 muon with good track segments in
at least 2 superiayers..

. 3 muons with all 3
4 muons with

superlayers
My aill 3 + 1 muon with at least
{GeV) superlayers 2 superiayers
150 42.6% 54.0%
400 45.0% 57.7%
800 47.4% 59.1%
Z >ptu

One thousand Z’ events of mass Mz’ =4 TeV
decaying into u*u~ were generated by PYTHIA and
simulated using SIGEM. 87% of the events had both
muons within the coverage defined by the GEM
muon system (l57] < 2.46). Figure 4-25 shows the
efficiency distribution versus rapidity for the gener-
ated muons when both muons have rapidity less
than 2.46, with the requirement of a good track
segment in all 3 superlayers.

1.25 LI Bt L B O O L L B O B O

1.00

|llTj_‘ll|

0.25

0 0.5 1.0 1.5 20
n TIP-04352

FIG. 4-25. Probability to have good track segments
in all three superiayers for muons from the decay of a
4 TeV Z’ as a function of muon rapidity. This figure
shows the combined effects of track reconstruction
inefficiency and muon system acceptance.

Considering only Z’ events where both muons
have | < 2.46, 59.6% have both muons with good
track segments in all 3 superlayers, and 71.5% have



1 muon well-reconstructed in all 3 superlayers pius
1 muon with at least 2 superlayers. This is consistent
with what was found using the gemfast simulation
and reported in Section 2.6.1. Because the transverse
momentum of the muons in a 4 TeV Z’ is typically
1 TeV or more, the loss of the first superlayer will
only result in a degradation of the momentum
resolution of about 20% if a vertex constraint of
500 um or better is used. About 2/3 of the accep-
tance losses came from holes within the coverage
inl< 2.46 of the muon system.

4.2.7 Performance Verification and
Monitoring

The application of experimental data for cal-
ibration and verification of the detector performance
is anecessary part of maintaining the precision of the
system. In some cases, this procedure may be the
only available tool for defining essential detector
parameters (for example, alignment of the muon
superlayers with respect to the interaction point). In
other cases, where it does not play the primary role,
it is nonetheless vital, in that it will provide a
cross-check on the other calibration systems are
functioning properly.

We envision verifying and calibrating the
following quantities, which essentially determine
the muon system performance:

» Intrinsic chamber resolution, including the
single plane resolution and any mechanical
misalignment within each chamber.

¢ Alignment of chambers within one projective
tower (local) and alignment of the towers with
respect to each other, the IP, and the other GEM
subdetectors (global).

o The magnetic field using muon tracks to
measure known particle masses.

Different sources of particles are to be utilized
for these purposes, including prompt muons (both
single muons and muonic Z decays), cosmic rays,
and beam halo; rates for these processes are speci-
fied in Reference 31. Since most of these calcula-
tions may be performed on-line, a dedicated soft-
ware tap into the Level 2 or Level 3 trigger will
enable the accumulation of the required quantities
from incident tracks without saturating the data
acquisition stream.

The major conclusion of our analysis is that the
statistics accurnulated in a period of several hours to
one month at the standard luminosity-depending on
the quantity to be estimated-will always be sufficient
to reach the goals specified below. The resolution
that is ultimately achieved will be limited by
systematics, as discussed below.

Intrinsic Chamber Resolution

The actual chamber spatial resolution, which is
a combination of stochastic and systematic terms,
will be determined on the basis of data analysis.
Contributions of many systematic errors (misalign-
ment of planes; non-linearity, if any; precision of
electronics chain calibration; etc.) are correctable.

The actual data obtained with CSC and LSDT/
RDT prototypes at the TTR2 have shown that some
of these contributions can be brought to a negligible
level within a single chamber. Statistics of a few
thousand tracks per chamber were sufficient for the
reconstruction of plane misalignment and non-lin-
earities to the level of a few microns (see Figure 4-26
and Figure 4-65).

Alignment of Muon Towers

As was pointed out in Section 4.2.5 and
Reference 32, there are two reasons to have the
muon system aligned with respect to the IP. First, it
gives the capability to perform a precise measure-
ment without the inner superlayer in the barrel. This
requires an IP registration of ~500 um. Second, a
significant improvement of the transverse momen-
tum resolution is attained for pr > 500 GeV. This
requires about 200 &m projective alignment to the IP
in the R¢ plane.

In order to obtain the benefit from a vertex
alignment of 500 zm, the superlayer to superiayer
positions must be known to 150 gm. For 200 um
vertex alignment the superlayer to superlayer posi-
tions must be known to better than 50 um.

One of several possible ways to achieve this
precision is described below.3! The inner superlayer
alone provides a precise measurement of the track
position (40 #m) and inclination (0.5 mrad). Using
these parameters, the track can be extrapolated
towards the middle and outer superlayers (this
prediction accuracy is on the order of 1 mm). Monte
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Figure 4-26. Residuais in Houston CSC before (a)
and after (b) correcting for systematic effects

determined from the data.

Carlo caiculation shows that several hours worth of
statistics at standard luminosity will be sufficient to
reach the 50 um goal. The problems of systematic
error due to uncertainties in the knowledge of BL?
are relaxed considerably by the presence of particles
of both signs. The effect of possible systematic
errors in the inclination measurements, caused by
interlayer misalignment can be removed first, as
discussed above.

In another method,3! the central tracker (CT)
can be used to determine muon track parameters in
the muon towers. This will align each muon
superlayer to the CT, thereby aligning them with
respect to the IP and the other superlayers (systemat-
ic uncertainties arising from calorimeter inhomo-
geneity are difficult to predict). This technique,
. however, requires increased statistics (using tracks
of momentum in excess of 50 GeV ). It can be
effectively applied to the endcap region at
2 ~ 10*3 em™%5~1 and to the barrel at £ =
1034 em™2s71. It employs the integrated sagitta

distributions for particles of different signs. Any
superlayer misalignment results in a relative shift of
the positive and negative spectra with a value twice
the relative superlayer shift. A determination of this
shift in each tower will provide the necessary
information.33

The combination of these essentially different
methods (plus using data samples with different pr
and fiducial cuts) provides a way of understanding,
estimating, and potentially eliminating the system-
atic errors beyond the level required for attaining
global alignment.

The long-term mechanical stability of the
GEM muon systemn and relative subdetector posi-
tions is expected to be much better than 200 zm. For
this reascn, it will not be necessary to use muon
tracks to perform the inter-subsystem and global
alignment at frequent intervals. The rapid alignment
of the CT with respect to the IP, together with
information from beam monitoring systems, wiil
provide the necessary dynamic beam reference.
Even if the IP position changes significantly from
run to run, the central tracker and monitors may be
used to determine the position of the beam spot,
allowing muon track data for alignment to be
accumulated over long periods.

Relative alignment of different muon towers is
needed both for the precise reconstruction of the
dimuon mass when each muon is in a different tower,
and for the reconstruction of the muon momentum
when it crosses the boundary between two neighbor-
ing towers. The former requires an angular align-
ment with an accuracy comparable to or better than
that reconstructed within a single tower. The angular
alignment is driven by the much looser accuracy
measured in the non-bend direction, ~3 mrad.

The assumed millimeter-level chamber place-
ment tolerances (Table 4-16) are already sufficient
to adequately resolve the 3 mrad relative angular
alignment. Muon data will thus be used to verify this
accuracy; a preliminary analysis shows that the
3 mrad precision can be attained over several hours
by analyzing the masses of Z dimuons traversing
different towers.?!

Tracks with transverse momenta of 30 GeV or
lower will be able to cross the boundary between
alignment sectors. At pr < 30 GeV, the momentum
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resolution is on the order of a few percent (limited by
energy loss in the calorimeter and material in the
muon system), which corresponds to ~ 500 um of
error in the sagitta. An alignment accuracy of about
250 um is required between neighboring towers to
use these tower-crossing muons. This can be
achieved within an hour at standard luminosity, by
utilizing high momentum tracks that traverse both-
neighboring sectors in the 12 cm overlap regions
provided.

Calibration of the Magnetic Field Bending
Power

Preliminary studies indicate that checking the
calibration of the magnetic field should also be
feasible through the analysis of Z dimuons.3! One
month’s worth of statistics will be sufficient to verify
the bending power values in about 1000 @ intervals.

43 SPECTROMETER DESIGN

4.3.1 Magnetic Field Description and
Specifications

The magnet design (see Chapter 3) has evolved
synergistically with that of the muon system. All
aspects of the CSC operation within the magnetic
field, materials in the CSC and the support structure,
and optimization of the field for the endcap region
have been considered during the design process. The
ideal magnetic field shape for the GEM detector,
with its cylindrical barrel and a radial endcap
systems, is not uniform. The physics performance of
the system requires a radial component in the
forward regions of the system to retain the required
momentum resolotion for forward going muons.
This radial component is provided by the conical
iron pole pieces-the forward field shapers (FFS).

The momentum resolution of reconstructed
tracks results from the interplay of several contribu-
tions. These include the integral of the magnetic
field strength along the trajectory of the particle and
the resolution of the position measurements in the
CSC system. The position measurements are af-
fected by the alignment precision of the CSC and
also by the preciston of the knowledge of the local
magnetic field needed to minimize and correct for
Lorentz effects (see Section 4.3.2}. Furthermore, the
tracking algorithms and trigger design in the muon
system are based on the assumption that the magnet-
ic flux is uniform in the central rapidity region and
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is completely specified in the forward region. In both
regions, only small deviations from axial symmetry
are allowed.

Field Integral Description of the Magnetic Field

The GEM muon system measures the momen-
tum of a given track by the determination of the
sagitta. At low momenta (< 100 GeV) additional
information from the spatial extent of the superlay-
ers improves resolution by contributing independent
measurement of the turning angle. An excellent
approximation of track displacement for high mo-
mentum tracks is given by the magnitude of the
second field integral projected along a ray originat-
ing at the origin. We begin from first principles and
write the standard equation for a charged particle
moving in a magnetic field (where vector quantities
here are denoted by bold—faced characters):

F=Zxp-2 )
where F is the force on the particle, ¢ is the electric
charge, v is the veiocity, B is the magnetic field
strength, p is the total momentum, and ¢ is time. This

equation is also true in the relativistic regime. We
can rewrite Equation (1) as:

dx _ (% \dx
& = (Ipl)ds x B. @
where % = 0.3 GeV T-1.

The first integral of the magnetic field is the
tmpulse, proportional to the turning angle:

II=Ith=I%dt=I¢=Ap. @)

Under the approximation that p >> L, where p
is the radius of curvature of the muon track and L is
the path length, we approximate the path integrals
above with integrals evaluated along straight rays:

)
- %In‘x x B.



The second integral of the magnetic field gives
the effective displacement of the curved track from
the straight ray:

L s
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00

For a uniform magnetic field of magnitude B,
the magnitude of the second integral is giv