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1.0 INTRODUCTION AND OVERVIEW 

The construction of the Superconducting Super 

Collider offers an unprecedented increase in the 

energy available to reveal new aspects of the 

structure of matter. It has long been known that 

collisions with a small distance between two 

constituents in the incident protons are associated 

with the production of particles with large 

momenta transverse to the incoming protons, and 

that the characterisics of such collsions are 

controlled by the fundamental strong and 

electroweak interactions. This fact underlies the 

discovery of the W:1:and z0 bosons at the SPS 

Collider at CERN and the continuing search for the 

top quark at the Tevatron .Collider at Fermilab. 

With its much greater energy and luminosity the 

SSC will greatly extend such measurements. 

There are strong theoretical reasons to believe that 

this will lead to an understanding of the origin of 

the w± and z0 masses, perhaps through the 

discovery of the predicted Higgs particle. It may 

also lead to an explanation of the quark and lepton 

masses, to the discovery of new and striking 

symmetries, such as the existence of 

supersymmetric particles--a whole world of 

particles mirroring the familiar particles but with 

different spin and higher masses, or to the 

discovery of completely new interactions. 

In the realm of such short-distance collisions the 

particles of interest are not the mesons and 

nucleons but rather the particles which directly 

participate in the fundamental interactions. These 

are charged leptons - electrons, muons and taus; 

uncharged neutrinos; photons; w± and zO bosons, 

which are detected by their decays into leptons; 

and quarks and gluons, which are not detected 

directly but reveal themselves as "jets" of many 

mesons and nucleons in a narrow cone. To study 

shon-distance collisions at the SSC it is 

advantageous to design a detector which measures 

charged leptons, photons and jets, but largely 

ignores individual mesons and nucleons. This 

allows more freedom to concentrate on the most 

accurate possible measurement of the fundamental 

particles, and to adopt detection strategies which 

enable operation at a very high rate of collisions, as 

high as the billion per second which the SSC 

should reach after some developmenL 

This document describes an experiment which has 

been designed on these principles. GEM stands for 

Gammas (photons), Electrons and Muons. Precise 

measurement of these will be the main emphasis of 

the detector, though jets will be measured as well. 

By ~ng how much transverse energy is missing 

in the collision, it will be possible to deduce the 

presence of energetic neutrinos. 

Photons and electrons will both be accurately 

measured by the same device-an electromagnetic 

calorimeter. The intention is to measure the 

energy of high energy electrons and photons to an 

accuracy of better than one percent, while 

determining their position to about one millimeter. 

This opens up the possibility of discovery of the 

Higgs particles in the low mass region, around 80 

to 140 Gev, where the decay into two photons is 

the only mode with a reasonably favorable signal­

to-background ratio. GEM will excel at this 

difficult task. The precise energy measurement of 

electrons plays a vital role as well in the discovery 

of more-massive Higgs by the decay first into two 

Z particles, which yield four charged leptons. The 

background is more favorable in this case, but the 

rate is low and the discovery must be made with a 

small number of events. Such precision might 



also be useful in the search for many other 

hypothetical particles. 

To obtain this performance in the electromagnetic 
calorimeter, there is an ongoing program of 

research and development exploring the most 

promising techniques for giving the highest 

resolution in this range of energy. A relatively 

small tracking V<?lume has been accepted in order 

to minimize the overall size of the calorimeter, 

which thereby gives greater freedom in choosing 

detector technologies and mechanical structures. 

A study of the many possible technologies has 

yielded two strong candidates which will give the 

best and most cost effective performance. These 

two technologies are noble-liquid ionization 

deteetors and barium fluoride crystal scintillators. 

The goal is to make this important choice within 

one year. 

Hadronic calorimetry is given less emphasis in 

GEM but is still important. It is needed to help 

identify photons, to search for possible 

substructure of quarks by looking for deviations 

from the predicted rates for jets, to contribute to 

the search for Higgs by deteeting the decay of 'i1's 

to jets, and to detect neutrinos or other non­

interacting particles by measurement of missing 

transverse energy. In the central region 
scintillating-fiber hadron calorimetry would be 

used with the barium fluoride electromagnetic 

·; calorimeter option or liquid ionization hadron 

calorimetry with the liquid ionization 

electromagnetic calorimetry option. The methods 

of extension of the calorimetry to the most forward 

angles is still under study. 

The GEM design for muon measurement relies on 

tracking in a magnetic field outside the 

calorimeter, which is made sufficiently thick that 

the muon tracking is well-shielded from the high 

particle flux from the interaction point. Hence, it 

should work well even at the highest collision rates 

possible at the SSC. High precision on the muon 

momentum is attained by measuring the curvature 

in a magnetic volume. The track length will be 

about 5 m. Track detectors of high point accuracy 

and stable alignment which are relatively 

insensitive to the magnitude and direction of the 

magnetic field have been chosen. This gives more 

flexibility which is particularly imponant in the 

forward direction. Here, the choice of a detector 

relying on charge interpolation on cathode strips 

allows a convenient mechanical design. Such a 

design would adapt very well to the problems of 

rapidly varying density of background muons and 

required trigger granularity. An imponant 

consideration, particularly in the "barrel" region 

where most of the tracking detector area is found, 

is the choice of a detector which achieves 

approximately the desired tracking accuracy in a 

single measurement rather than by averaging many 

measurements. 

The cost of the total system of magnet and tracking 
detectors within this strategy has been studied, 

with a performance goal for muon momentum 

measurement of 5% at 90° for muons of 500 

GeV/c. A minimum has been found at fields near 

0.8 T and the chosen magnet size. The cost of the 

magnet itself is dominated by conventional 

structures, since rather little superconductor is 

required. There are a number of advantages in a 

magnet with iron only in the poles which fill the 
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ends of the solenoid. The magnet is then relatively 

light compared to the many thousand tons which 

would be required for a return yoke, saving many 

months of installation time and a major cost as 

well. This also provides a useful region outside the 

coil in which, at some future time, additional 

tracking could be placed to yield a substantial 

improvement in accuracy at high muon momenta. 

The requirements for working in the fringe field of 

such a magnet have been studied, and will be 

summarized in section 2.2. 

The measurement of particle momentum in a 

solenoidal field degrades rapidly at forward angles. 

The feasibility of improving the measurement for 

angles in the 10 to 30 degree range by adding iron 

cones to the poles is being studied, since potential 

improvements of more than a factor of two are 

possible. 

The goals of tracking particles in the central 

volume inside the GEM detector have been 

carefully analyzed. The performance will 

inevitably be limited by the relatively small 

magnetic field and radius provided in the design, 

but there are compensating advantages for particle 

tracking itself. The number of tracks which curl up 

inside the tracking detectors is relatively small, 

reducing the load on pattern recognition. The 

small size of the detector structures gives a 

possibility of achieving a small amount of material 

and a low number of conversions of photons to 

electron pairs near the beam pipe. The current 

design of the tracker provides unambiguous three­

dimensional space points. All of these things are 

important, given the aim of retaining tracking 

capability at very high collision rates. The details 

of the design are still evolving. Section 2.5 relates 

the present status of these studies. 

The trigger system must cope with the succession 

of beam crossings every 16 ns with more than one 

event in each crossing. When a trigger is derived 

from one detector system, it is important that the 

data in other detector systems should be recorded 

in a way which allows the correlation to the same 

beam crossing. The trigger must be available 

quickly and the resulting strobe must be distributed 

back to the detector-mounted electronics in only a 

few microseconds so that the data buffers can be of 

the minimum length. Satisfactory solutions to 

these demands have been identified in a multilevel 

trigger system. 

A great deal of engineering, and research and 

development must be accomplished in the year 

between the submission of the Letter of Intent and 

the Technical Proposal. The necessary work is 

briefly described here, and in greater detail in a 

series of proposals. The engineering is underway 

to give a preliminary cost estimate within less than 

two months, which will allow for design 

refinement to help maintain a total cost within the 

stated guideline of 500 M$. 

The management of GEM has evolved since the 

collaboration was formed in June of 1991. The 

collaboration includes physicists who were 

working with L•, EMPACT, or TEXAS, and many 

who were new to the SSC program. An interim 

management scheme was adopted in the July 

meeting to carry through to the preparation of this 

Letter of Intent A more formal plan is now being 

set up to allow GEM to proceed on to the next 

phase. An important goal of the collaboration is 
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the creation of a truly international framework for 

this experiment. Very extensive contacts have 

been established in many countries around the 

world and a large number of physicists from 

different countries have been invited to visit the 
SSC Laboratory. The leadership of the 

collaboration has already visited institutes in 

several countries and will continue to seek a very 

broad participation in GEM. Plans have also been 

made to include physicists from the international 

community in all levels of the managemenL 
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2.0 GEM DETECTORS 

2.1 Detector Hall and Surface Facilities 

Since the submission of the Expression of Interest 

(EOI), the conceptual design of the underground 

detector hall and surface facilities has undergone 

considerable study and revision. The design of a 

26 m wide caverned hall at IRl, which had been 

the favored option by the architect/engineer firm 

PB/MK, has now been rejected based upon the 

results of geotechnical studies. A new design 

concept for a cut-and-cover hall at the East 

Campus site IR5 is under early study. A goal of 

this new study is the definition of the date upon 

which the underground hall will be available for 

detector component installation. Similarly, the 

definition o_f the required surface facilities is 

undergoing revision. The most significant issue 

related to the surface facilities is the need for the 

magnet coil fabrication hall early in 1993. 

The original West Campus sites for GEM and SDC 

were located in Austin chalk, above a base of 

Eagleford shale. The stability of Austin chalk led 

to a recommendation that the smaller GEM 

detector be accommodated in a caverned hall with 

a maximum span of 26 m. This was the basis of 

the EOI design, and this concept placed no 

limitations on the detector and offered construction 

schedule advantages over the cut-and-cover 

construction method. A concern, at that time, was 

the poor stability of the underlying Eagleford 

shale. 

Following additional geotechnical studies, PB/MK 

reported that the West Campus sites offered 

unacceptable foundation risks for the proposed 

major detectors, as the Eagleford shale reached 

maximum elevation in the detector site vicinities. 

The SSC Laboratory reviewed the 

recommendations and consulted with its own 

Physics Research and Conventional Construction 

Divisions, and with the SDC and GEM 

collaborations. This has resulted in a decision to 

relocate both major detectors on the East Campus 

where the Austin chalk offers superior foundation 

stability. The SSC Laboratory decision has been 

transmitted to the Department of Energy for 

approval of this project change. Pending this 

approval, both detector sites are now being planned 

at the conceptual level for the East Campus and 

mobilization for comprehensive geotechnical 

studies has begun. It is not known at this time 

whether the relocation will result in modified 

facility costs or delayed availability of the 

underground halls. These issues are being studied 

carefully by PB/MK. 

The superior geologic characteristics at the East 

Campus promise several advantages for GEM. 

The hall can now be excavated by the cut-and­

cover technique, which may permit greater hall 

width. This entails a small cost penalty which will 

not be accepted without offsetting technical 

advantages. The cut-and-cover technique permits 

additional installation shafts over the hall, within 

the excavation area, as these shafts require only 

emplacement of the shaft walls prior to the 

backfill, which would be reduced by the shaft 

volumes. Multiple shafts may offer significant 

installation and maintenance flexibility. This may 

reduce the required installation period. Hall width 

choices are permitted which may include the 
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volumes for forward electronics racks and 

underground cryogenic equipment for the magnet 

and cryogenic calorimeter options. These 

possibilities are under vigorous study by the SSC 

Laboratory, PB/MK, and GEM. The figure on the 

divider page shows a cutaway of the single-shaft 

cut-and-cover hall concept now being studied. It 

should be noted that prior to the decision to 

relocate the detector halls, the GEM collaboration, 

working with the SSC Laboratory, completed the 

version of the document specifying [ 1] the facility 

requirements. As these requirements are not site 

specific, they are guiding the East Campus design 

study. 

Selection of the specific sites at the East Campus 

for GEM and SDC will depend upon the detailed 

geologic characteristics discovered during 

geotechnical studies. Each detector has distinct 

support concepts and floor stability requirements. 

The current concept for the SDC hall has a wider 

span. The difficulty of excavating the wider hall in 

the Taylor marl layers at IRS has resulted in a 

preference for the SDC hall to be constructed at 

IRS. The slightly greater depth of the IRS site 

provides the option of reduced return flux at the 

surface from the GEM solenoid For these reasons, 

current planning assumes location of GEM at IRS, 

and SDC at IRS. 

Figure 2.1-1 shows the current layout concept for 

surface facilities at the IRS site. The halls are 

arranged so that transport of the large coil and 

calorimeter assemblies is over a very short distance 

to the headhouse area through which they will be 

lowered into the hall. The magnet fabrication 

schedule is very tight. A critical milestone is the 

availability of the surface hall for magnet coil 

fabrication. This hall is required in September 

1993. Since this hall is located just outside the 

excavation region for the underground facility, no 

interference is expected in the two schedules. 

However, it is a major current concern that the 

required change control procedures, which will 

ratify the decision to move the major detectors to 

the East Campus, will delay Title I design of the 

magnet fabrication hall. This could result in 

insufficient time to fabricate the magnet, install 

and test it, and complete the detector installation 

prior to the 1999 commencement of the physics 

program. The GEM collaboration is working 

closely with the SSC Laboratory, PB/MK, and the 

DOE area office, to facilitate rapid decisions on the 

critical issues identified in this chapter. 
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[ 1] Element specification for the Gamma. Electron, Muon 
Detector Collaboration (GEM) Experimental Facilities 
(User Requirements), GCT ..()()00()1, November 6, 1991. 
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2.2 Magnet 

The physics goals of the GEM experiment 

include, among others, high resolution 

measurements of the muons emitted at large 

transverse momentum in proton - proton collisions. 

The aim of the design concept is to have 5% 

momentum resolution for 500 GeV muons at ·90 

degrees assuming 100 micron measurement errors 

and no vertex constraint. Such resolution should 

be achieved over a broad central region of rapidity 

in order to provide sufficient acceptance for 

multimuon events. In addition, it is desirable to 

avoid placing material in front of the calorimeters 

which would reduce their performance. These 

requirements lead to the concept of a large aperture 

solenoidal magnet with muon tracking stations 

inside the uniform magnetic field. 

The GEM Collaboration is proposing a large 

superconducting solenoid with field shaping iron 

end poles. Within this concept, the design has not 

yet been optimized either for the field or for the 

radius, but the proposed magnet could have a field 

of 0.8 T, an outside diameter of 20.4 m, an inner 

diameter available for tracking and calorimetry of 

16.6 m, and a pole-to-pole inside length of 29 m. 

Other relevant parameters are: total stored energy 

of 2.04 GJ, operating current of 52.5 kA, discharge 

time of about 2 hours and an emergency discharge 

time of about 5 min. A list of parameters is given 

in table 2.2-1; the schematic drawing of the magnet 

is shown in figure 2.2-1. The corresponding 

resolution of the muon measurement expected for 

this baseline request and muon system 

performance described in the next section is shown 

in figure 2.2-2. 

The design team comprises magnet designers 

and engineers from the MIT Plasma Fusion Center, 

Lawrence Livermore National Laboratory and 

Table 2.2-1 Major Parameters List 

l. Central induction 0.80T 
2. Mean radius of windings 8.9m 
3. Outer radius of outer cryostat vessel 9.45m 

4. Inner radius of inner cryostat vessel 8.40m 

5. Coil length, end-to-end (per hall) 14.44m 
6. Cryostat vessel length 30.0m 
7. Conductor length {total) 24lan 

8. Number of turns 408 
9. Total mass of coil windings (per half) 238 t 

10. Total mass of cryostat vessel {each 7171 
hall) 

11. Total mass of iron end pole {each) 29501 
12. Radial pressure on windings 255 kPa 

13. Inductance l.47H 
14. Number of ribs per coil assembly 3 
15. Central membrane maximum Z 0.025m 
16. Winding minimum Z 0.25m 
17. Axial force on poles 63.5x10

6
N 

6 
18. Axial force on cmductor 27.9x10 N 
19. Mallllcl axis bci5h1 ~vc hall fl00t 13.0m 

National High Magnetic Field Laboratory 

(Florida). In addition all aspects of the design have 

been scrutinized by the GEM Magnet Technical 

Panel convened by the SSCL to study issues 

related to the feasibility of the technical concept, 

the cost estimate, the proposed schedule and 

operational issues. The membership of the panel 

included national and international magnet design 

expens as well as representatives of major 

industrial firms. The Panel found the concept of 

the GEM magnet to be feasible, the cost estimate 

to be credible and the construction schedule tight 

but possible. All recommendations of the panel 

are incorporated in the present design. 
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The magnet will be constructed from two 

independent sets of single layer windings. The coil 

will be wound on the inner side of the 5 cm thick 

bobbin. The bobbin will be constructed in 24 

separate cylindrical sections, 1.2 m long each. 

Each section will be wound separately. The 

winding will be surrounded by a liquid nitrogen 

radiation shield. Details of the assembly are 

shown in figure 2.2-3. The coil assemblies will be 

supported within the vacuum vessel by titanium 

rods connecting to both the 4 K coil assembly at 

one end and to the ambient temperature vacuum 

vessel at the other end. Support against gravity 

will be provided by a system of 16 titanium rods 

oriented roughly tangentially to the bobbin and 

connected to each end of the bobbin. This 

arrangement distributes the loads over 8 support 

points, and minimizes localized stress. 

Furthermore, the supports allow some axial and 

radial freedom to accommodate cooldown motion. 

Support against the axial Lorentz force on the coil 

will be provided by a set of 16 axially oriented 

rods providing a tensile preload and preventing any 

buckling problems . 

Bobbin 
Outer vac vessel 

OuterLN 
shield 

Figure 2.2-3 Details or the magnet coil assembly 
(dimensions in mmf - . 

The mechanical structure will have a central 

support membrane sandwiched between the two 

halves. The membrane will provide structural 

support for the cryostat as well as a support for the 

muon chambers. The membrane will also support 

a tube containing calorimeters and the central 

tracker. 

The cooling for the magnet coil will be 

obtained by the natural convection flow provided 

by the thermal syphon method. The tubing 

attached to the outside of the coil bobbin will be 

connected to headers on the top and bottom to 

promote free convection. The system can handle 

all heat loads including thermal radiation, cold 

mass support conduction and heating in the area of 

conductor joints. A separate low-flow loop will 

provide liquid helium to the conductor itself, but 

this helium will be used only for stabilization, not 

for cooling. The refrigeration system will be 

patterned on that of the accelerator. 
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There are several proposed conductor designs. 

All of them include standard niobium-titanium 

conductor with either copper or aluminium 

stabilizer. The designs differ in the liquid helium 

cooling arrangements ranging from a passive to a 

forced flow scheme. The choice of the conductor 

will be made based on its stability and the 

manufacturing scheme. A high priority R&D 

program of conductor development and tests will 

be initiated in the next few months. The design 

and costing is based at present on a high stability 

"cable-in-conduit" conductor with copper 

stabilizer. 

The total cost of the magnet and its mechanical 

suppon system is estimated to be 104.7 M$ 

including contingency. The breakdown of the cost 

estimate for major subcomponents is given in 

table 2.2-2. 

Table 2.2-2 Cost estimates for JQUDet subcomi=1nents in k$ 

COit 
Estimate Contlngeng: 

1. MagnetR&D 4871 0 
2. Preliminary Design 4903 0 
3. Coil assemblies 36446 10255 
4. Poles and support 14874 3138 
5. Central detector support 4095 983 
6. Power/protection 832 136 
7. Cryogenics 8680 1418 
8. Vacuum 856 97 
9. Controls 285 51 
10. lnslallation 6925 1799 
11. Management 3552 568 
Tocal 86319 18445 
Grand total 104764 

The iron magnet poles serve as field shaping 

components and not as a flux return. In the 

proposed design, there will be a fringe magnetic 

field in the experimental hall, access shafts and on 

the eanh's surface immediately above the 

interaction region. The fringe field and the 

corresponding forces on ferromagnetic components 

has been calculated at all points in the hall, access 

shafts and on the surface using full two­

dimensional, axisymmetric, finite element 

programs developed for plasma fusion 

confinement calculations. The field in the 

underground area will range from about 0.2 T 

close to the magnet poles to -0.02 T at the end of 

the experimental hall. All the forces on the 

structural components of the hall, including crane 

rails and supporting structure appears to be small 

except in the immediate vicinity of the poles. The 

surface field will have a maximum of about 

40 gauss immediately above the detector and the 

5 gauss perimeter will extend over an oval area of 

about 200 by 180 m. This field will require local 

shielding of operation and control areas on the 

surface and institution of special operational 

procedures for the GEM experiment. These 

procedures, described in [l], will be based on 

experiences gained at other large magnet facilities 

with unconstrained fields (MRI hospital 

installations, plasma fusion facilities, FNAL 15' 

Bubble Chamber etc.). They will include 

restricting access to the detector when the magnet 

is on, securing ferromagnetic objects in the hall, 

etc. Local shielding of specialized equipment may 
be needed, although most of the· problems 

associated with equipment working in a magnetic 

field can be minimized by the choice of less 

sensitive components and alignment with respect 

to the field lines. The surface area affected by the 

magnetic field will be inaccessible to the public. A 

proposal to shield the surface with a 15 cm thick 

iron plate appears to be a possible and cost 
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effective backup scheme. Complete discussion of 

fringe field related issues can be found in [1]. 

The magnet represents a critical path item in 

the GEM detector construction schedule. The 

experiment has to be completed at the beam turn­

on time. The construction schedule derived with 

this constraint requires that the magnet should be 

manufactured, assembled and tested in the 

experimental hall before the end of 

September 1996. Rapid progress mandated by 

such an aggressive construction schedule requires 

timely completion of the engineering design 

studies and an early decision on the manufacturing 

scheme. In particular, intensive studies of the 

conductor and its stabilizer and of the winding 

scheme and the associated tooling are part of the 

FY92 R&D proposal. The engineering studies 

planned for the coming year include completion of 

preliminary design and specifications for 

mechanical supports, cryogenic, power supplies 

and power protection systems and for the magnet 

control and monitoring systems. The R&D 

program includes study leading to the choice of the 

conductor design, development and test, in 

conjunction with industrial partners, of a sample 

length of the conductor and development of a 

technique for making conductor joints. It includes 

also design and development of specialized tooling 

for conductor manufacturing and winding. 

Detailed engineering models [l] of the magnet and 

of the muon system will allow for optimization of 

the design with respect to the cost, size, and field 

value. 

Because of its size, the proposed magnet will 
have to be constructed on site at the SSC 

Laboratory. A manufacturing plan calls for 

construction of two halves of the coil and the 

associated cryogenic systems in the surface 

building situated near the interaction region, and a 

complete assembly and test of the magnet in the 

underground hall. This plan requires 1he 

availability of the surface fabrication hall in 1993 

and early definition and implementation of 

procurement strategy. 

Additional design work on the improvement of 

the momentum resolution at larger values of 

rapidity has been initiated as well. The most 

promising option is to modify the shape of the iron 

pole to concentrate magnetic field flux at small 

angles. More detailed discussion of such options is 

given in the next section. All the options studied 

preserve the capability of the GEM detector for 

further improvements of muon momentum 

resolution by addition of muon chambers outside 

of the magnet coil. 

[1] Considerations Leading to the Choice of Open Field 
Magnet. GEM Note No. GEM TN-91-30. 
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GEM Muon Subsystem 



2.3 Muons 

2.3. l Introduction 

The detection and momentum analysis of muons 

provide important access to rare and potentially 

important physics at the SSC. Reactions where 

the muon system is essential include: Higgs scalar 

production, production of new heavy Z bosons, 

gauge boson scattering, the high mass Drell-Yan 

process, technicolor, and supersymmetry. The 

expectation is that all of these processes, if real, 

will occur at a low rate. 

To access this important physics, the GEM Muon 

System will furnish the following: 

( 1) muon identification, 

(2) charge assignment, 

(3) PT trigger - both Levels 1 and 2, 

(4) beam crossing time marker, and 

(5) muon momentum determination from a 

few GeV/c to a few TeV/c. 

Muons are unique in their great penetrating 

power, providing a distinct advantage in carrying 

out searches for new physics at the SSC. With 

sufficient material in the electromagnetic and 

hadron calorimeters, particle rates in the muon 

system are low enough to enable triggering and 

momentum measurements to be made reliably 

with luminosities at the 1034 cm ·2 s·• level. The 

GEM muon system will detect muons with 98% 

solid angle coverage and with high precision 

measurements of the momenta. 

Our design goal of a muon system with large 

background rejection and good momentum 

resolution, which can be triggered selectively on 

large transverse momentum, requires that the 

detection elements be placed outside the hadron 

calorimeter. Figure 2.3-1 shows a schematic of 

the GEM muon system. Chambers are located in 

three superlayers between the calorimeter and the 

magnetic coil or endplate in both the central and 

Figure 2.3-1 Overview of the GEM Muon System. Tbe dimensions or the large solenoidal mapet are Indicated. 
Shown are the placement of the muon chambers In both side and end view 
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endcap regions. The amount of material within 

the muon tracking system is kept to a minimum 

so that multiple scattering is small. A trigger 

based on transverse momentum.of the muon is 

generated by trigger chambers located in each of 

the three superlayers. 

The following table summarizes the baseline 

design of the GEM Muon System. 

Table 2.3-1 Configuration or GEM Muon System 

Dimensions of sys1en1: 
Length of magnet 
Inside diameter of magnet 
Uniform magnetic field 
CalmUncrcr lengdt 
CalmUncrcr diameter 
Cakrimerer lbiclaless at 90 desree& 

General characll:ristics of muon chambers: 
Jmrinsic single laya- msolulion 
Layer-to-layer within a superlaycr 
Superlayer-11>-superlaya-

. Global alignment sysiematics 
An Slayer superlayer is <1~ X.. 

Bam:I region: 
Angle region: 30' to 90' (1.32>7J>O) 
For momenlUlll reconstruc:lion and 
Le'YCI. 2 bigger: 

Three superlayers: Bend plane 
Nonbend plane 

Channel scgmenlation 
Channel count: Bend plane 

Nonbend plane 
For Level 1 bigger: 

Three superlayers: Bend plane 
Nonbend plane 

Channel count: Bend plane 
Nonbend plane 

Endcaps: 
Angle region: 10' to 30' (2.44>7J> 1.32) 
For momentum reconstruction and 

Le'YCl 1 ct 2 bigger: 
Three superlayas: Bend plane 

Nonbend plane 
Channel scgmenlalion 
Channel count: Bend plane 

Nonbend plane 

29m 
16.6m 
O.ST 
lOm 
Sm 
12..t 

lOOµm 
2Sµm 
so.um 
200µm 

8-S-4 layas 
2-4-4 layas 
3cm 
133k 
2Sk 

2-2-2layas 
2-2-2 layers 
lSk 
2lk 

4-4-3 layas 
2-2-2 layas 
Smm 
23lk 
2lk 
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Momenta are reconstructed by measuring the 

sagina S(m) given by S = 0.3 B L2/8p for a 

trajectory at 90' to the beam, where L (m) is the 

length of magnetic field B (T) traversed, and p 

(GeV/c) is the momentum. In order to achieve 

good momentum resolution, the sagina S (m) 

must be made as large as practically possible. 
Thus, B•L2 is the term to maximize and a large 

radius magnet of moderate field can provide a 

cost effective high resolution muon system. 

2.3.2 Design Criteria 

Various studies have been done to determine the 

technology independent specifications for the 

GEM muon system based on physics criteria. 

(a) Momentum resolution. It is convenient to 

parameterize the muon momentum resolution, 

dplp = {(ap/ + b2/112
• The term b, dependent on 

multiple scattering in the middle module and 

pseudorapidity, limits the resolution at low 

momentum. The term a, which depends 

primarily on pseudorapidity, is determined by 

systematic alignment errors and module spatial 

resolution. This term limits high momentum 

measurements. 

The low momentum specification for the 

measurement resolution comes from 

consideration of the intermediate mass Higgs 

search (140 < Ma< 180 GeV/c') through the 

process H -+ Z:Z.* -+ 4 muons, which is expected 

10 have a very small line width. To achieve clean 

detection of the Higgs and an estimate of its 

width, b < 1 % is required. Thus the number of 



radiation lengths in the middle superlayer must 

be< 10%. Figure 2.3-2 illustrates the point 

For large momentum, the most stringent 
constraint for resolution arises from the 

requirement of being able to assign charge to 

each of the two muons from the decay of a high 

mass Z' so that accurate measurements of the 

forward/backward asymmetry can be made. As 

statistics limit Z' searches even at the highest 

luminosity, only a small fraction of decay muons 

should be allowed to have charge misidentified, 

implying dp/p < 30% for about 3a confidence 

level charge assignment. The heaviest Z' 

accessible at the SSC has a mass of about 

6 TeV/c2
, implying thata=dptp2=1.0xl<J4 Gv·•. 

12 

8 

4 

0 
140 160 

M411 (GeV) 

Several factors contribute to the momentum 

resolution in an actual system. There is the 

intrinsic muon chamber spatial resolution, the 

alignment errors, the multiple scattering 

smearing, and the precision of the B-field. Given 

the baseline design outlined in table 2.3-1, the 

momentum resolution as a function of angle and 

momentum for the baseline muon system is 

shown in figure 2.3-3. At 90' dptp = 4.5% for p = 
500 Ge V /c. With the parameters tabulated, it has 

been found that over most of the momentum 

range, the resolution is limited by the spatial 

resolution of the tracking chambers. Note that 

the muon charge can be determined to better than 

the 3 CJ level for p < 4 TeV/c. 

10.0 ....,.........,.........,.........,.........,.........,.........,....,........,.........,.........,.........,..-, 

7.5 

5.0 

2.5 

0 

Figure 2.3-2 The .--trocted Hlus m1SS distribution ror several values of mlSS Is shown for two resolntions or 
tbe muon syAem, quantified by the nnmber of radiation lengths In the middle superlayer. 1%onleft,10% right 
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Various improvements of the momentum 

resolution at high energies and in the forward 

direction can be effected at relatively low cost. 

Among the enhancements being considered are the 

addition of tracking chambers external to the 

magnet and B-field shaping in the forward 

direction. Furthermore. the reconstruction of the 

muon trajectory can be constrained to go through 

the primary interaction vertex leading to increased 

resolution. Figure 2.3-4a shows the enhanced 

performance if another superlayer consisting of 

three layers of chambers is placed 3 m outside the 

.... -.... ... 

1 
4 Tev/c 
2Tev/c 

0.1 1 Tev/c 
500G 

100Gev/c 
0.01 10Gev/c 

0.0001---.._~-~----.......... -..__. 
10 20 30 40 50 80 70 80 90 

8µ(degr-) 

Figure 2.3-3 Tbe muon momeutum resolution of 
the bueline system Is llllOWD versus polar angle 

magnet, and if the vertex is constrained 

transversely by 200 µrn. The effect of shaping the 

B-field by increasing the radial component in the 

forward direction is shown in figure 2.3-4b. While 

it is believed that the baseline performance is quite 

good, evaluations are being done in terms of cost 

versus benefit 
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Figure 2.3-4 (a) Tbe improvement of tbe 
momentum resolution by the addition of a vertex 
constraint and external muon plaues Is llhown for 
two muon polar angles as a function or muon 
momentum. (b) For a 500 GeV/c muon tbe 
Improvement or tbe momentum resolution by 
llhaplng tbe B-field In tbe forward direction is given 
as a function of" pseudorapldity 

(b) Rapidjty CoveraG· To obtain good statistics 

for the Higgs to 4 muon channel (either through 

ZZ* or ZZ) a large solid angle (i.e., 

pseudorapidity) coverage for the muon chambers 

is required. For detection of the Higgs the goal is 

to maximize N(a-) = N(Signal)/.,,IN(Background). 

From the studies of Higgs production and 

detection, it has been found that N ( <J) is roughly 
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constant, having a value of about 6, for muons out 

to a rapidity of about 2.5. And a rapidity coverage 

of -2.5 < 71 < 2.5 provides about 90% acceptance 

for a 4 Te V /c2 Z' and even greater acceptance for a 

heavier Z'. (See figure 2.3-5.) 

1.1 .--.---r---r--.--~--

1.0 

0.9 

i A 0.8 
I 

f::!. 0.7 
w 

0.6 I Accaptance DI Z' - 2µ I 
MZ' • 4 TeVic2 

0.5 

0.4 T-~~-*--:1,::-...,,L,~....,l.--l 
1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Tl (pseudorapldlty) 

Figure 2.3-5 Tbe acceptance or a 4 Te V Jc
2 

Z' as a 
function fl{ pseudorapidlty 

(c) Chamber Occupancy. The design goal limits 
the occupancy at L = 1034 cm ·2 s ·1 below a few 

percent in order to guarantee an unambiguous 

muon track-finding efficiency of nearly 100%. 

Figure 2.3-6 shows the muon rate as a function of 

pseudorapidity, 77, for the inner, middle and outer 

modules, assuming 12 .ii. in the barrel calorimeter, 

and 14 .ii. in the endcap calorimeter. For a 4 m by 

3 cm diameter drift tube, with a 3 µs Level 1 

trigger delay time, the occupancy would be l 'li> in 

the barrel. In the endcap region, the rate increases 

to about 150 Hz/cm2 in the inner modules at 71 = 
2.5. For a 1 m long and S mm wide cathode strip 

chamber, and a Level 1 delay time of 3 µs, the 

occupancy would be less than 3%. 

Muon chamber hit rates (1, 0, M) 

.. 
. . . 

. . . ... ······ ...... . 
. . ... .. .. . .. . ...... · .... · ... .. ... .. . ..... . . . ... ·.·· ........ ·. . . . . . ............. . ··· ..... · .... . 

. ······· ... 

10~~---:f.::----~,...---.L..__J 
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9 (degree) 

,..._, .... c Tb ·-' 2 33 ·2 -1 •. ._ure ,_,_ e muon ra ... cm at L = 10 cm s as a 
function or pseudorapidity for tbe three 
super layers 

Such occupancies are much lower than would be 

the case for traeking elements located inside of the 

calorimeter. Benefits of the relatively low rate 

outside the calorimeter extend to triggering as 

well. Figure 2.3-7 shows that the rate of muons 

above S GeV/c is a factor 100 lower than the total 

muon particle rate, implying that the PT muon 

trigger is not seriously challenged. 

(d) Energy Loss in the Calorimeter. Proper 

correction of muon energy loss in the calorimeter 

is very important for high energy muon 

measurements. As shown in figure 2.3-8, the 

energy loss spectrum has a significant high energy 

tail due to radiation processes. One requirement 

for the calorimeter is the ability to satisfactorily 

measure this energy loss to permit muon 

measurement accuracy at the level specified 

above. Another requirement is that it provide 

adequate shielding for the muon system. To 
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preserve a conservative safety margin regarding 

particle rates in the barrel even at the highest 

luminosities requires at least 12 A. for the barrel 

calorimeter. 

Total muon rates versus 11 

1
oO 0 0.4 0.8 12 1.6 2.0 2.4 2.8 

(1\) ,, ........ 

Figure 2.3· 7 Tbe total muon rate 115 • function or 
pseudorapldity for~ cuts ofO, S, 10, lS, 25 GeV/c 

2.3.3 Description of Technologies 

This section describes the technology options 

considered for the final design of the GEM muon 

system. For the barrel region, pressurized drift 

tubes (PDT) and limited streamer drift tubes 
(LSDT) are being investigated for the muon 

momentum reconstruction and Level 2 trigger. In 

the barrel region the Level 1 trigger and the beam 

cross tagging will be provided by resistive plate 

counters (RPC). For the endcaps cathode strip 

chambers (CSC) operated in the proportional 

mode seem to be the most attractive candidate 

technology. These chambers can be adapted to the 

radial geometry of that region, and will provide 

both the muon reconstruction as well as the beam 

tagging and Levels 1 and 2 trigger signals. 

Muon energy loss, Eµ - 500 GaV, 12i. 

Figure 2.3-8 Energy loss distribution or a 500 GeV/c 
muon in the calorimeter 

(a) Pressurized Drift Tubes. Precise tracking is 

possible with cylindrical tubes, operated with axes 

parallel to the magnetic field, due to the simple 

electric field configuration and the independence 

of the time-to-distance function on the angle of 

incidence. The cylindrical geometry of tubes 

enables improvement of resolution through 

pressurization as lNPressure by the reduction of 

the diffusion coefficient, and improved statistics of 

cluster fonnation [l]. 

The GEM PDTs will be aluminum tubes with 300 

µm wall thickness, and about 3 cm diameter. A 

possible configuration of the tubes is for the inner 

and middle modules each to consist of 8 layers of 

staggered tubes, and the outer to have 4 staggered 

layers. The number of radiation lengths in the 
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central modules would be 8.5% Xo. consistent 

with the technology independent specifications of 

the muon system. 

The PDT alignment is based on accurate 

placement of wire ends relative to end plate 

fiducials. This can be achieved with precision 

machined reference end plates, and precision 

fabricated end plugs, pins and ferrules. It is 

believed that the required precision is achievable 

by calculating wire position from resonant 

frequency measurements. Such measurements can 

be made non-invasively with current-magnetic 

field excitation, and phase shift analysis. Wire 

holding through crimp and solder techniques will 

enable long tenn stability. Measurements have 

demonsuated that wire position can be predicted 

correctly within a few µm. (For 4 m wires 

tensioned at 80% of the yield strength, the sag will 

be about 230 µm.) At the sector level, alignment 

will be achieved with straight-line monitoring 

techniques such as those used successfully in L3. 

(b) Limited Streamer Drift Tubes System. The 

chambers of this technology are envisaged to be 

rectangular boxes containing 4 layers of wires, 

each running through its own U-profiled cathode 

operated in the limited streamer mode. The 

positioning of the wires is achieved by supporting 

them on accurately machined insulating bridges 

running across the width of the chamber and 

through slots in the cathode at this support poinL 

The bridge in tum is held against a reference point 

on the wall of the chamber which can be 

monitored or aligned from outside. The cathodes 

are to be made of thin aluminum, possibly coated 

to minimize secondary electron emission. The 

cathodes are held in place by a mechanical system 

separate from the bridges [2]. 

The chamber design has the flexibility of being 

made to any length with wire supports at any point 

of choice to minimize sag, and thus not rely on 

calculating a large correction. The wires can be 

laid down in multiples (as is done with Iarocci 

tubes), inspected, and tested for position and 

tension before being covered. All chamber parts 

can be manufactured by state of the art machine 

shops. 

The wires will be operated in limited streamer 

mode. It has been demonstrated that the 

combination of large and fast pulses give good 

drift time measurements [2]. The use of aluminum 

cathodes makes the tube itself a good transmission 

line that preserves the rise time of the streamer 

pulse for drift time measurement and gives a 

coarse spatial measurement along the wire using 

instrumentation at both ends of the wire. Because 

the wires lie in cathodes which are open at the top, 

instrumented strips can be placed over this open 

side to obtain a measurement of position 

orthogonal to the drift time measurement and 

correlated with it by the common timing signal. In 

this way an x-y coordinate for each track can be 

obtained all in one chamber. The chambers have 

been tested using Laser beams, cosmic rays, and 

the 0.5 Te V /c beam at Fcrmilab. 

(c) Resistjye Plate Coupters. Resistive Plate 

Counters (RPC) work at a uniform electric field of 

about 40 kV/cm between parallel electrode plates, 

2 mm thick, with a resistivity about 1011 .Q cm [3]. 

The electrode plates can be made of plastic 

phenolic (bakelite) or resistive glass. The field 
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electrodes are formed by graphite varnish ( - 500 

Jdl per square) painted on the outside surface of 

the 2 mm plates. The readout of the chambers is 

achieved by means of pick-up strips insulated 

from the field electrodes by a 0.3 mm thick 

polyethylene film. The voltage induced is about 

0.5 v into 50 n with timing characteristics fast 

enough to tag the 16 ns beam crossings. 

RPCs with dimensions up to 0.5 x 0.6 m2 have 

been used in many experiments. It is planned that 

the GEM RPCs will have dimensions of up to 3.3 

x4.0m2
• 

The RPC system will be employed in all three 

superlayers of the barrel and will completely cover 

the precision muon measuring components as seen 

from the interaction point. (See figure 2.3-1.) 

RPCs will furnish three-dimensional space points 

for particles passing through the system. Short 

RPC strips running perpendicular to the magnetic 

field lines will give the x-coordinate, while long 

RPC strips running parallel to the magnetic field 

lines will give the y-coordinate. 

The logic for the Level 1 trigger has four 

components: (1) three-fold coincidence timing in 

the non-bend plane, (2) straight-line space fit to 

three points in the non-bend plane, (3) three-fold 

timing in the bend plane, and (4) three-point 

sagitta measurement in the bend plane. The signal 

timing and space-point fitting placed in 

coincidence with the non-bend plane eliminates 

most punch-throughs, low energy tracks, and 

random pick-up noise. Putting the bend plane 

signals in coincidence with the non-bend plane 

further reduces the random pick-up noise problem. 

The sagitta measurement in the bend plane 

determines the transverse momentum (adjus~ble 

from 10 to 100 GeV/c) which activates the trigger. 

(d) Cathode Strip Chambers. The high rate 

environment of the endcap region makes con­

siderable demands on the triggering and tracking 

technology. Hence, cathode strip chambers (CSC) 

are being considered. These have a high flexi­

bility in terms of channel segmentation, pattern 

recognition capability, and trigger speed [4]. 

The chambers will be deployed in 3 superlayers at 

z = 6, 10, and 14 m. Each superlayer features 

modular construction with trapezoidal modules, 

each of which spans 22.5" of azimuth, resulting in 

a structure with 16-fold symmetry. The 

superlayers have modules containing four 

chambers. In the outermost superlayer only three 

planes will be instrumented at startup. 

Each chamber consists of two cathode planes 

(only one segmented) with an anode plane 

between them. The anode wires have a pitch of 

2.5 mm and the distance between the cathodes is 

S mm. The precision azimuthal coordinate is 

obtained by charge interpolation between 

neighboring strips. Measurements made with this 

configuration indicate a resolution of order 50 µm 
per strip, insensitive to anode wire placement, gas 

gain, pressure, and temperature, and magnetic 

field nonuniformities. 

For a maximum occupancy rate of 10 Hz the total 

number of channels is 252k. The superlayers 

closest to the absorber cover a relatively small 

area. If necessaryt, more planes could be added 
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for increased pattern recognition with a relatively 

modest increment in the total channel count. 

The spatial resolution of these chambers in the 

azimuthal direction is limited by the dynamic 

range of the charge signal referenced to the rms 

noise, which is proportional to the capacitance of 

the cathode strip and inversely proportional to the 

square root of the integration time. In order to 

operate the chambers at a relatively low gain (-2-

3 x 104) the intention is to use an integration time 

of about 1 µs. Using an analog multiplexer a 

single ADC can digitize a large number of 

channels. Monolithic circuits developed for 

reading out silicon detectors meet the requirements 

for such a readout system. A parallel branch feeds 

a discriminator and the resulting signal is used for 

the formation of the Level 1 trigger. 

The logic for the Level 1 trigger in the endcap 

region roughly follows the scheme used in the 

barrel, with the following enhancement. The fine 

segmentation of the trigger elements (5 mm wide 

strips) permits measurements of local vectors 

along the muon trajectory. By correlating the 

local vectors from the second and third 

superlayers, it will be possible to determine the 

muon transverse momentum at the first level of the 

trigger. The radial coordinate (nonbend plane) and 

the bunch crossing assignment are provided by 

reading the anode wires. 

2.3.4 Mechanical Engineering of the Muon 
System 

The barrel region muon support system is ananged 

in 16 measurement modules per end as shown in 

figure 2.3-1. These modules utilize an aluminum 

truss structure to support the muon chambers. 

Each module is attached to the endplates of the 

magnet cryostat, with kinematic hardware. 

The support structure design will employ bolted 

and pinned clevis joints. This design permits the 

layered assembly of the truss joints to be 

disassembled and reassembled with accuracy. The 

maximum deflection will be less than 2 mm in any 

orientation and the stresses less than 2 kpsi for a 

central module weight of 10 tons. 

The structure of the endcap region will be similar 

in concept to the centtal region but will be 

constructed of lighter cross section tubing 

appropriate for the 1 ton per module weight 

expected for the trapezoidal-shaped CSC design. 

The same 16-fold symmetry of the central region 

will be translated to the endcap regions and the 

endcap modules will be attached kinematically to 

the respective barrel region module structure. 

In both tcgions thetc will be interface structures 

between the chambers and the suppon structure 

which will direct the supl>ort load through the truSs 

nodes. The connection between the chambers and 

these structures will be flexural elements which 

permit predictable translation of the chambers in a 

plane. 

Alignment of the muon chambers within a module 

will be accomplished by means of multiple 

straight-line monitors, similar to those successfully 

used to monitor and maintain alignment of the L3 

muon system, to an accuracy of 10 µm rms. 

Actuators will control this alignment either in an 

automated closed loop or manually. Initial 
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alignment will be accomplished with precision 

surveying techniques. 

2.3.S Muon System R&D Plan 

In order to design and build the GEM muon 

system a number of R&D issues have to be 

resolved. During FY92 there will be a study of the 

technologies discussed above, with the following 

specific objectives: 

• Design and construct large scale prototypes of 

each of the technologies discussed above 

during the winter and spring of '92. 

• Compare performance of competing 

technologies, e.g. PDT and LSDT in the barrel, 

by the summer of '92. Choose the best 

technology and concentrate effort leading to a 

full engineering design. Check that 

technologies are compatibJe as an integrated 

muon system in terms of noise, timing signals, 

etc. 

• Certify that the triggering devices (RPC in 

barrel and CSC in endcaps) will operate 

reliably in their respective environments. 

• Develop and evaluate chamber alignment 

scheme. 

• Design, construct, and critique a scaled 

prototype chamber support fixture. 

To focus the effort on the final evaluation of the 

triggering and tracking technologies, as well as 

study their operation in an integrated muon 

system, a cosmic rays test rig is envisioned. This 

setup (named TTR for Texas Test Rig) will be 

established at the ssa.. and will be the central 

facility of the GEM muon group during the R&D 

and engineering design phases. 

The strategy is to maintain some degree of 

flexibility during the early stages of the R&D 

program, keeping in mind that backup solutions 

should be considered in the event that a particular 

technology does not work ouL The parameters of 

the technologies described above are nominal, and 

serious R&D studies are needed to design a 

practical system. Coordination of the design of 

the muon system with the evolving GEM detector 

will be importanL 

2.3.6 Summary 

The design of the GEM Muon System is based on 

a large solenoid with muon tracking chambers 

placed outside the hadron calorimeter and inside 

the magnet coil. In this way, high precision 

reconstruction of muon tracks is possible, even in 

the highest rates being envisioned for the SSC. 

The system will provide a trigger dependent on the 

transverse momentum of the muons. An active 

R&D program is envisioned to determine which 

tracking and triggering technologies will be used 

and to develop support structures which will 

satisfy the demanding alignment criteria. 
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2.4 Calorimetry 

2.4.1 Introduction 

High precision electromagnetic (EM) calorimeters 

will have unique physics discovery potential at the 

SSC: in the search for Higgs particles in the mass 

range between 80 and 180 GeV, and in the search 

for new physics signatures involving electrons and 

photons beyond the Standard Model. GEM has 

thus been designed as a precision lepton and 

photon detector, where the calorimetry system is 

the centerpiece of the experiment. One of the 

principal goals of OEM's experimental design­

and its R&D program-is to achieve the best 

feasible EM resolution, combined with good 

resolution for hadron jets and missing ET. 

2.4.1.l BaF, with Scintillating Fiber Hadron 
Calorimeter, and Liquid Argon/Krypton 
Options 

The high resolution, speed, and radiation resistance 

requirements, and the need to complete the R&D 

and engineering design of the optimal calorimetry 

system which fits within the budgetary constraints 

in 1992, have pointed the way towards two 

complementary systems: 

• BaF2 crystal high precision EM section, 

followed by a scintillating fiber hadron 

calorimeter. 

• A Liquid Argon (LAr) calorimeter with a fine 

sampling accordion [1] EM section, where the 

EM resolution is improved by the use of Liquid 

Krypton (LKr) and/or thin plates in the 

accordion. 

The complementary advantages of the two 

approaches are summarized below. 

• BaF2 Precision Crystal EM; with Scintillating 

FiberHCAL 

- Higher intrinsic EM resolution: 

CJs/E = (2.0 t .../F. @ 0.5)%. 

- High uniformity for the EM section, 

based on the proven carbon fiber-epoxy 

composite mechanical suppon system 

design used by L3. 

- Higher EM and HCAL speed, resulting 

in a somewhat higher signal to noise 

ratio in an isolation cone, when 

searching for events containing isolated 

electrons or photons: 

- Effective compensation: the 

intrinsically non-compensating EM 

section (e/nresponse ratio - 1.7) can be 

compensated by adjusting the eln = 1 in 

the hadron calorimeter behind the BaF2• 

This leads to a small constant term 

(below 2%) in the resolution for jets. 

• Liquid Argon with Accordion EM; Liquid 

Krypton Option 

Intrinsic stability resulting from the use 

of ionization with unity gain and 

readout of the peak current, leading to 

ease of calibration. 

- Large systems involving plates have 

been tested [2] , and have demonstrated 

the requisite resolution and small 

systematics (below the 0.5% level). 

- Intrinsically radiation resistant. 
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Good uniformity and position 

resolution has been demonstrated in test 

beam modules. 

- Ease of segmentation longitudinally 

allowing excellent angular resolution 

for photons. 

- Experience in many large systems: 

SLD, DO, Hl, NA34, etc. 

2.4.12 GEM Calorimetry: Rationale and 
Selection Procedure for the Two-Pronged 
Approach 

Despite the advances on the R&D, conceptual and 

engineering design, and simulation studies of a full 

GEM calorimeter made for both systems over the 

last year, each requires one more year of R&D 

before the final choice of the system which best 

meets OEM's physics goals can be made. Some of 

the principal issues for each system are 

summari7.cd below. 

The BaF2 system, while providing a potentially 

large performance gain in energy resolution in the 

search for new physics, carries with it a higher 

risk. Production of large radiation hard crystals has 

not yet been achieved (the target date for a 

milestone demonstration of large rad-hard crystals 

is in the third quaner of 1992). In order to assess 

the: risk, a panel of internationally recognized 

c:xpens on radiation damage in materials in 

general, and on crystals in panicular, is now 

reviewing the progress towards radiation hardness 

achieved up until now by SIC and BGRI in China. 

Following this ICview - if the level of risk is 

judged acceptable-the panel is expected to 

provide expen guidance on the ICsearch methods 

and the scope of the program required to achieve 

the required radiation hardness, with large scale 

production scheduled to start in 1993. 

The Liquid Argon system has demonstrated stable 

performance in test beams-with EM resolution 

for an accordion module[l] at the level of C\E = 
lCNoNE with a constant term consistent with zero. 

However, it has yet to demonstrate a resolution of 

u.tE = (7.51../E EB 0.5)% or better, the performance 

goal set by optimizing sensitivity to the Higgs in 

the 80-140 GeV mass range at the SSC. In 

addition to test beam results with liquid krypton 

and/or a thin-plate accordion module, with the 

beam incident over a range of angles which is 

representative of the proposed GEM detector, the 

overall engineering design for this option will be 

developed rapidly and in detail over the next 

several months. 

As the R&D proceeds during 1992, test beam 

results, other performance data, and the detailed 

engineering design, will be used to carry out a 

series of full detector simulations. The simulations 

for each calorimeter option will include a 

sufficiently detailed representation of the overall 

GEM detector geometry, its cracks and inactive 

regions, its ICadout characteristics, and the 

principal systematic effects, to objectively compare 

the two-Systems. The overall performance of each 

system in terms of its resolution, uniformity and 

hermeticity will be completed, and illustrated in 

terms of a series of physics examples - including 

Higgs, SUSY, and other new searches for new 

physics. This process will be finished, and the 

final GEM calorimetry system will be chosen in 

time for the submission of the Technical Proposal 

in the Fall of 1992. 
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2.4.2 Physics Requirements 

2.4.2.1 Electromagnetic Calorimeter 

An imponant potential discovery for the GEM 

electromagnetic calorimeter (EMC) is the Higgs 

boson in a mass range between 80 and 180 GeV 
through its rr and zz• -+ 4ldecay modes [3]. 

While the 4ldecay mode will allow GEM to detect 

a Higgs with a mass heavier than 140 GeV, the rr 
decay mode will cover a gap between 140 GeV 

and the upper limit for Higgs detection at LEP 

Phase II (80 GeV) [4]. 

H -+ 1?' detection places stringent requirements on 

the overall detector design, especially on the 

design of the EMC. Because of the small 

production cross-section (50 to 200 fb) and the 

narrow decay width (5 to 10 MeV) of the Higgs 

boson in this mass range, and because of the huge 

irreducible rr background and QCD jet 

background, the discovery potential is directly 

related to the reconstructed 1?' mass resolution and 

the ability of the detector to reject background. 

Note that GEM requires the capability to 

distinguish photons from electrons with close to 

100% efficiency (either from the central tracker or 

a pre-shower stub detector) so that the electron pair 

background, which has a rate of 2 Hz at the SSC, 

may be rejected effectively. 

2.4.2.1.1 Energy Resolution 

A simple parametrization of the energy 

resolution of a calorimeter can be expressed as: 

where a and b are two constants and E is the 

energy being measured. Table 2.4-1 lists the time 

factor in discovering the Higgs by using the rr 
decay mode as a function of a and b, normalized to 

the BaF2 resolution goal a = 2.0 and b = 0.5. A 

calorimeter with a resolution of a = 7 .5 or better 

has a significant advantage over an experiment that 

does not emphasize EM resolution. 

Table 2.4-1 Effect or Energy Resolution: a and b 

•= 2.0 5.0 7.5 10 15 

b=.25 0.63 1.2 1.7 2.2 3.3 

b=0.5 1.0 1.4 1.8 2.3 3.4 

b=.75 1.4 1.7 2.1 2.6 3.6 

bs 1.0 1.8 2.1 2.4 2.9 3.7 

2.4.2.1.2 Photon Direction Measurement 

Since a photon does not leave a track in the 

central tracking detector, the photon angle 

information may be obtained by using: (1) 

longitudinal sampling in the EMC to measure the 

direction of the shower (the liquid ionization 

option easily provides this), and/or (2) correct 

event venex tagging by the central tracker to 

determine the origin of the shower. When running 
at the SSC design luminosity of 1033 cm-2

5- 1 

GEM will find the correct event vertex by selecting 

the vertex with the largest multiplicity of stiff 

charged tracks in the angular region covered by the 

central tracker. Since the venex z resolution 

(500µm) is better than the position resolution for 

many of the photons in the EMC, the angular 
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contribution to the mass resolution is dominated by 

the position resolution of the calorimeter, however 

the effect of the position resolution on the 

intermediate-mass Higgs discovery potential is 

negligible for a resolution of 2 mm. A good vertex 

z resolution of less than few mm is very important, 

if the EMC has no longitudinal segmentation. 

Without angular information from either of the 

above techniques, the discovery time for the Higgs 

would increase by as much as a factor of five. 

2.42.13 Photon Identification and QCD 
Background Rejection 

There arc copious rf's, and thus photons, produced 

at the SSC. The production cross section of QCD 
two jet events is 2 mb for PT > 20 Ge V and of ')'-jet 

events is 237 nb. A narrow neutral jet with 

multiple photons would fake an isolated photon. 

Single photons may also be produced in the parton 

shower process, which will cause irreducible QCD 
background. To identify real photons and to reject 

QCD jet background, an isolation cut, shower 

shape analysis and a prcradiator may be used [5]. 

One simple isolation analysis requires 

where the usable values of R (R = -J !J.rjl + t.f 2 ) 

and E;" arc related to the detector design, 

especially the noise level iii the isolation cone. 

This simple analysis, with suppression of channels 

less than three times noise, has been studied with 

PYTiilA 5.5 [6] for the two systems, yielding 

backgrounds of 69 pb for the BaF2 scintillator and 

89 pb for the liquid argon systems. The irreducible 

yy background is about 32 pb. This background 

can be further reduced by a number of design 

optimizations, which require more study. In the 

liquid argon calorimeter, for example, the ability to 

reject fake gammas depends on the choice of 

angular and longitudinal segmentation. 

Furthermore, a choice can be made to segment the 

calorimeter transversely just in the first few 

longitudinal depths, keeping the overall channel 

count constanL To further complement the shower 

shape sensitivity, the installation of strip readout 

near shower maximum is being studied. This may 

be done with 1 mm pitch strips for the electrode 

using a novel multiplexing scheme. A preradiator 

is also under study. A preradiator situated in front 

of the calorimeter employing one millimeter 

silicon strips has been shown to be capable of n° 
rejection of better than 80% with nearly full 

efficiency (>95%) for is up to 100 GeV [7] This 

results from the very narrow (< 0.5 mm wide) 

showers in this section. EGS Monte Carlo studies 

have shown an acceptable energy correction is 

possible. Fmally, a powerful preradiator consisting 

of of 3-4 radiation lengths of scintillation and 

ionization sampling liquid krypton has been 

studied but is not part of the GEM baseline. 

2.42.1.4 Photon and Electron Trigger 

A possible design of a Level 1 trigger for 

isolated photons and electrons would require 

matching each electromagnetic calorimeter cell 

with the hadron calorimeter cells behind it. GEM is 

able to achieve a 35 kHz trigger with 85% 

efficiency for H -t n'and If -t 'ZZ* -t 4 e [8) 
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2.4.2.2 Hadronic Calorimeter 

2.4.2.2.1 Jets 

The measurement of jets is essential for any 

general-pwpose SSC detector such as GEM. For 

dijets from, say W ~ jj, the mass resolution is 

determined both by the calorimeter energy and 

angle resolution and also by intrinsic limitations in 

the definition of a jet. Studies suggest that the 

latter dominates when the calorimeter energy 

resolution is 

Angle resolution is important for studying the 

shapes of jets and for measuring single jet and 

multiple jet invariant masses, e.g. for high PT 

W ~ jj. For jets from QCD scattering processes 

the cross section for energy flow into a given solid 

angle is calculable; that is, uncertainties due to 

clustering algorithms are not an issue, the search 

being limited · only by intrinsic calorimeter 

resolution. Thus the constant term in the 

calorimeter resolution should be minimized for 

such physics. 

2.4.2.2.2 Missing Transverse Energy tr 
Both new, weakly-interacting particles and 
neutrinos give missing transverse energy tr. The 
most demanding requirement on ;.T resolution is 

probably set by supersymmetry: since the Tevatron 

could detect gluinos and squarks up to about 200 
GeV, one would like to detecttri:! 100 GeV. The 

irreducible background is set by neutrinos from 

Standard Model sources, mainly heavy quarks and 

w± and z0 bosons at high PT· The detector 

backgrounds should be smaller than this. 

Missing energy is mainly measured by calorimetry, 
and the resolution on tr is primarily determined by 

intrinsic hadronic energy resolution in the central 

region, non-Gaussian tails from cracks in the 

central region, energy resolution in the forward 

calorimeter, and angular coverage and resolution in 

the forward calorimeter. The Gaussian term in the 

energy resolution of the central or forward 

calorimeter is not critical. Angular resolution in 

the forward calorimeter gives !J..pT I PT -E 10%, 

which again has been shown to be sufficient, at 
least for the total tr cross section. Non-Gaussian 

tails in the central region will be limited by careful 

engineering to minimize dead material. Hence, it 

appears that the angular coverage is the crucial 
factor in determining the tr resolution. 

For an idealized calorimeter which measures 

energies with Gaussian resolution and has no 

transverse shower spreading, it is known that 

covering I fJ I < 7Jmn = 5-5.5 is sufficient to reject 

physics backgrounds [9]. For realistic showers 

adequate resolution can be obtained with a forward 

calorimeter at z - 7 m. 

Production of new particles such as a Higgs or a 

technicolor resonance via WW fusion will lead to 

forward jets, since each of the W's is produced by 

q~ W q. Estimates of the effectiveness of such 

tags have varied widely. They may prove to be 

important and should be considered in the design 

of the forward calorimeter, but they are probably 
less important than the measurement of tr. 
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2.4.3 Liquid Argon Calorimetry Option 

There are many attributes of liquid Argon 

calorimeters which lead to its consideration for an 

SSC detector [10]. These include radiation 

resistance, uniformity of response, unit gain 

leading to the ability to calibrate to < 0.5%, the 

ability to segment longitudinally and transversely 

with a relative,Iy modest increase in cost, 

experience in many large systems, and good 

energy resolution. 

Recently a new concept for a liquid Argon EM 

calorimeter, called the accordion, has been 

developed. Beam tests have yielded impressive 

results [1]. The advantages of the accordion 

include excellent hermeticity, the elimination of 

numerous longitudinal connections by use of an 

electrode structure that follows the accordion­

folds, and lower capacitance and inductance 

allowing short shaping times. The device tested at 

CERN has an electron energy resolution of (10.1 ± 
0.4%WE e (0.2 ±0.2%), and linearity from 30 

Ge V to 200 Ge V of < 1 % with a shaping time of 

20 ns. Because the charge is naturally shared 

between two adjacent readout channels, the 

position resolution is 4.4 mm/../E. The module 

tested was divided in half longitudinally. By 

comparing the position in the front with that in the 

back an angular resolution f!(J = 6.1 mrad was 

obtained at 120 GeV. This would be extremely 

helpful in determining whether the showers for 

H -+ rr candidates have a common vertex. 

Since the energy resolution achieved so far in 

beam tests has not reached the level set by GEM, 

two methods of improving the accordion energy 

resolution are being developed. By replacing the 

Argon with Krypton, using the standard 2 mm 

thick absorber plates, the energy resolution 

calculated by GEANT is below 7.5%NE. The 

same resolution can be reached, according to 

GEANT, by using 1 mm thick absorber plates 

together with a thin electrode structure attached to 

both sides of each plate. The unit cell designs for 

these two schemes are shown in figures 2.4-la and 

2.4-1 b respectively. Both approaches are planned 

to be tested in a beam at BNL in the Spring of 

1992. The mechanics of a parallel plate EM 

calorimeter using innovative sttiplines passing 

through slots in the absorber plates is also being 

explored. 

The current conceptual design for the GEM liquid 

Argon calorimeter is shown in figure 2.4-2. The 

overall dimensions are set by the requirement of 

theminimumnumberofAneededversus~. Once 

those dimensions are set, the EM calorimeter is 

designed for maximum hermeticity and for the 

minimum dead material in front of the active EM 

calorimeter. The maximum hermeticity for the EM 

is accomplished by ending the barrel section along 

a line of constant ~ and then have the cryostat 

walls closely follow that angle. The EM 

calorimeter in the endcaps is set back and 

overlapping so as to continue the coverage with a 

minimum angular loss. The vessels are made of 

aluminum so that there is 0.7 X0 at 90°. The 

maximum dead material in front of the EM 

calorimeter is due to the vacuum and cold vessel 

walls just at the end of the barrel. Energy lost in 

the vessel walls will be corrected by using either a 

preradiator inside the cryostat or in a massless gap 

added to the first longitudinal section. Plans are to 
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Figure 2.A-2 GEM Liquid Argon Calorimeter Conceptual Design 
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use 40 ns shaping time which leads to a total noise 

for nine (3 x 3) 0.04 towers of - 100 MeV. 

The hadron calorimeter uses the "electrostatic 

transformer (EST)" concept to match the large 

capacitance of towers to the preamps [ 11]. This is 

shown schematically in figure 2.4-3. The hadron 

calorimeter is split into four sections 

longitudinally: two fine sampling sections and two 

coarse sampling sections. The goals of the fine 

sampling section are to have a sampling fraction of 

- 10% so that the signal to noise is sufficient for 

lepton and photon isolation as well as good 

hadronic energy resolution. The coarse section is 

used to measure the leakage of jets and so does not 

need such fine segmentation, but a sample must be 

taken every S 4 Xo in order to sample the 

electromagnetic component of hadron showers and 

catastrophic energy loss of muons. Iron (stainless 

steel) is the baseline absorber material since it 

minimizes the multiple scattering for muons, 

reduces the weight and is easy to handle. Lead 

might also be considered to improve the e In 

response, or depleted uranium to allow more ).. in a 

fixed radius, but both would have other 

disadvantages. 

A detailed study of the coarse hadronic section will 

be done in order to specify it completely for the 

Technical Proposal. The design goal of the coarse 

section is to maximize the number of).. before the 

muon chambers which leads to a low (2%) 

sampling fraction. With the shaping time used in 

the fine hadronic section (100 ns) this would lead 

to a large thermal noise (1GeV/0.08 x 0.08 cell). 

0.2mm Prepreg for 4mm Plates, 
O.Smm Prepreg for 20mm Plates 

Figure 2.4-3 GEM Liquid Argon Hadron Calorimeter 
EST Concept 

The intent is to use a longer shaping time to reduce 

this noise. A detailed study needs to be done with 

GEANT to determine whether this is feasible. If 

this fails, a reduction in the number of active ).. will 

be considered either by using only fine sampling 

and adding passive absorber at the back or 

deploying a scintillating fiber calorimeter after the 

fine sampling liquid argon. 

The parameters of the GEM liquid Argon 

calorimeter are presented in table 2.4-2. 
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2.4.4 BaF2 Electromagnetic and Scintillating Fiber 
Hadron Option 

A precision BaF2 EM calorimeter backed up by a 

scintillating fiber HCAL has the advantages of 

very high resolution for electrons and photons, 

speed, uniform coverage and hermeticity, good 

resolution for hadron jets, and a deeper 

calorimeter to filter out hadrons within a given 

Table 2.4-2 Liquid Argon Calorimeter Parameters 

Rapidity Coverage 
Segmentation 

EM 
Hadronic 

Depth SegmeDlation 
EM 
Hadronic 

Total Depth 
11=0 
11=3 

Total Weight (t) 

Number of Channels 

I 11l:s:3. 

417 = 4;= 0.04 
417 = 4; = 0.08 

3 (1 may be preradiator) 
4 

121 
141 
2100 

80,000 

radius. Figure 2.4-4 shows a side elevation view 

of the BAF + HCAL system. 

Although the BaF2 EM section is non­

compensating, a GEANT simulation predicts good 

jet resolution with a small constant term can be 

obtained by using an HCAL section with an 

average e /tr response• 1.0. This is illustrated in 

figure 2.4-5, a GEANT simulation (which correctly 

predicts the < eltr > ratio), where the optimal 

weighting of the energy deposited in the BaF2 and 

in the HCAL is used to reconstruct the total jet 

energy. 

The resulting GEANT prediction of jet response is 

linear, with Gaussian resolution functions and no 

resolution tails, and the fitted constant term is 1.4 ± 
0.2%. The dependence of the resolution on thee/tr 

of the HCAL behind the BaF2 is shown in figure 

2.4-6 for jets between 100 and 1000 GeV. 

2.4.4.1 High Precision BaF2 Electromagnetic 
Calorimeter 

2.4.4.1.1 BaF2 Detector Features. 

The high sensitivity of the BaF2 detector to new 

physics is the result of the following features: high 

speed (gating the signal in 16 ns ), very high energy 

resolution, CJE/E = (2.0/ ../Ee 0.5%), good 

position resolution (.1.x and .1.y .. 1 mm for EM 

showers), excellent eltr, y/jet, and e/jet separation 

(-10"'\ and good potential radiation resistance (2: 

10' rads demonstrated in small crystals). 

2.4.4.1.2 BaF2 Detector Concept. 

The conceptual design of the BaF2 calorimeter 

shown in figure 2.4-7 illustrates a central barrel 

calorimeter with an inner radius of 75 cm and an 

outer radius of 140 cm, covering a rapidity rangeof 

I 11 I s i.32 <3<>" s e s 150°>; and two 

endcaps, located at z = ± 164 cm, covering a 

rapidity range of 1.32S I T/ Is 2.5 (9.4°S 8 s 30° 

and 150" s 8 s 170.6°). 

The BaF2 calorimeter follows the proven uniform 

and extremely light structural design used in the 

BOO calorimeter, which has allowed L3 to achieve 

the very high resolution. Each crystal is housed in 

a precisely dimensioned, thin-walled (300 µm) 

carbon fiber-epoxy composite cavity, and is 
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Figure 2.4-4 Side view of the GEM BaF2 and Scintillating Fiber Hadron Calorimeter System 

38 mm 

compressed by small fixtures mounted in each 

cavity against an inner core consisting of carbon 

fiber skins surrounding acrylic foam. A complete 

finite element analysis at ORNL has shown that in 

spite of its thinness, the structure is stable against 

the tensile and torsional loads provided by crystal 

weight and compression, with a large safety factor. 

Table 2.4-3 Features of the BaF2 Calorimeter 

Table 2.4-3 shows the basic parameters of the 

GEM BaF2 calorimeter. 

Detector 
Rapidity Coverage 

Crystal Front/ 
Rear Face (cm2) 

Crystal Length (cm} 
Crystal Number 
Crystal Volume (m) 
Crystal Weight (t) 

Pagc36 

Barrel 
I 11ls1.32 

3.lx3.l/ 
5.1 x 5.1 

50 
10,880 

8.4 
41.1 

Two 
Endcaps 
1.32S 
I 11ls2.5 

2.3 x 2.3 / 
3.l x 3.l 

so 
4144 
2.2 
10.7 



2.4.4.13 BAF Calorimeter Performance. 

The performance of the BaF2 calorimeter was 

computed with a GEANT simulation, including the 

effects of the carbon fiber walls, shower leakage 

due to summing (3 x 3) crystals, and 0.30 Xodead 

material representing the beam pipe, tracker, and 

mechanical support. The results are summarized in 

table 2.4-4. The intercalibration precision of 0.4% 

assumed in the table has been demonstrated with 

the RFQ calibration system developed by Caltech. 

JET RESOLUTION - GEANT3 

15 

10 

5 

(ofter optimisation for a•Bof2 + jl•Pb/LS) 

O'(E)/E (7.)• (1.6±0.2) + (56±2)/..!E 

P9(2CM)/LS(5MM) CALORIMETER/ 

TAIL CATCHER 

BEHIND 8of'2 

JET ENERGY (GeV) 

Figure 2.4-5 Jet Energy Resolution ror the GEM BaF2 
ud ScintiDating Fiber Hadron Calorimeter System 
(20-1000 GeV) 

GEANI'3 -JET RESOLUTION for BaF2+scintHADRON calorl-t<r 

here Bof2 <e/rr> • 1.7 

After optimisation for a:•BoF2 + id'•HC 
~ 12 

~ 
~ JO 100 GeV JETS 
t:) 

8 0 0 

6 500C.V JETS / 
4 

2 1 T.VJETS 

0 

0.8 1 1.2 /.4 "/.6 

e/11 in calorimeter behind BaF2 

Figure 2.4-6 Dependence or the Energy Resolution on 
tbe cel7t> Ratio in tbe Scintillator Hadron 
Calorimeter Behind the BaF2 EM Section 

Table 2.4-4 Energy Resolution (%) 

ECGev> 5 10 100 500 
Eleclrical Noise 0.4 0.2 0.02 0.004 
Pholoele.cuoos 0.2 0.14 0.045 0.02 

GEANT 0.67 0.56 0.42 0.36 
lnt=alibration 0.40 0.40 0.40 0.40 

Tolal 0.90 0.73 0.58 0.54 

As shown in 2.4-Sb, the resolution can be 

parametri1.C:d as 2%/{E E9 0.5%. For comparison, 

f1!iire 24- 8a shows the energy resolution measured 

with 4000 L3 BOO crystals in a CERN test beam 

[12). It can also be parametri1.C:d as 2% {E E9 

0.5%. 
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Figure 2.4-7 Conceptual View of the Barium Fluoride Calorimeter 

B 
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Figure 2.4-8 Energy Resolution of (a) L3 4000 crystal 
BGO calorimeter, measured at CERN, and (b) 
BaF2 calorimeter, calculated with GEANT 
limulation. The solid canes show 2,. / ..JF;. 0.5,. 

2.4.4.1.4 R &D Progress in 1991 [13] 

During 1991, SIC (Shanghai) and BGRI (Beijing) 

have established a production facility for large 

BaF2 crystals, with major Chinese funding. The 

capacity is currently 140 twenty-five cm crystal 

pieces (tower-halves) per month (18% of full GEM 

rate requirements.) The first 98 crystal pieces and 

spares were delivered to Caltech by May, 1991. A 

Memorandum of Understanding was signed with 

SIC and BGRI management for production of rad­

hard crystals at $2.5/cc. 
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The 49 crystal (50 cm long) prototype mauix was 

constructed by Caltech and UCSD, and is now in a 

test beam at Fermilab (T-849). The matrix is 

instrumented by Hamamatsu UV-selective K-Cs­

Te R4406 phototriodes, which suppress the slow 

component and operate in IT fields. (Thin UV­

selective proximity focused photodiodes and UV­

selective solid state devices with sharp cutoffs are 

under developmenL) Full suppression of the slow 

component is completed by fast preamp and 

shaping circuits developed by ORNL. A high 

transmittance, rad-hard RTV (KE-103) bonds the 

two crystal pieces of each calorimeter element. 

Light collection uniformity is - ± 7%, with 

typically 50 p.e./Me V. The tests of the crystal 

mauix with muons, electrons and pions will yield 

results on the resolution, e/1t response, el1t 

separation algorithms and calibration with 

minimum ionizing particles by December, 1991. 

A systematic series of radiation damage studies (up 

to 20 mrads of Co(I) y's, 1014 neutrons/cm2in some 

tests) have shown in small samples that: (a) the 

damage saturates at 10- 100 krads, with no further 

damage to beyond 10 mrads; (b) there is no 

spontaneous annealing at room temperature; and 

(c) there is no permanent damage from r or 

neutron radiation; complete recovery can be 
achieved by annealing at 500°C, or by a UV lamp. 

The radiation damage appears impurity or defect 

related and large crystals have not shown the same 

characteristics as small crystals. A systematic 

program to identify and eliminate the key 

impurities is underway, in collaboration with 

Qptovac and the ORNL Solid State Division in the 

U.S., as well as with SIC and BGRI in China. 

A GaAs preamp with risetime -1 ns has been 

developed by Princeton, and tested with a vacuum 

phototriode on a large BaF2 crystal using electrons 

up to 50 GeV. A gated integrator and 60 MHz 

digital readout pipeline is being developed at 

Princeton. Los Alamos is developing a GaAs 

amplifier based on MESFET transistor arrays with 

rad hardness to 1015 neutrons/cm2 and 108 rads. 

A structural analysis of the full GEM calorimeter 

has been completed at ORNL. The engineering 

and detailed design of the second prototype array 

including a carbon fiber structure which matches 

the full detector near Tl = 0 has been completed, 

and is ready for manufacture. 

A UV laser and quartz fiber light monitoring 

system is under development at CMU. The L3 

RFQ system completed at AccSys Inc. has been 

tested with a neutral beam on target and has been 

shipped to CERN. This will provide information 

on the calibration precision obtainable in situ in L3 

during the 1992 LEP run. 

2.4.4.1.5 R&D Program/or 1992. 

The most critical issue for the BaF2 calorimeter is 

production of radiation hard, full size crystals. An 

expen panel has been commissioned to evaluate 

the risk of proceeding with an R&D program 

aimed at beginning mass production of radiation 

hard crystals by 1993. After reviewing current 

understanding of radiation damage in BaF:z, the 

panel will assess the prospects for this program. If 

sufficient promise appears, the extensive R&D 

program [13) being carried out at 13 institutions in 

the U.S., China and India will proceed for 1992 to 
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complete the development and engineering design 

of the B~ calorimeter in 1992 If completed, this 

R&D program will culminate in the construction of 

the first production-quality BaF2 crystal matrix 

composed of 81 full-sized crystal elements, 

integrated with a carbon fiber structure, and full 

speed front end electronics (gated integrator or fast 

shaper). The R&D program includes: BaF2 crystal 

mass production, radiation damage tests, 

engineering design of the final prototype and full 

scale calorimeter, electronics readout development 

and testing, UV performance monitoring 

development, rad hard electronics readout 

development, beam and cosmic ray tests, BaF2 

crystal matrix assembly, and RFQ calibration 

facility funded under a DOE SBIR grant. 

2.4.42 Scintillating Fiber Hadron Calorimeter 

2.4.42.1 Baseline Design. 

A scintillating fiber hadron calorimeter bas been 

selected to complement the precision BaF, EM 

calorimeter option. A scintillating fiber hadron 

calorimeter combines high speed, compensation, 

compactness, and radiation resistance with a high 

degree of uniformity and hermeticity in a 

projective geometry. It also provides design 

flexibility in the choice of fiber diameter, fiber 

filling fraction, and lateral readout segmentation, 

thus allowing for optimal cost/performance trade­

offs. Some longitudinal segmentation is possible 

through the separate readout of fibers terminating 

at different depths within the calorimeter, at a 

modest increase in readout channel count and cost. 

The SPACAL collaboration has demonstrated the 

performance achievable with a scintillating fiber 

calorimeter in resolution, compensation, particle 

identification, speed, and radiation hardness [14]. 

The SSCintCAL collaboration has complemented 

this effort by developing cost-effective methods for 

calorimeter construction and engineering on the 

scale required for GEM [15]. Separate 

optimization of EM and hadronic calorimetry leads 

to different design decisions for such parameters as 

fiber diameter and filling fraction. 

Figure 2.4-9 illustrates the baseline design of a 

scintillating fiber hadron calorimeter module for 

GEM. This design is based on 3 mm diameter 

fibers cast within an absorber matrix of lead and 

lead/bismuth alloy. The feasibility of casting 1-ton 

projective towers has been demonstrated by the 

SSCintCAL group, which has constructed several 

1-ton prototypes prepared for a FNAL beam test. 

The absorber consists of a 60% / 40% mixture of 

fine lead shot and eutectic lead/bismuth alloy, 

where low melting-point alloy is percolated 

through a previously assembled fiber matrix/lead 

shot mixture within a mold. The resultant casting 

has higher density and lower cost than is 

achievable by casting fibers within eutectic alloy 

alone, while providing comparable structural 

integrity and dimensional control. Stress/strain 

measurements have shown that the resultant towers 

will be self-supporting under forces indicated by a 

finite-element analysis of a GEM scintillating fiber 

hadron calorimeter. 

While efficient construction may argue for 

simultaneous casting of 4 physics towers as a 

modular "supertower", a single physics tower has 

been shown in figure 2.4-9 for simplicity. The 

lateral segmentation into physics towers is matched 
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with that of the EM calorimeter to .08 (7J) x .08 

(qi), with the option remaining for a future upgrade 
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Figure 2.4-!1 GEM Scintillating Fiber Hadron 
Calorimeter 

increasing the transverse segmentation. The active 

depth of the hadron calorimeter alone is 9 A. at 7J = 
0, increasing to 12 A. at 7J = 3, and it should be 

noted that the BaF2 EM calorimeter provides an 

additional 1. 7 A. of material upstream. Readout is 

accomplished through a mass-fiber splice between 

3 mm fibers within the calorimeter module and 

1 mm clear readout fibers, providing a flexible and 

compact method for aligning mesh dynode 

photomultipliers with the magnetic field. 

2.4.4.2.2 Beam Test of the BaF2+ Scintillator 
HCAL System in 1992 

The primary objective of the FY92 R & D effort 

will be to construct a fully hadronic shower­

containing set of scintillating fiber prototype 

towers embodying GEM's baseline design. The 

prototypes will be characterized in beam tests to 

measure detector performance and subsequently to 

assess alternative manufacturing techniques, to 

establish the mechanical integrity of the 

calorimeter system design, and to refine cost 

projections. The primary objective of the FY92 

engineering effort will be to extrapolate from 

experience with prototype modules to the full 

GEM calorimeter, in particular addressing issues 

of mechanical tolerances, assembly and access, 

support structures, readout systems and cables, and 

optimized production techniques. 

Prior experience with the infrastructure that 

developed in producing the first generation of cast 

fiber supertowers has raised confidence that a large 

fully containing prototype can be produced in a 

timely and efficient manner. The prototype will be 

tested and calibrated using high energy electron, 

pion and muon beams at CERN, together with the 

BaF2 EM calorimeter prototype. The test will 

focus on resolution and effective compensation, 

e/1C separation, and MIP calibration. 

2.4.5 Forward Calorimetry 

Physics with a forward calorimeter covers a range 

of topics and imposes a number of requirements. 

Foremost among these is the measurement of the 

PT of particles close to the beam pipe in order to 

make the best estimate of global event PT and 

therefore missing PT due to neutrinos and other 

weakly interacting particles. Thus the forward 

calorimeter is an important ingredient in the 

construction of a hermetic detector. Missing PT 

signatures that will be sought at the SSC will be of 

order 100 to 200 GeV/c or greater. A modest 
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measurement of the PT of jets in the forward 

direction will be sufficient to ensure that the 

background due to mismeasurement will be small. 

The most critical parameter seems to be the range 

of coverage, i.e., how high in T/ can adequate PT 

resolution be maintained. 

Further study of forward calorimetry is needed. 

One option for th~ forward calorimeter is provided 

by a compromise between the best coverage and 

cosL This is a small forward calorimeter as close 

to the interaction region as possible. For the 

baseline design, the front face of the forward 

calorimeter is 6.5 m from the interaction region. 

Using Tungsten with a small sampling fraction 

gives the densest calorimeter possible and 

therefore the optimal transverse containment of 

hadronic showers. Depth segmentation would 

allow accurate position determination in the first 

segment with adequate energy determination in the 

sum over segments. A premium would be placed 

on extending the sensitive volume of the 

calorimeter as close to the beam pipe as possible, 

perhaps as close as 2 cm from the beam centerline. 

Several technologies are under consideration for 

the forward calorimeter. Work on liquid Argon I 
Tungsten plate geometry, liquid scintillating 

spaghetti and high pressure gas tubes is proceeding 

in parallel. All three technologies are believed to 

perform adequately even in the very high radiation 

fields predicted at this close distance and at the 

higher luminosities projected for later years of 
running. A rough estimate of neutron albedo in the 

central tracking region suggests that the forward 

calorimeters contribute about the same amount as 

the rest of the detector. 

Table 2.4-5 lists some parameters of the close-in 

forward calorimeter. Further study is underway to 

evaluate this configuration. 

Table 2.4-5 Forward Calorimeter Parameters 

Hadronic coverage 
(full resolution) 

Hadronic resolution 
Distance (front face ID IP) 

Depth 
Mean radius 

Weight 
Electronic channels 

3.0< TJ<S.0 

ti.pr /p-r ~ I 0% 
6.Sm 

1.06m 
80cm 

40 t(each) 
1070 each 

2.4.6 Calorimetry R&D Summary 

The R&D program for the GEM calorimeter will 

advance the two systems selected to achieve the 

GEM goal of the best possible electromagnetic 

calorimetry: the liquid argon with accordion EM 

and BaF2 with a scintillating fiber hadron 

calorimeter. The objective of the R&D plan is to 

prepare for a comparison of the two systems during 

FY92, so that a choice is made and funher 

engineered for the Technical Proposal in 

November, 1992. 

R&D on the liquid argon approach will emphasi:ze 

the accordion concept, developing improved 

electromagnetic resolution ~th thinner radiator 

plates (1 mm) and testing liquid krypton in place of 

liquid argon with 2 mm plates. R&D on liquid 

argon hadron calorimetry (plates) will be limited. 

R&D on BaF2 will emphasize developing the 

fabrication process for large radiation hard 

crystals. An expert panel will review the prospects 
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for this achievement before FY92 R&D proceeds. 

In addition the first production-prototype system 

consisting of 81 full-sized crystals will be prepared 

with full speed electronics. 

The R&D for the scintillating fiber hadron 

calorimeter will advance the technique of eutectic 

alloy /fine lead shot module fabrication and will 

include construction of a fully hadronic shower 

containing set of GEM towers for beam test in 

FY92. This test will combine the BaF2 production­

prototype with the scintillating fiber hadron 

calorimeter for evaluation as the GEM calorimeter 

system. 

R&D on the forward calorimetry will proceed on 

liquid argon, liquid scintillator and high pressure 

gas tubes. A silicon strip preradiator prototype 

will be tested. 

[l] B. Aubert et al .. ''Performance of a Liquid Argon 

Elecuomagnetic Calorimeter with an "Accordion• 

Geometry; CERN-PPE-91 - 73, 1991 (Submiucd on 
Nucl. lns!r. and Meth.) 

[2) H. Burkhardt et al., Noel. lnsb'. and Meth. A 268, 116 
(1988). 

[3] GEM Collaboration, SSC-EOI-0020, An Expression of 

Interst to Construct a Major SSC Detector, July 1991. 

[4] CERN Green Book, "ECFA Workshop oo LEP 200·. 
Aachen, Septem~. 1986. 

[5] R. Y. Zhu, GEM Internal Note. 

[6] H. Benson and T. Sjosb'and, "A Manual to the Lund 

Moote Carlo for Hadronic Processes•, PYTHIA venion 

S.S. June, 1991. 

[7] J. Brau et al., "GEM Preradiata•, GEM -TN-91-18. 

[8] R. Y. Zhu, Proceedings of ECFA LHC Workshop, 

Aachen, October 1990, Vol. III, 411. 

[9] F.E. Paige and E. M. Wang, Proceedings of the 

Workshop on Calorimetry for the Supercollider, Mar. 
13-17, 1989, U. of Alabama, Tuscaloosa, Alabama, 

World Scientific, p. 99. 

[10] See for example, H.A. Gordon, Symposium oo Detector 

Research and Development for the SSC, OcL 15-18, 

1990, World Scientific, p. 100. 

[11] J. Colas, Proceedings of the Workshop on Calorimetty 

forthe Supercollider, Mar. 13-17, 1989, U. of Alabama, 
Tuscaloosa, Alabama, World Scientific, p. 553 

[12] B. Adeva et al,, Noel. lnsb'. and Methods, A289 (1990), 

35-102; J. Bakken et al., Noel. lnsb'. and Methods A275 

(1989) 81. 

[13] BaF2 Collaboration, "A Precision BaF2 Crystal 

Calorimetewr for the SSC; R&D Proposal and 

Progress Report Submiaed to the SSCL, Sep., 1991. 

[14] D. Acosta et al,, NIM A 30S, SS (1991); D. Acosta et 
al., NIM A 302, 36 (1991); D. Acosta et al .. NIM A 
294, 193 (1990); R. DeSalvo et al., NIM A 279, 467 
(1989); D. Acosta et al., NIM A 308, 481 (1991); D. 

Acosta et al., NIM A 309, 143 (1991); D. Acosta et al., 
CERN-PPE/91-45 to be pub NIM B; D. Acosta et al., 
CERN-PPEl91-19S to be pub NIM A. 

[15] D. Brown et al., IEEE Trans. Nucl. Sci. (1991); W. 

Worstell et al., IEEE Trans. Noel. Sci. (1990). 
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2.5 The Central Tracker 

The Central Tracker in the GEM detector will 

operate in the 0.8 T magnetic field of the large 

GEM superconducting solenoid. The tracker is 

compact, with a 75 cm outer radius and a total 

length of 300 cm. It covers a pseudorapidity of 

± 2.5. At present there are two options under 

consideration for the design of this device. The 

first uses a silicon microstrip inner tracker 

surrounded by an outer tracker of straw tubes and 

scintillating fibers arranged in layers. This design 

was presented in the Expression of Interest [1] and 

the cost estimates in this Letter of Intent are based 

on this design. An alternate design, employing a 

somewhat smaller silicon microstrip inner detector 

surrounded by Interpolating Cathode Pad 

Chambers is being considered because its lower 

occupancy would enable the detector to operate 

well at luminosities of lo'4 cm-251
• One of the 

criteria for this alternate design is to keep its cost at 

or below the cost estimate presented for the EOI 

design. 

2.5.1 Physics Goals and Design Parameters 

The physics goals for the central tracking in GEM 

can be divided into two categories. The first are 

those features that are required to support the 

primary objectives of GEM, namely the detection 

of gammas, electrons and muons at high f>r. Some 

examples of these are: 

• Identify the primary vertex of an event of 

interest, so that it can be separated from other 

pileup events in the memory time of the 

detector. 

• Separate electrons and gammas using the 

presence or absence of a charged track pointing 

to an electromagnetic shower in the 

calorimeter. 

• Provide track information for e. µ or r 
isolation cuts, and to help with rejection of 

conversions and Dalitz pairs. 

• Help with electron-hadron separation by 

providing a momentum measurement that can 

be compared with the energy deposition in the 

calorimeter. 

• Help with rejection of background by matching 

the muon momentum measured in the central 

tracker with the momentum measured in the 

muon chambers. 

• Determine the electron sign up to 400 Ge V /c. 

The tracker should be able to fulfill these goals 

well at the design luminosity of 1<>33 cm-2s- 1 
• 

These capabilities should also survive to 

luminosities up to 1034 cm"2 s"1
• These minimum 

goals do not require full pattern recognition, but 

can be met by looking for hits in the tracker in a 

specific road extrapolated from the calorimeter or 

the muon system. 

The second category of physics goals are more 

ambitious: 

• Full reconstruction of the charged tracks in the 

event 

• Secondary vertex finding. 

• Tracking at low momenta. 

These features would enhance GEM's ability to 

address issues such as b and Top physics. ·They 
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are mote demanding in that they require pancm 

recognition capabilities and very good vertex 

resolution. It is expected that these more 

ambitious goals can be met at luminosities up to 

1<>33 cm·2 s·1, but probably not much higher. This, 

however, seems satisfactory since the physics 

topics requiring these more ambitious features 

have relatively large crosscctions and can thus be 

studied at luminosities of 1<>33~·1s·1 or below. 

The parameters for the central tracker that will 

satisfy the goals outlined above arc summarized in 

table 2.5-1. 

Table 2.5-1 Desip l'llrameten for GEM Central 

Tracking 

Outer Radius 

Length 

Rapidity Coverage 

Magnetic Field 

Occupancy 
atL= I0'3cm-2s-1 

at L= 1<>34cm-2s-1 

2a charge separation 

Momentum Resolution at 90" 
at high momenta 
(measurement limited) 

at low momenta 
(multiple scattering 
limited) 

Vencx Resolution 
along beam direction 
impact parameter 

70cm 
±ISO cm 
I 111 S:2.S 
0.8T 

s; 1% 
-3% 
ps400GcV/c 

Aplp-2to4% 

6z- l mm 
6 b - 20 µm 
above lOGcV/c 

2.S.2 Silicon Microstrip, Straw Tube and 
Scintillating Fiber Option 

The baseline tracker design, shown on the section 

divider has evolved from the GEM EOI design {1]. 

The traekcr is designed with two distinct systems:· 

the inner silicon tracker and the outer straw tube 

drift chambers with scintillating fibers. The inner 

silicon tracker provides a precise vertex 

measurement and a fine grain track measurement. 

The outer tracker provides the outer measurement 

for the momentum determination. It also provides 

many layers for good pattern recognition and track 

finding. 

2.5.2.l Baseline Silicon Inner Tracker 

The silicon tracker (ST) has undergone minor 

revisions since the GEM EOI. The dominant 

change affects the placement of the silicon ladders 

to provide full coverage everywhere in the 

pscudorapidity range ± 2.S. 

The ST consists of six layers of silicon strip 

ladders. Each ladder is composed of two back-to­

back single sided silicon sensors with a S mrad 

stereo angle between the two sensors. Each sensor 

is 300 µm thick with a strip pitch of SO µm. Each 

pair o[ sensors provides a space point with a 

resolution of 10 µ.m in the r-9 plane and 3 mm in 

the r-z projection. The six layers of ladders arc 
organized into three supcrlaycrs, each of which 

provides a track stub to a track finding algorithm. 

In the forward region the silicon sensors arc 

mounted into disks with the strips projecting 

radially inward toward the beam axis. The ST is 

-2.S m long and extends to a radius of 40 cm. 
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25.2.2 Straw/Fiber Outer Tracker 

The outer tracker is little changed from the EOI 

design [1]. It consists of three superlayers of straw 

drift tubes and scintillating fibers. Each superlayer 

is composed of 16 layers of 4 mm straw tubes 

along the z direction and four layers of 1 mm 

fibers placed in a ZZUV arrangement with a± 10" 

stereo angle for the UV layers. Each superlayer 

will provide a track stub measurement with a 25 

µm r-q, accuracy and a 300 µm r-z accuracy. 

2.5.3 Silicon Microstrip and Interp0lating Pad 
Chamber Option 

Some of the reasons for considering an alternate 

design to the "Baseline Design" described in the 

previous section are as follows: 

• The calculated occupancy in the straw tubes of 

the Baseline Design is well in excess of 10% at 

h 1 · · f 1033 ·2 •1 s· t e ummonty o cm s . mce 

backgrounds in real life are likely to be worse 

than calculated, this technology is marginal at 

1033 cm-2s-1 and not useful at lo'4 cm·2s·1• 

With the Interpolating Pad Chambers (IPC's), 

considerably lower occupancy is possible, even 

at 1o'4 cm-2s-1 • 

• Both the straw tubes and the scintillating fibers 

of the Baseline Design are stereo devices, i.e. 

all of the tracks in the tracker are projected 

onto a plane at the end of the device. In the 

high multiplicity and high luminosity 

environment of the SSC, tracking and pattern 

recognition would be much easier and more 

robust with a "3-D" device. 

• The Baseline Design consists of three different 

technologies (silicon, straws, and fibers). It 

would be an advantage to reduce the tracker to 

two technologies. 

The above considerations seem sufficiently 

weighty to cause serious consideration of an 

alternate design consisting of silicon microstrips 

and Interpolating Pad Chambers. A general 

schematic drawing of this design is shown in 

figure 2.5-1. 

2.5.3.1 The Silicon Inner Tracker 

The details of this silicon inner tracker are similar 

to those described in the Baseline Design of the 

previous section. However, the outer radius is 

reduced to 35 cm, and the overall length to 200 cm. 

25.3.2 The Interpolating Pad Chamber Outer 
Tracker 

The outer tracker consists of 9 layers of pad 

chambers both in the barrel region at radii between 

35 and 70 cm, and in the forward region which 

extends from 20 to 70 cm in radius. The 9 layers 

are arranged in 3 superlayers with 3 layers each. 

Each barrel layer will consist of 16 chambers, each 

covering 24° in azimuth, with the largest chamber 

being 32 cm wide x 200 cm long. The forward 

layers will be divided into trapezoidal chambers 

about 50 cm x 50 cm each. The IPCs in this 

system will be very similar in concept and 

performance to chambers with chevron shaped 

cathode pads which have been constructed and are 

now taking data in experiment E-814 at 

Brookhaven AGS [2]. These chambers have 

various sizes up to 50 cm x 200 cm and have 

obtained a resolution of -50 µm, or -1 % of the pad 

size. 
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Each of the chambers will be tilted in azimuth by 

the Lorentz angle of the gas (-6 to 90) so that the 

E x B effect in the 0.8 T field does not degrade the 

resolution. This tilt also allows the chambers to be 

overlapped, eliminating dead regions due to 

electronics and structural elements (figure 2.5-1 b ). 

The direction of good resolution in these chevron 

pad chambers is ·a1ong the anode wire. Thus the 

wires in the barrel chambers will run across the 

chambers, in the "f direction", keeping the wire 

length between 15 and 32 cm. In the forward 

chambers the wires will also run in the 

"fdirection," with wire length between 10 and 40 

cm. 

In the present design pad sizes are a uniform .6.71 x 
.6.f = 0.001 in all pans of the tracker. This results 

in a total of just under 300,000 pads for the entire 

device. 

The anode wires will be spaced at about 2.5 mm 

intervals. To obtain precision better than the pad 

size in the "9 direction", readout of the anode 

wires is expected in at least one layer in each 

superlayer. A digital readout would provide a 

precision of - 700 µm in this direction. This 

precision in each of the superlayers will provide 

the required 6z - 1 mm to separate event vertices at 

l . . f 1034 ~ •1 h th ·1· a ummos1ty o cm s , w en e s1 icon 

tracker is expected to be out of operation. This 

would require about 60,000 wires to be readout, 

which will be multiplexed at a level that satisfies 

the occupancy requirements. 

The IPC readout electronics for each pad include a 

fast front end amplifier and shaper feeding into an 

analog pipeline which is multiplexed at the output 

by a factor of 256, giving a total of 1200 channels. 

The present design calls for the multiplexed analog 

outputs to be input to Mach-Zehnder electro-optic 

modulators, each of which is connected by a fiber 

optic cable to a remote 9 bit flash ADC system. 

The readout of the IPC wires can be accomplished 

with a simple comparator on each of the 

instrumented wires, followed by a multiplexed 

digital pipeline. 

2.5.3.3 Engineering Design 

The main concern of the engineering design of the 

central tracker is to: 

• Guarantee sufficient rigidity and temporal 

stability so that systematic alignment errors can 
be kept below 10 µm within the silicon tracker 

and below 25 µm in the IPC system, in the 

relevant dimensions. 

• Keep the entire system extremely light to 

achieve an acceptably small fraction of a 

radiation length (between 10 and 20%) in order 

to keep both multiple scattering and secondary 

interactions at a tolerable level. 

Due in pan to the work done in the Silicon 

Subsystem R&D effort [3], the engineering design 

of the silicon tracker is well advanced. The design 

of the IPCs is just beginning. The present thinking 

is to build each superlayer of 3 pad planes as a 

single mechanical unit, as shown in figure 2.5-2. 
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Figure 2.5-1 GEM !!WCOD Microstrip and Interpolating Pad Chamber Option 
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Figure 2.5-2 GEM IPC Detail of Superlayer Module with Cathode Pad AmpHriers 

2.5.3.4 Detector Performance 

Initial calculations indicate that the silicon 

microsttip plus IPC tracker can meet all of the 

design criteria summarized in table 2.5-1. Detailed 

computer simulations of the momentum resolution 

of the tracker at high momenta (neglecting 

multiple scattering, which is negligible above 50 

GeV/c) have been Cllll'ied ouL The resolution as a 

function rapidity is shown in figure 2.5-3. Sign 

selection can be obtained at the two sigma level up 
to 400 GeV/c. A detailed simulation code based 

on GEANT in which the geometry and the amount 

of material in the tracker are faithfully described is 

in progress. This program will be used to cany out 

the optimization of the tracker design. 

2.5.4 Central Tracker R&D Plan 

Of the four technologies being considered for 

GEM central tracking, only two, silicon and IPCs, 

are supported in the R&D program. While there 

are still many unanswered questions about straw 

tubes and scintillating fibers, the SDC tracking 

group is leading extensive R&D studies in both 

these areas, and members of the GEM tracking 

team are participating in some of this work. The 

limited resources available for R&D must be 
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Figure 2.5-3 Tracker resolution in the momentum 
regime where multiple scattering may be neglected 

devoted to providing answers to questions that are 

crucial to the program and that are unaddressed at 

present 

The R&D program for the GEM Central Tracker in 

FY92 has three major objectives with the overall 

goal of determining a final central tracker 

configuration by mid 1992, and producing a 

preliminary engineering design by the last quarter 

of 1992. The objectives of the R&D program are: 

• 

• 

• 

Fully evaluate the capabilities of interpOlating 

pad chambers for use as the outer detector in 

the central tracker. 

Construct Proof of Principle readout and 

trigger electronics for both silicon and IPCs. 

Resolve critical mechanical design issues . 

What follows is an outline of the critical issues 

which will be addressed for silicon and IPC' s in 

order to achieve the objectives in FY92. 

25.4.l Silicon Microstrip Inner Tracker 

For the silicon inner tracker the primary R&D 

effort will be on the front end electronics design. 

Mechanical engineering must also continue on the 

support and cooling systems and on assembly and 

alignment The major issues to be addressed in the 

electronics R&D will be the radiation resistance of 

rad hard bipolar electronics, their power levels and 

speed, design of a digital pipe line and multiplexer, 

1st and 2nd level channel readout, and cabling and 

power distribution requirements. The mechanical 

engineering and R&D study will include the design 

and analysis of an electronics cooling system, 

design of the silicon ladder bridge, developing 

specifications for a double sided wafer and 

developing an in-situ alignment technique. 

25.4.2 Interpolating Pad Chambers 

A vigorous R&D program is required during the 

next year to demonstrate the viability of !PC's in 

the GEM central tracker environment. A key issue 

is the design and cost of rad-hard front end 

electronics. The radiation resistance of the !PC's at 

the gas gains needed to obtain 1 % position 

resolution accuracy must be demonstrated using a 

gas with both the required drift speed and low 

Lorentz angle. It must also be demonstrated that 

the chambers can operate at the required speed 

without degrading the resolution. A mechanical 

design which minimiT.Cs the material thickness of 

the chambers must be developed in conjunction 

with engineering work on the support system, 
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cathode design and fabrication, electronics cooling, 

and gas and power distribution and alignment. 

2.5.43 Other Technologies 

The benefits of devices which provide "3-D" 

readout are also attractive to consider for the inner 

tracker. Both Silicon Pixels and Silicon Drift carry 

this potential and have been considered for use in 

GEM. At prescmt, however, both suffer from a 

low level of technological maturity and the 

development of either for use in this detector 

requires greater resources than are available. 

Interest in these technologies remains very high, 

and any advances which might put these devices 

within range would be welcome. 

[l] GEM Collaboration, "An Expression of Interest to 

Consunct a Major SSC Detector", SSC-EOI0020, July 
8, 1991. 

[2] B. Yu et al., "Investigation of Chevron Calhode Pads 
for Position Encoding in Very High Rate, Gas 
Proportional Chambm", BNL 44748, October 1990. 

[3] W. 0. Miller et al., "Superconducting Super Collider 
Silicon Tracking Subsystem Research and 
Development", LA-12029, December 1990. 
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2.6 Trigger and Data Acquisition 

The first two pans of this section describe general 

features of the trigger and data acquisition (DAQ), 

while the third presents specific. trigger strategies 

along with sample rate estimates. 

2.6.1 Trigger System 

The trigger/DAQ system, shown in figure 2.6-1, 

will follow a conventional three-level approach: 

Level I is synchronous and pipelined; Level 2 is 

asynchronous, but monotonic; and Level 3 is a 

processor ranch. Event rates and latency times arc 

summarized in table 2.6-1. The second column in 

table 2.6-1 specifies the maximum average input 

rate that can be sustained at each Level. To avoid 

overlapping events it may also be necessary to 

"throttle" the Level 1 accepts-i.e. it may be 

necessary to suppress Level 1 accepts spaced by 

less than - I µs. The rate handling capability of 

each level will be ten times greater than the design 

goal for the output rate of the preceding level. 

Although this presents a challenge, such an 

Figure 2.6·1 Block diagram of GEM trlgger/DAQ 
system. 

Lvl. 

I 

2 

3 

Table 2.6· 1 Design goals for lhe GEM Trigger/DAQ 
System. Output rates are for operation at 

L= 1oJ3 cm·2s-t 

GEM Triaaer/DAQ Desicm Goals 

Max 
Av. Rate 

Rate In Out Latencv Comments 

r.2MHz !OkHz 3 •m Svnchronous °'-lined 

IOOkHz 300Hz IOOµs Asynchronous, 
Monotonic 

3kHz IOHz - CPU Ranch 

approach is essential to ensure reliable operation at 

L l
n33 -2 -I . = u cm s and to leave room for running at 

L= 1<>34cm-2s-1 • 

2 .6.1.l Level 1 

The Level 1 trigger decision will be based on a 

reduced set of calorimeter and muon system 

signals, encoded to a minimum number of bits, 

here called primitives. Specifically, trigger towers 

will be formed from electromagnetic (EMC) and 

hadronic (HCAL) calorimeter regions of size 61) x 

&• = 0.2 x 0.2. Analog sums of the calorimeter 

clements comprising each tower will be flash 

encoded and compared to preset digital thresholds. 

Photon and electron triggers will be defined as 

energy depositions in EMC-towers accompanied 

by corresponding HCAL-towcr depositions 

satisfying E~c<l/10. Jct triggers will be 

formed from local sums. Digitally formed global 

sums of trigger towers will allow for total 

transverse (and missing transverse) energy triggers. 

Muon trigger primitives will be generated using hit 

patterns produced through discrimination of the 
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muon chamber signals, which will be projected 

onto look-up tables to define high-Pr candidates. 

A Level 1 trigger decision will be formed for each 

bunch crossing from the global pattern of trigger 

primitives. It will be possible to trigger on single 

high-pr electrons, photons, muons, or jets; on 

pairs of lower Pr leptons; or on any other 

combination of i!1terest. Definition of a suitable 

set of Level 1 primitives is under study. 

To simplify the system design and to avoid 

sampling more bunch crossings than necessary, the 

trigger signals from the Level 1 subsystems will 

tag the bunch crossing of the event. This imposes 

constraints on the design of the calorimeter trigger 

pickoffs and the design of the muon system. 

2.6.1.2 Level 2 

The Level 2 trigger is a distributed, pipelined 

digital-processor system designed around general 

data-driven principles. It will use digitized data 

from the calorimeter, muon, and central-tracking 

systems to refine trigger candidates identified by 

Level 1. 

Calorimeter data with high precision and full 

granularity will be used to apply shower-shape and 

isolation cuts to electron and photon candidates. 

Electron candidates will be further refined by 

requiring stiff (Pr> 10 GeV/c) spatially-matched 

tracks in the central tracker. Investigation is 

currently underway to determine whether this is 

best done in the inner silicon tracker or in the outer 

tracker. Finally, digitized muon information will 

allow a precise determination of muon momenta. 

2.6.13 Level 3 

Level 3 will be a "ranch" of processors having 

access to information from the entire detector. See 

section 2. 7. 

2.6.2 Data Acquisition 

The data acquisition system must provide 

deadtimeless operation at rates up to 100 kHz 

while taking into account the Level 1 trigger 

latency time of 3 µs. The architectures for the 

different components are described below and 

shown schematically in figure 2.6-1. 

2 .6.2 .1 Calorimeter 

After preamplifiers, shapers, and fast trigger pick­

offs, the calorimeter signals will be sampled every 

bunch crossing with the samples stored in analog 

memories (AM). (A digital pipeline approach is 

also being investigated.) Seventeen bits of 

dynamic range will be achieved by splitting the 

input into high-gain and low-gain channels. 

Upon receipt of a Level 1 trigger, up to 5 samples 

per signal will be transferred to a Level 2 

dcrandomizing buffer. The buffered samples will 

be digitized with fast (<!: 1 MHz) 12-bit ADC's. 

The data will then be sent bit-serially to Level 2 

after an approximate 10:1 multiplexing to reduce 

the cable counL 

The ADC will be a custom device, or a commercial 

product, if one with reasonable cost and power 

consumption can be found. 
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2.6.2.2 Muon Pads 

Low occupancy will allow the pipeline delay 

principal to be replaced by a simpler discriminator 

(DISC) driven sample-and-hold circuit (S/H), plus 

an analog derandomizing buffer. Upon receipt of a 

Level 1 trigger, the stored samples will be routed 

through an analog multiplexer to a 9-bit FADC. 

Although many (256 or more) channels will be 

serviced by a single MUX/F ADC combination, the 

readout time will be greatly reduced by using the 

delayed discriminator bits to perform a selective 

scan of only the channels of interest. Digitized 

charge and address data will be sent bit-serially to 

Level 2 . 

2.623 Muon Drift-Wires 

Circuits providing time-stamped leading-edge 

information with 1 ns resolution and multi-hit 

capability are already commercially available. 

With straightforward changes in readout 

architecture these circuits will be suitable for use in 

GEM. 

2.62.4 Silicon Tracker 

The front end of the silicon strip readout is 

composed of a bipolar amplifier/discriminator chip 

and a hardened CMOS pipeline chip. The pipeline 

is split into a Level 1 section, which operates at the 

bunch crossing frequency (62.5 MHz) and a Level 

2 section, which operates at speeds up to 100 kHz. 

Upon receipt of a Level 2 accept, data will be read 

out via a serialized transmission of 640-channel -

wide chip-level data registers. This data will be 

further multiplexed outside the main calorimetry 

and transmitted optically to the counting house, 

where DSP's will be used to zero suppress the 

incoming data. After suppression the expected 

event size is (assuming 5 M channels and 

2 k hits/event) of order 50 kbits. 

The trigger data from the silicon strip detector 

consists of a logical OR of 16 neighboring strips. 

This data is transmitted off-detector, on receipt of 
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the Level I accept signal, via serial links operating 

at bit rates of 4MHz. Trigger processors located 

outside the calorimetry take the data and form 

coincidences between the layers, which provide a 

14 GcV PrCUt-off (by assuming a 500 µm error on 

the beam position). Sectors with candidate tracks 

arc then further processed to rcconsttuct the r - z 

direction of the candidate. 

2.6.2.5 Central Tracker Pads 

The Level 1 delay for the pad chambers will be 

achieved using SCA's in a manner similar to the 

calorimeter readout. In the case of pads, a single 

scale with nine bits of dynamic range will suffice. 

However, the pad electronics will be chamber· 

mounted and will need to be radiation tolerant. 

Analog outputs from the SCA will be combined 

on-chamber via analog multiplexers so as to reduce 

the bulk of cables needed to transmit the 

information from the tracker volume. One 

possibility for high-bandwidth analog links is 

fibers driven by electro-optic modulators [2]. 

Information for the Level 2 trigger can be extracted 

quickly by a selective scan of pads along roads 

defined by the calorimeter-defined electron 

candidate(s). 

2.6.2.6 Dataflow and Event Building 

Subsequent to a Level 2 trigger decision, data must 

be moved from buffers near the detector to the 

Level 3 ranch and be assembled into events in the 

process. Preliminary estimates of event sizes yield 

300-400 kbytcs, but in view of the unccnainties in 

these estimates a size of of 1 Mbyte/event is 

assumed, for a total data rate of 3 Gbytc/s. 

These data will likely be canied over fiber links, 

since such links arc compact, less prone to ground· 

loop problems, and capable of high transmission 

rates (systems operating at 125 Mbytc/s arc now in 

use). In principle only a few dozen parallel links 

will be needed, but practical considerations, such 

as uneven loading induced by the natural divisions 

between detector subsystems, may require 

additional links. 

The event builder accepts sub-event data from the 

parallel data paths, assembles the sub-events into 

full events, and then directs the full events to one 

of the processors in the Level 3 ranch. Event 

builders of varying levels of complexity are 

currently the subject of R&D [3]. Within GEM, 

those options will be investigated along with 

approaches such as using dual·port memory with 

interconnections to both the Level 2 data collection 

paths and the Level 3 ranch. 
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2.6.3 Trigger Strategics and Rates 

From studies of two-jet backgrounds, strategies for 

calorimeter and muon triggers have been 

developed. Estimated rates for each trigger were 

determined using ISAJET and PYTHIA event 

generators combined with a GEANT model of the 

detector. 

2.63.1 Electron and Photon Triggers 

Detection of H0 -+ rr is an important 

consideration in the design of all three levels of the 

GEM trigger. The comparatively indistinct 

signature of a low-mass state decaying to two 

photons requires a Level 1 trigger capable of 

identifying pairs of low-Er photons, a Level 2 

capable of detailed analysis with full calorimeter 

granularity and good energy resolution, and a 

DAQ/Level 3 system capable of digesting 

complete events at rates of 1 kHz or more. 

Monte Carlo studies indicate that for Mu = 80 

Ge V, a Level 1 trigger efficiency of 95±3% can be 

obtained by requiring at least one EMC trigger cell 

with E; > 50 GeV or least two cells with 

ET> 16 GeV (the prime denotes EMC depositions 

with E~dE~LAC > 0.9). At Level 2, a shower­

shape analysis requiring E(3x3) I E(5x5) > 0.9 

where E(3x3) and E(5x5) refer to sums of the 

central nine and twenty-five EMC elements of the 

candidate photon shower. In addition, an isolation 

cut requiring 

2,Er-Er (5 x5) < lOGeV 
R=03 

is applied to each photon. 

If two photons, each having ET > 15 GeV, are 

required, the Level 2 efficiency is 92 ± 3 % . 

Experience based on test-beam data shows that 

similar algorithms, implemented using massively 

parallel arrays of digital signal processors can be 

executed in 15µs [4] -which is already close to 

the goal of 10 µs/event. Selection of electrons 

proceeds along the same lines, but with an 

additional Level 2 requirement of a matching 

charged track with Pr> 10 Ge V /c. 

Rate estimates for the single and double e± I r 
triggers are shown in figures 2.6-2a and 2.6-2b. 

The rates with the combined Level 1 and Level 2 

requirements for H° -+ rr are about 10 kHz and 

100-200 Hz, respectively. These triggers also 

provide acceptance for channels with 'ti -+ e+ e· 

final states. The charged track rate estimates of 

figure 2.6-2a are optimistic in that they do not take 

into account false positives and inefficiencies due 

to pattern recognition failures. 

2.63.2 Muon Trigger 

Figure 2.6-3 shows the raw charged-particle rates 

for each superlayer in the muon system. Charged 

particle punchthrough was calculated using a 

GEANT-based parameterization and includes K 

and tr± decays as well as prompt muons. The rates 

are quite low at all but the largest 11 and are well 

within the rate handling characteristics of the muon 

trigger counters - i.e., resistive plate chambers 

(RPC's) in the barrel and cathode pads in the 

endcaps. This situation bodes well for the 

formation of a robust muon trigger. 
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The Level 1 muon trigger is fanned by identifying 

stiff tracks in the outer and middle muon chambers 

that appear to point back to the intersection point 

(IP) when viewed in the r-' projection, as shown 

in figure 2.6-4a. Muon rates for the various 

triggers, along with the intrinsic rates for high-py 

muons arc shown in figure 2.6-4b. With position 

segmentation of S cm in the barrel region, PT 

thresholds up to·SO GeV can be imposed. The 

requisite resolution can be obtained from either the 

RPCs or the muon drift tubes, the fonner offering 

the advantages of short delay and simple tagging of 

the bunch crossing. In the end caps, segmentations 

ranging from S cm down to 3 mm arc needed. 

Discriminator pickoffs from the muon pad 

chambers will be used for this purpose. Pad 

chamber timing resolution good enough to tag the 

bunch crossing will be obtained by OR'ing layers 

with staggered anode wires. 

At Level 2, a pymeasurement is needed to further 

reduce the rate. Position measurements accurate to 

-500 µm will be used to determine the angular 

deflection (bend angle) of candidate trajectories 

between the middle and outer superlayers, as 

shown in figure 2.6-4a 

[l] S. Kleinfelder, M. Levi, and 0. Milgrome, Nucl. Phys. 

B (Proc. Suppl.) 23A (1991) 382. 

[2] M. Lowry et al. Proc. of Symposium on Derector R&D 
for the SSC, FL Worth TX, p. 542, 1990. V. Radeka et 

al., ibid, p 491 

[3] E. Barsoui, A. Booth, and M. Bowden, Fermilab-Conf-
90/61. 

[4] S. Buono and D. Croseuo, ''Test results of real-time 

algorithms executed on FDPP with SPACAL data", 

CERNJECP 90-6 (1990). 
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2.7 Computing 

This section describes the GEM approach to on­

line computing including "Slow Control'' and the 

"Level 3" filter, data storage, off-line computing 

(processing and analysis), and communications and 

networking. 

Widely-adopted standards, open systems and 

commercial products will be used where those are 

available and of adequate performance. This 

approach will enhance portability, reduce costs, 

and assure professional support. 

The Slow Control functions will be fully 

computerized, and will allow shifts of physicists to 

operate the detector safely and obtain data of 

assured high quality. 

The Level 3 filter will take data from the detector 

at rates up to 3 .kHz and ideally reduce the rate to 

10 Hz before sending it to off-line processing and 

the main mass store. 

In keeping with the goals expressed in section 

2.6.1, the off-line processing will be designed to 

keep up with data coming from the detector 

corresponding to an event rate of up to 100 Hz, and 

to do substantial additional work. 

The expectation is that volume-produced 

components with high speed links to distribute the 

load across the resulting "ranches" will be used. 

By using similar equipment, it is anticipated that 

the on-line computers will be available for off-line 

use when the Collider is not running. The intent is 

to purchase the bulk of the hardware in the 1997-

1998 time frame to maximize capability at turn-on. 

The bulk of the reconstruction (PASSI) will be 

done at SSCL. For the analysis, emphasis will be 

on distributed participation with the master 

versions of the data stored at SSCL, and the largest 

concentration of computing power also at the 

SSCL. This will give more freedom in choice of 

system architecture and help in treating data 

consistently. Consequently, there will be a need 

for wide-band networks reaching all participants, 

including those outside the U.S. If the bandwidth 

is inadequate, data summaries will be transferred to 

analysis centers accessible to those participants. 

A sketch of the GEM computing model is shown 

in figure 2.7-1, and has two main features: the data 

are recorded directly in the final store (there is no 

intermediate moving of tapes from detector to 

computer center), and the off-line initial 

reconstruction pass will keep up with the data from 

the detector. 

2. 7 .1 Organization 

The computing effon will be supponed by a 

central group at SSCL which will build a full 

GEANT simulation of the detector in cooperation 

with the detector subgroups and maintain this 

model through a process of versions and updates. 

This effon will be carried out through a 

coordinator from each subsystem. The group will 

have other functions including maintaining central 

code libraries and data bases, developing solutions 

for managing distributed systems, developing user 

interfaces, coordinating installation of hardware 

and software for the on-line system, and working 
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with the SSCL support groups. To support this, 

there will be coordinators for various activities 

besides simulation: on-line, slow control, 

reconstruction and analysis, networks, non-U .S. 

efforts, etc. One important function will be to 

work with vendors to pursue development of 

network and computer interconnect technology, 

both the hardware and the software, to be sure that 

the GEM systems will function as envisaged. The 

size of this group should increase over the course 

of the project to 10-15 physicists (some of them 

long-term visitors) and 20-30 programmers. 

• Wide band dedicated 
- "Standard dedicated" 

Normal LAN 

1------.-iDeleCICI' 
-·---·---· &DAQ 

O.S-lOGB/I 

~200MB/s : 
multiple ·-. • 

Stonge/File Server : Staging-a G --
Disks -· • • • • 200MB/s • 

• • Off-Line • 
Compu1e Server - -

Fipre 2.7-1 Computlq Model ud Data Flow 

2.7.2 On-line Computing 

This includes the control systems for the detector 

and its subsystems and data bases for Level 1 and 

Level 2 triggers, the event builder, and the Level 3 

processors. 

2 .7 2 .1 Slow control systems 

The slow control system will permit the safe 

operation of the detector by shifts of physicists, 

and have built-in checks to assure that the data 

being collected is of the necessary quality. 

Requirements include starting and stopping runs, 

with a "cold" start in 30 minutes and a "warm" 

start or stop in one minute (not including magnet 

changes). Appropriate alarm systems will be 

included. The control system will send a stream of 

calibration and status data to the main store. 

Detector subsystems will be monitored and 

controlled by a system of workstations using 

common software. The "slow" data acquisition 

and control hardware for this purpose will be pan 

of the detector subsystem . 

2.7.2.2 On-Line(Level3) 

Based on trigger simulations, the event builder and 

Level 3 system is to process up to 3 kHz of events, 

and reduce that to no more than 100 Hz. Event 

si7.e estimates range from 350 kilobytes (kB) to 

more than 1 MB; 1 MB is assumed as a working 

value. With an estimate of 50 SSCUP-seconds of 

processing for each event, 150,000 SSCUPs will 

be required for Level 3 (The SSCUP is 
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approximately a YUP for HEP code). This 

estimate is uncertain and there are plans to improve 

it. 

The resulting stream of data at 100 MB s ·I will be 

sent over a dedicated wide-band network to the 

off-line system and to high-capacity recorders in 

the main store. The event stream may be separated 

into a number (10-20) of output streams of related 

events (e.g., by trigger with some overlap between 

streams), both to case processing and to match the 

capability of the recorders. 

2.7.3 Data Storage 

The data from the experiment will be immediately 

recorded in the single main storage system used for 

all work. Thus all data output from Level 3, from 

the first event to the most recent, will be available 

for study. Storage expectations and requirements 

arc based on the need for 3 PB/yr of data plus 

reconstructed events in a near-line status, where 

any event can be accessed automatically in a few 

minutes. Data summaries will likely be needed to 

facilitate analysis. The main store will thus consist 

of a mix of mass storage devices (e.g., tape robots) 

and fast-access devices (e.g., disk arrays). 

Research into the hardware and software 

architecture of this system is necessary. 

One issue under consideration is whether SSC data 

should be simultaneously recorded in an 

independent system located elsewhere (without the 

requirement of five-year near-line availability) to 

protect against a fire or other disaster destroying 

five years of data. 

2.7.4 Off-line Computing 

The main tasks for the next several years include: 

simulating the interaction of the physics processes 

with the detector, helping refine the design of the 

detector, modifying the simulation in the light of 

test beam experience, testing Level 1, Level 2 and 

Level 3 filter tactics, and developing and testing 

analysis programs on simulated data. This will 

require increasing computing capacity, and the 

current PDSF (Physics and Detector Simulation 

Facility) at SSCL is expected to grow to carry 

much of this effort. Plans should be made to study 

networking inside and outside the laboratory, to 

make fully interactive graphics available off-site. 

The basic requirement for off-line reconstruction is 

based on the CDF estimate (S. Geer, private 

communication) of 2,100 YUP-seconds/MB of 

data for PASS 1, assuming that CPU time is 

proportional to event size. For 1 MB events this 

therefore translates to a need for 210,000 SSCUPs 

of power for GEM's PASSI, to keep up with the 

incoming data during a run. At least one more 

PASSl (e.g., because of re-calibrations) will be 

active, along with a variety of other tasks (DST 

creation, simulation on the basis of experience, 

analysis). Thus there is a total requirement of 

600,000 SSCUPs, larger than the estimate for the 

on-line system. The two requirements are related: 

the data rate into storage may be reduced by more 

complex (and time-consuming) algorithms in 

Level 3, while Level 1 and Level 2 trigger settings 

can reduce the overall flow, allowing less 

processing in Level 3, but keeping the off-line load 

the same. 
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2.7.4.1 Analysis 

It is planned to make large data sets available to 

users, by using high-rate (100 MB s"1
) connections 

to powerful workstations. Typically, a 1 nb sub­

sample may occupy 1 TB, and 50-100 such sub­

samples should be available. The access methods 

will be a subject for a research effort in 

cooperation with SOC. The analysis activity will 

also make use of the off-line computer facility, as 

noted above. 

The desire to make all the event data, the 

calibration data, and any sub-samples part of one 

database clearly favors one central system. 

However, in practice it may be convenient to 

transfer sub-samples to institutions which do not 

have adequate access over a network but which can 

arrange to have appropriate computing facilities. 

2.7 .5 Communications and Networking 

Our strategy depends on the availability of wide­
band networking, in the several Gbit per second 

range, for both LAN and WAN applications. 

Closely coupled systems (e.g., HPPI) for this 

already exist, while high-rate optical fibers will 

become cost-effective. As noted, such networks 

are needed for a variety of purposes: command and 

control, moving data between the on-line and off­

line systems and the storage system, and making 

large samples of data accessible from off-site. 

This latter item will require new network capacity, 

all the way to the end user. 

There is also a need for telcconfcmncing capability 

to communicate between various sites, including 

sites within the ssa... 

2.7.6 Magnetic Fields 

It is felt that the stray field from the base-line 

magnet can be dealt with: the major part of the 

computing facilities can be in fields less than IO G, 

and other items can be shielded. Tests will be 

done to ensure that components operate (shielded 

if appropriate) in the expected fields. 

2.7 .7 Research and Development 

Computer R&D plans arc directed toward 

preparation of the Technical Proposal. They 

include cooperation with SSC ·and SDC on 

database access methods, software methodology 

studies, and system architecture studies. 
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3.0 PHYSICS PERFORMANCE OF THE 
GEM DETECTOR 

3.1 Introduction 

The GEM detector is designed to discover and 

study in detail the physics of electroweak 

symmetry breaking and to search for the origin of 

the meaning of flavor and other new physics by 

high-precision measurement of photons, electrons 

and muons [l]. This will be achieved by using the 

best attainable electromagnetic calorimetry, and by 

measuring muon momenta outside the calorimeter 

in a large open magnetic volume. Hadronic energy 

will also be measured with good accuracy. These 

systems cover the central region, I 71 I S 2.5-3.0, 

where new, high-PT physics will occur. They will 

be able to operate at the ultrahigh luminosities, 

L'?, 1034 cm-2s-1 that may be necessary to study 

the physics of the 1 TeV energy region. The 

central-region systems will be augmented by 

tracking and by forward calorimetry to provide 

missing transverse energy ( j.T ) and limited 

forward jet measurements. 

These physics and design considerations are 

illustrated through the responses made in this 

chapter to the PACs five questions regarding 

GEM's discovery potential, and to the sixth 

question, regarding evolution of the experiment 

beyond initial operation. 1n brief: 

1. GEM will be able to discover the standard 

Higgs boson, If, if it exists anywhere in the 

mass range 80 to 800 GeV. For the most part, 

this will be done in one year at L = 
1033 cm-2s- 1 using the electromagnetic (EM) 

and muon systems. The QCD backgrounds to 

H°-+ rr are larger than realized previously. 

More than ever, defeating these backgrounds 

requires the precision of the EM calorimeter. 

At the high-mass end, the If -+ zi z0 -+ !11-

tr search mode will be augmented by modes 

in which one zi decays into a pair of jets or 

neutrinos. 

2. GEM will be able to find a 250 GeV top quark 

decaying to Wb and/or Wb and measure its 

mass to a few GeV. The ff+ mass could also 

be measured to a few Ge V provided that 

B(r-+ Wb)•BcW-+ qq') '?. 1 %. In addition to 

tagging t t production by isolated leptons, or by 

jets containing muons [1], a new method will 

be used which forces the PT of the top quark to 

be large, with a consequent improvement of the 

signal-to-background ratio. 

3. GEM can discover quickly a 400 GeV r'-+ 
w•b, with very little background from r­

production. The ( mass can be measured to a 

few Ge V with hadronic calorimetry covering 

I 71I<3. A 300 GeV gluino can be discovered 

in one year via its~ signature by employing 

forward calorimetry over 3 < I 71 I < 5. It is 

also possible to discover pair-produced gluinos 

using a like-sign dilepton signature that does 

not require forward calorimetry. 

4. The dijet mass resolution of the GEM hadronic 

calorimeter, using any of the options, is 5 GeV 

for a z0 resulting from the decay of an 

800 GeV H0 and subsequently decaying to a 

pair of jets. This is crucial to the search for a 

heavy Higgs in the ll- jet jet mode. The mass 

resolution for a 1 TeV -z!>' decaying to a pair 

of jets is 3.5%. 

5. GEM's precise electromagnetic and robust 

muon systems give it a unique reach for new 
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physics. This is exemplified by: the ability to 

search for H0 in photon and electron modes; 

reliable access to flavor physics by tagging b­

quarks - hence t-quarks - by measuring 

inclusive muons outside the calorimeter; and 

by the survivability of these systems to 
L= 1034cm-:zs~. The increased power given 

by GEM's ultrahigh luminosity capabilities is 

illustrated by incisive studies that can be 

carried out i~ just one year on a 4 TeV Z' 
decaying to r'J.-, and on a world in which 

quarks and leptons are found to have 

substructure at 25 TeV. 

In the studies to answer the PAC questions, the 

GEM detector has generally been parameterir.ed 

using the baseline design that incorporates: 

1. BaF2 or LAr EM calorimetry, with AE IE= 

(1.5-7.5)% /../Ee 0.5% up to I 11 I = 2.5 and 

with segmentation A71 x ~ = 0.04 x 0.04 

2. Hadron calorimetry with A E I E = 

(50 - 60) % I ../E e 2% and segmentation 

A71 x A' = 0.08 x 0.08 for I 1J I< 3, and 
forward calorimetry covering 3 < I 1J I ;:: 5 

3. Muon measurement for I 1J I < 2.5 in an 

external solenoidal field, B = 0.8 T, with 

ll[>r!p2-r: 10% /TeV for I 71IS1.5. The muon 

system is operable at L = 1034 cm-:z s ~ and 

higher with the single-muon trigger threshold 

raised to about 50 Ge V. 

4. Central tracking giving unambiguous space 

points out to I 1J I = 2.5, rather than projected 

points. 

Signal and background events for the physics 

processes studied were generated with PYTHIA 

5.5 [2] and ISAJET 6.36 - 6.43 [3] and analyr.ed 

with model detectors incorporating the above 

design parameters. Where it was important -

such as in the response of the BaF2 calorimeter to 

isolated-photon candidates from multiple 7r 
0's and 

to hadronic energy, muon energy losses in the 

calorimeter, and issues related to forward coverage 

and '/-r- full GEANT simulations have been used 

to deduce the parameterizations. 

3.2 Search for the Standard-Model Higgs 
Boson 

Question 1: How would you observe a Higgs 

boson in the following mass regions: 80 < M8 < 
180 GeV, M8 = 200 GeV, 400 GeV, 800 GeV? 

Please address the signals, backgrounds, and 

triggering strategies in each case. 

The standard model has been verified to about the 

0.1 % level. If it is correct, there remains to be 

found only the top quark and the standard Higgs 

boson. Theoretical analyses indicate that the top 

quark lies below 200 GeV, within reach of the 

Tevatron collider. The assumption that m, = 140 

Ge V was used in the analyses for the If. 

Experiments at LEP II should discover If if it is 

lighter than 80 GeV. Theoretical arguments 

indicate that new physics must occur near 1 Te V if 
M8 2: 650 Ge V. Therefore, SSC experiments must 

cover thoroughly the range M8 = 80-800 GeV to 

test-or exclude-the Standard Model. If the If is 

heavier than 800 Ge V, it will be so broad that it 

will not be recognizable as a resonance; special 

techniques and extended running at ultrahigh 

luminosity, L-Z 1034cm-2s~. will be required to 

find it. 
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All signals for the Higgs boson at the SSC involve 

photons, electrons and muons, each of which must 

be very well identified and measured if the 

backgrounds are to be overcome. The GEM 

detector's design ensures that If can be found in 

one to two years-ifit exists below 800 GeV. 

3.2.1 Higgs Search: 80 GeV <Mu< 180 GeV 

In this mass range the principal decay modes of the 

Higgs are If-+ ID, ce, and i "'T-. Since these are 

hopelessly swamped by backgrounds, it is 

necessary to rely on the rare decays If -+ rr and 
H"-+ ZZ*-+ ........... -.where l = e, µ. The rr 
mode is useful for 80 GeV <Mu~ 160 GeV and 

the xz• mode for 140 GeV < Mu < 180 GeV. 

The rr mode was studied using PYlHIA 5.5 and 

JETSET 7 .3 [2]; the ZZ: modes were studied using 

ISAJET 6.36 [3]. In both cases, GEANT-based 

parameterizations of the detector response were 

used. 

3.2.1.1 If-+ rr [41 

The H" -+ rr cross section at the SSC varies from 

50 to 200 fb for 80 < Mu < 160 GeV. There are 

two very large backgrounds. The irreducible 

background from qq -+ rr and (j(j-+ rr has a= 

275 pb for Pr> 20 GeV [5]. The second 

background is from misidentified jets alone or with 

single photons. The total rate for jets with P. > 20 

GeV is 2 mb, while the total y - jet rate is 235 nb. 

Since the Higgs is very narrow, the signal will be 

observable provided that the rr mass resolution is 

11Mrrl MrrS 1%. This requires precision 

measurement of the photon energies and spatial 

resolutions of $ 1 mm on the photon vertex and 

the shower positions. Sufficient energy and 

shower centroid resolution can be achieved with 

OEM's proposed BaF2 or LAr calorimeter. A 

venex resolution of 0.5 mm is achievable by using 

the central tracker to determine charged tracks 

associated with the If -+ yy event. 

The real rr background can be reduced by 

requiring l7Jrl < 2.5, Et > 20 GeV, I cos e;t < 0.9, 

and l17wl < 3.0. After these cuts, the rr cross 

section was reduced to 42 pb for Mw > 70 Ge V, 

while the Higgs signal acceptance was at least 

55%. 

Backgrounds from QCD jets and ,..jet production 

were reduced first by isolation cuts. To simulate 

these cuts, dijet and ,..jet events were generated, 

and the EM energy and a part of the hadronic 

energy (determined by GEANT) were deposited in 

the EM calorimeter cells with. parameterized 

shower spreading. A photon candidate with 

transverse energy Bf'°""' was found by summing a 

3 x 3 cluster of cells surrounding the one hit by the 

photon. Charged particles were tracked through 

the magnetic field, and any photon cluster hit by a 

charged particle was rejected. The photon 

candidate was rejected if it did not pass the 

calorimetric isolation cut 

where the sum is over the Er of the cells in a cone 

of size R = ..../ (/171)1:+{1141)2 about the photon cell. 

Based on the expected noise and pileup 

performance of the BaF:-plus-scintillator option 
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and the LAr calorimeter, the following isolation 

parameters were chosen: 

CUI 

E =5GeV 
T ... (BaFt R=0.75 

R=0.60 E = lOGeV (LAr). 
T 

Many of the isolated photon candidates consist of 

several photons from multiple n °'s. A shower 

shape analysis was used to reduce these. The mean 

opening angle, Fi = I. Bi Ei I I. Ei was calculated 

for each candidate from the energies Ei and angles 

Bi of the individual photons. A GEANT simulation 

showed that isolated-photon candidates from 

multiple tf"s can be rejected by their shower shape 

if(f > 5 mrad [6]. For LAr, a more restrictive cut 

at the equivalent of (J = 1 mrad was made, as 

would be appropriate with a preradiator. 

Alternatively, a calorimetric isolation cut using 

clustering to reduce the effect of noise in LAr 

could be implemented, allowing a background 

rejection similar to that for BaF2 [4]. These cuts 

reduced the QCD backgrounds over the range 75-

165 GeVto: 

O',;; = 20 pb O'yj= 21 pb 

(LAr). 

Figure 3.2-1 shows the M71 distribution for MH = 

80, 100, 120 and 150 GeV, after these selections. 

The significance of the signals is 3.0, 5.5, 9.7 and 

9.4 (2.3, 4.3, 7 .3 and 7 .7) standard deviations for 

B~ (LAr) in one SSC year. 

3 .2.1.2 If -+ z z" -+ .IT££ [7] 

This process has the best signal-to-background 

ratio for the mass range MH = 140-180 GeV. The 

10000 
a) H47: BaF1 c) H~n: L. Ar 

5000 

0 

100 150 100 150 

IL,, (GeV) 

Figure 3.2-1 H -+ yy mass distributions and 
background-subtracted mass distributions ror 
various Higgs masses. Left: BaF2 calorimeter. 
Right: LAr calorimeter 

principal backgrounds come from QCD jets, zr· 
and ZQQ, where Q = b, t. Events were required to 

have four leptons with PT> 5 GeV and I 11 I < 2.5, 

at least two leptons with Pr > lOGeV, and 

lOGeV < Mttt2- <90GeV. 

The acceptance for the Higgs signal is 42%. The 

QCD backgrounds were rejected by the isolation 
cut and the Mn-> 10 GeV cuL The remaining 

backgrounds involving a real zO were rejected 

mainly by the second mass cuL 
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The electron simulations were done for the BaF2 
and LAr options. The uncertainties on the event 

venex and shower position were assumed to be 

Oi = 1 mm. Calorimeter cracks were not taken 

into account [8]. To show the advantage of 

OEM's precision EM calorimeter, simulations 

for a "sampling" calorimeter with resolution 

8E IE = 15% I -IE $ 1 % were also performed. 

The muon simulations used the GEM baseline 

muon system; muon energy losses in the 

calorimeter were taken into accounL It is assumed 

that the central tracker can determine the event 

vertex with a, = 1 mm and the track angle to 

within a few mrad. If the angular information from 
the central tracker is lost at L = 1034 cm~ s -4 and 

only the muon chambers can be used, the mass 
resolution for H0 -+ zz• -+ µ• µ- µ• µ- becomes 

only 5-7% worse. 

The signals and backgrounds in the four-muon 

mode are shown in figure 3.2-2, for Mu = 140, 

150, 160 and 170 GeV for a standard SSC year. 

The four-electron channel is shown in figure 3.2-3 

for the BaF2 option, the LAr option, and the 
"sampling" calorimeter. Thee+ e-µ+µ-resolution 

is also excellenL For Mu .. 170 GcV it is 

important to be able to search in all the four-lepton 

channels; discovery in any one channel alone 

would require several year's running at nominal 
luminosity. 

3.2.2 Higgs Search: 200 GcV <Mu< 600 GcV 

In this mass range, the "gold-plated" signals If-+ 
Z"z!'-+ 1t11-12•12-, where 1 = e andµ, can 
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Figure 3.2-2 Mass distribution for ff -+ zz• -+ 
+ - + -µ µ µ µ <Me= 140, 150, 160, 170 GeV) 

be used. The backgrounds come from hadronic 

jets, heavy quark decays, and W± and zO 
production. These were reduced to below the qij 

-+ Z°'z!l background by the same cuts as for the 
zz• mode plus the requirement I Mtt-- Mz I < 5 

GeV. OEM's resolutions permit such a stringent 

cut. At Mu = 200 Ge V, the EM calorimeter 
resolution has little effect on the 4 l mass 

distribution if the zOmass constraint is used. At 

400 GeV and higher masses, the Higgs boson's 

natural width makes the two EM resolutions 

indistinguishable. The mass distributions for the 

·sum of the lepton channels are shown in figure 3.2-

4 for Mu = 200, 400 and 600 Ge V for the BaF2 
EM calorimeter [1]. 
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Figure 3.2-3 Mass distributions for H -t ZZ* -t 
e•e- e +.-.(a) BaF2; (b) Liquid Argon; 
(c) "Sampling" calorimetry (Me= 140, 150, 160, 
170GeV) 

3.2.3 Higgs Search: Me= 800 GcV 

At Me= 800 GcV, the Higgs width is 260 GcV. 
The cleanest signal is still H° -+ Z'Z°-+ lt.l1-
.tt12- but the rate is quite low. With the same 

event selections as for lower masses, 40 signal 

events over a background of 13 were obtained in 

the range 600 GeV < M 41 < 1000 GeV (see 

figure 3.2-4d) [1]. While this might be adequate 

for discovery, confirmation in other modes clearly 

is desirable. Therefore, the modes H°-+ ti -+ 

.l"'r jet jet and .l"r v v , which have larger signals, 

were also considered. 

By far the largest background to this process 

comes from 'z!l-production with associated jets. 

Because the jets have high PT and low invariant 

mass, it is a good approximation to simulate this . 

background by the zO + jet process. This Was done 

using ISAJET 6.43. Events were selected by 

requiring: 

• Two isolated leptons (each with E;' = 5 GcV 

within a cone of R = 0.3) with 177 I < 2.5 and PT 

> 50GeV,satisfying IMrt--Mzl<5GeV 

andfJT u > 200 GcV. 

• At least two jets defined with narrow cones, R 

= 0.2, each with 177 I < 3.0 andPT > 50 GeV, 

satisfying IMii-Mzl < 10GcVandPTii>250 

GcV. 

• M.l.W = 800 ± 150 Ge V. 

The details of the 'z!l-+ jet-jet reconstruction are 

discussed in section 3.5. The Higgs signal and 

background for one SSC year are shown in 

figure 3.2-5. There are 235 signal events over a 

background of 780. The background may be 

determined by studying the sidebands, 71 GeV < 

M6 < 81 GeV and 101 GcV < M8 < 111 GcV. The 

statistical error on the mass determination is about 

7 GeV. The mean of the background-subtracted 

distribution, however, is at 850 GeV, due to 

systematic variation of the acceptance. It would be 

necessary to understand this shift to 10% to make 

the systematic error smaller than the statistical 

one.A more realistic goal of 20-50% would result 

in a systematic error of 10-25 GcV. 
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Figure 3.24 Mass distributions for H -+ 11-i•r and background summed over 1 = e and µfor (a) Me = 200, 
(b) 400, (c) 600, and (d) 800 GeV. 

3.2.3.2 If~ tl-v v [10] 

The most important background for H° ~ l"'r v v 
comes from z0 + jets. ISAJET was used to 

generate 600 k background events in six PT ranges, 

from 50 to 3600 Ge V. The detector response to 

these events was simulated incorporating the 

following effects: 

• 7Jmax for hadron calorimetry coverage was 

varied over the range 3.0-5.5. 

• The effect of the transition between the end cap 

and forward calorimeters at I 7J I = 3 was 

studied using a GEANT shower library for the 

forward region, 2.5 < I 7J I < 5.0, with the 

forward calorimeter 6 m from the interaction 
point [11]. 
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• The effect of the e/h response of the 

calorimeter was studied using a 

parameterization for LAr (with e/h = 1) and 

for BaF2 plus spaghetti (with 1 $ e/h $ 2) (12]. 

In addition to lepton cuts similar to those used for 

other channels, events were required to have no jet 

(defined by R = 0. 7) with PT > 50 Ge V in the ip. 

cone 180° ± 45~ opposite the reconstructed Z~ 
This removes events in whichET is carried away 

by neutrinos. 

The background for various rapidity coverages is 

shown in figure 3.2-6 for one SSC year. The 

background is insensitive to 7JDWt ~ 4.0 for MH;? 

600 GeV. The effect of the calorimeter response is 

insignificant for 1.0 S e/h S 2.0. Figure 3.2-7 

shows the signal and background for MH = 800 

GeV and 7Jmax = 5.0. There are 50 signal events 
over a background of 34 with 250 GeV < ;.T < 
500GeV. 
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Figure 3.2-5 Signal and backRJ"Olllld for H -+ l'r u 
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3.2.4 Higgs Search Trigger Strategies 

The details of the GEM trigger strategies are 

presented in section 2.6. Here, the strategies most 

crucial for the Higgs search modes involving 

photons, electrons and muons are briefly outlined. 

Recall that the ET and PT cuts used for the various 

Higgs searches were: 

H°-+ rr ~ > 20GeV 

If-+ zz• ~ 4 leptons withp~> 5 GeV 
~2leptonswithPT> IOGeV 

H°(800GeV) p; >50GeV 
JJ¥ > 200GeV 

3.2.4.I Photons and Electrons 

The Level I (LI) trigger for H°-+ rr and H°-+ 

e+e- e+e- requires at least one EM cell with ET > 

50 GeV or at least two cells with ET > I6 GeV. 

The strategy for reducing the LI trigger rate while 

maintaining high efficiency for the signals is to use 

matching electromagnetic and hadron calorimetry 

(ECAL and HCAL) groups. Typically, an ECAL 

group covers a17 x a'= 0.2 x 0.2, i.e., S x 5 ECAL 

cells. Each ECAL group is matched with an 

overlapping HCAL tower behind it. An HCAL 

veto, requiring that ET(HCAL tower) < 
O. I • ET (ECAL group), is used to reject the QCD 
background. This L 1 trigger reduces the QCD 
background to I0-20 kHz, while its efficiency for 

the Higgs signals is better than 85%. 

The L2 trigger uses calorimeter information to 

require that each cluster satisfy: 

1. The ratio of the sums E(3 x 3) /E (5 x 5) > 0.9, 

where E(n x n) is a sum over the highest-

energy EM cell and the n2-l cells surrounding 

it. 

2. An isolation cut which sums up the excess ET 

within R < 0.3 and requires that it be less than 

IOGeV. 

This reduces the L2 rate to a few hundred hertz. 

3.2.4.2 Muons 

GEM's measurement of muons outside the 

calorimeter where particle rates are low means that 

it can trigger efficiently on both relatively low-pT 
muons at L= I033cm-2s-1 and moderately high­

PT muons from TeV -scale sources at 
L= 1034cm-2s-1

• The raw muon rates for 171 I < 
2.5 at L = I033 cm~s-1 have been computed 

from minimum bias events, QCD dijets, t t 
production, W± + X, z0 + X and Drell-Yan 

production ofµ•µ-; they are shown in table 3.2-1 

for several values of PT. 

Table 3.2-1 Muon Production Rates at L = 10
33 

cm 
4 

s -I 

~ (GeV) 

5 
IO 
20 

9.Ik 
1.9k 
280 

NW' (Hz) 

88 
I7 

5.0 

The LI trigger will be designed to require one 

muon with PT> 20 GeV or two muons with PT> 

IO GeV. The hits in the barrel muon chamber drift 

tubes or the forward chamber pads can be 

combined to form a crude PT cut for the LI trigger 

which ranges down from about 50 GeV. At 
L= Hl33cm-2s-1 and for I 11 I < 2.5, an LI rate of 

about 3 kHz (lkHz) for a PT cut of 20 GeV (50 
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GeV) is expected. An actual PT measurement is 

made by the L2 trigger. The L2 rates are about 

1 kHz and 100 Hz for PT cuts of 20 Ge V and 

50 GeV. At Level 3, a close-to-final measurement 

of p¥ is made and a rate of only a few hertz is 

expected for Ml¥' = Mz ± 5 Ge V. 

3.3 Top-Quark Physics 

Question 2: Assume a top quark with a mass of 

250 GeV. How is it discovered in your detector? 

How accurately could the mass be measured? Can 

its decay propenies be determined? For example, 

if the top decays to a charged Higgs with a mass of 

150 GeV, at what branching ratio level can this 

process be detected? 

The top quaD: will be important at the SSC for its 

own sake and as a background and signal for new 

physics. Therefore, it is important to study top 

production in detail, a task for which GEM is very 

well suited. 

GEM can exploit the large tf cross section and 

then rely on its muon and calorimeter systems to 

discover and weigh the top by several methods. 

The simplest analysis relies on finding isolated 

e± µ+ events from W and W decays, with events 

tagged by inclusive muons from b-quarks [1]. H 

the theoretical enor on the cross section is 50%, as 

seems plausible, then the rate for these events 

determines m, to about 10%. Various 

distributions, such as Meµ , may be used to 

determine m, A more refined mass 

determination involves tagging both an isolated 

lepton and an inclusive muon from one t-decay and 

then reconstructing the recoiling trijet system from 

t-+ Wb [lJ. 

3.3.1 Top-Quark Discovery and Mass 
Determination 

Because the ii rate is so large for m1 = 250 GeV, 

a new method that gives a very good signal-to­

background ratio by cutting harder on the events is 

described here. The only significant background in 

this method is w± +jets production. fl events and 

background were generated using ISAJET 6.43. 

The detector response was simulated incorporating 

the GEM segmentation and resolution. Events 

were selected having an isolated electron or muon 

with PT> 30 Ge V and at least four jets with PT> 50 

Ge V found using a nanow cone, R = 0.2. Only the 

four highest-PT jets found were used in the 

analysis. The jet cones were then expanded to R = 

0.7 to determine the jet energies. The reason for 

using this two-step process is to distinguish three 

jets from a top quark even when they are 

somewhat overlapping. The lepton plus the nearest 

jet were required to be within R = 2.0, and to have 

I ii! 1+ p;jcl I > 250 GeV, thus forcing the top to 

be produced at high PT. 

After one jet had been associated with the lepton, 

the three remaining jets were identified with the 

recoil tor 1 , provided that they were within R = 1. 

They were required to have a combined 

p T > 350 GeV, and to satisfy 

E-r(R = 1.0) I E-r(R = 1.3) > 0.95, consistent with 

the expected noise and pileup for either calorimeter 

option. 

After these cuts, the masses of all pairs of jets in 

the recoil system and the mass of the whole recoil 

system (R < 1.0) were calculated. The pair mass, 

figure 3.3-1, shows a narrow peak slightly higher 

than the W mass. The full mass, figure 3.3-2, 
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shows a peak close to the assumed top quark mass 

with am= 13 GeV and very little background. 

The background is dominated by combinatorial 

effects of the ii events themselves, although the 

vi+ jets background also contributes. 

These selection criteria are quite restrictive, but 

since the ii cross section is large, the accepted 

cross section after all cuts is still 1 pb. The signal­

to-background ratio is substantially better than the 

SDC analysis [13] using a vertex deteetor tag and 

is comparable to the L • analysis using a double 

muon tag of ab jet [14]. The statistical error on 

the top mass is negligible. The error will be 

limited by how well systematic effects are 

understood. The calorimeter resolution and jet 

reconstruction can be checked by looking at the 

w± -+ qq' mass, and the effects of higher-order 

QCD processes and the underlying event can be 

studied by making a similar selection fore±µ+ 

decays. Given all these handles and the small mass 

shifts found in this simulation, it appears that m1. 

can be determined to a few GeV. 

3.3.2 Top Decays: t -+ Ir b 

If there is a charged Higgs boson lighter than the 

top quark, then the standard decay t -+ w+ b and 

the nonstandard decay t -+ Ir b are expected to 

be comparable. The Ir is expected to decay either 

into cs or -r+v. 

The method for detecting and reconstructing 

t-+ H+b, with Ir-+ cs, is similar to that just 

discussed for t-+ w+b. Top events with one 

standard semileptonic decay and one charged 

Higgs decay were generated assuming m1 = 
250 GeV and MH = 150 GeV. Events were 
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selected as described above. In addition, the event 

is vetoed if any di jet mass satisfied 60 Ge V < Mii < 
100 GeV. This removed events in which both top 

quarks decayed to Wb. The re.constructed dijet 

mass distribution is shown in figure 3.3-3, 

assuming branching ratio B(t ~ H+ b ) • 

B(W ~ cs) = 1 %. This is to be compared with 

the dijet mass distribution for standard model 

decays, after the Mii cut, also shown in 

figure 3.3-3. A 1 % branching ratio gives a 9.5<7 

(statistical) effect with 510 events on a background 

of2860 in 128 GcV < Mii < 172 GcV. 
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Figure 3.3-3 Reconstructed dijet mass distributions 
from t•decays with M.11 = Mw ± 20 GeV veto. 
Dotted: t -+ H+b with a 1 'li. combined branching 
ratio. Solid: t-+ w•b (with limited Monte Carlo 
statistics) 

If W ~ i-v is the charged Higgs' dominant decay 

mode, one must bigger on one scmileptonic top 

decay and look for violations of e-µ-i­
univcrsality in the other decay. The i-~ nv decay 

should be well identified in GEM using the vertex 

detector to see a displaced vertex and requiring a 

match between the hadronic energy in the 

calorimeter and the momentum of the single track. 

About 2% of the i-~ nv decays are found to give a 

pion with Pr> 50 GeV. Therefore, a 2% combined 

branching ratio B(t ~ H+b)-B(W ~ i-+v) would 

give a statistically significant signal of 400 events 

on a background of 2000. 

3.4 Missing Energy Signals 

Question 3: To demonstrate the missing Er 

capability of your experiment, show the discovery 

capability for: (a) A 400 GeV quark which decays 

to b+W; (b) A 300 GeV gluino. For purposes of 

background calculations assume a top mass of 150 

GeV. Include the effects of initial state gluon 

radiation, missing muons and neutrinos, pileup, 

and clustering uncenainties. 

Detector-induced backgrounds for missing 

transverse energy ( tr) have been studied using a 

combination of ideali:zed calorimeter simulations 

and full GEANT shower simulations. The 

ideali:t.ed calorimeter, with uniform segmentation 

671 = &• = 0.1 for 71 < 6 and perfect energy 
resolution, was used to study tr distributions for 

20000 jct events generated with ISAJET 6.43 for 

50 GeV < pt-i•'< 800 GcV. A UAl-typc jet 

algorithm with a cone R = 0.7 was used to find 

clusters with Ey > 10 GcV. Figure 3.4.1 shows the 

j.T distributions calculated using the whole 

calorimeter and using the sums of clusters in 

various 71 intervals. Evidently, for t,.;:: 100 GcV, 

it is sufficient to sum clusters, implying that pileup 

of soft events is not very imponant. Also, 
covering 71 S 5 avoids dominance of the cross 

section for t,. 2: 100 Ge V by backgrounds from 

detector effects. Less 71 coverage is sufficient for 
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larger j.T or to measure~ in selected events, as 

illustrated in the t' analysis. 

Full GEANT shower simulations have been canied 

out to study the contribution of the edge at 

T/ .. 3.0 between the endcap and forward 

calorimeters [11]. This effect, which was included 

in the gluino study does not give a dominant 

contribution to the j.T distribution. Full 

simulations have also been cairied out to determine 

the PT resolution of the forward calorimeter, with 

the result that ~I PT < 10% for particles whose 

showers are contained [10]. This resolution was 

added to the jdeaHm:J calorimet.er for clusters. with 

T/ > 3. It was found to increase the~ cross section 

by less than a factor of two for j.T~ SO GeV, 

decreasing at larger j.T [15]. It is expected that 

more complex signatures which rely mainly on ~ 

to reject the background will require similar T/ 

coverage. 

3.4.l Search fort'-. Wb, m, '= 400 GeV [16) 

If a 400 GeV heavy quark decays dominantly into 

W b, then its signatures are similar to the t, which 

is the dominant background. ISAJET was used to 

generate t 't' and t t events with 50 Ge V <PT < 
800 GeV; the cross sections are 200 pb and 10 nb 

respectively. The detector response was simulated 

using the GEM calorimeter resolution and 

segmentation, with coverage extending either to 

T/max = 3 or to T/max = S. Events were selected 

containing one isolated lepton with p 4 > 150 Ge V 

and I T/ I < 2.5, ~ > 100 GeV, and four jets 

withp,.> 50 GeV in R = 0.7 and I T/ I < 2.5. Then 

the t' mass was determined either by combining the 

w±-. 1%y momentum with that of a jet or by 

reconstructing the jets from the other t'. 

The w± -+ 1 ±v can be reconstructed using the 

two components of~ plus the constraint of the w± 
mass to calculate pt. The w± was required to 

have p ~ > 200 GeV and I T/w I < 1.S; both 

solutions of the quadratic equation were used. It 

was then combined with any of the four jets 

satisfying cos ("' - lfl;) > - 0.8 to form the mass. 

Even calorimeter coverage for I T/ I < 3 gives 

sufficient resolution to produce a peak at about 388 

GeV with a full width of 46 GeV, as shown in 

figure 3.4.2. The background under the peak is 

dominated by combinatorial background from the 

ft' events rather than by tt or w±-+ n-jer events. 

If the calorimeter extends to I T/ I = S, then the 

width is reduced to 34 GeV. 
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The more direct approach is to select as before a 

leptonic decay, missing energy, and at least three 

jets, and to reconstruct the mass of the recoiling 

jets. The W -+ jj is found as a single jet with 

R = 0.7 and combined with the other highest Pr jeL 

The combined system is required to have PT> 450 

GeV to reduce the combinatorial background. 

These cuts left 0.2 pb of the t ' signal. The 

resulting mass distribution (figure 3.4-3), shows a 

clean peak at 378 GeV with a width O"M • 25 GeV. 

As for the t, the error on the t ' mass will be 

limited by systematics at the few GeV level. 

Comparing the rates and distributions for the two 

analyses could provide a first hint of nonstandard 

t' decays. 

3.4.2 Search for Gluinos, mg = 300 Ge V [17] 

For this analysis, the minimal supersymmetric 

extension of the standard model [18], with two 

Higgs doublets and superpartners for all the nonnal 

particles, was assumed. Since there is a conserved 

1500 

~ 
~ 
~1000 -
i 

0 

t-1oose cuts: Nj ~3 
Efjj > 300 Ge V /c 

[l·tight cuts: Ni~ 
lfjj > 450 GeV/c 

500 1000 

Jet· Jet Mass (GeV) 

Figure 3.4-3 Two jet mass distribution from t ' -+ Wj 
wltb W -+ D reconstructed as one jet 

R-parity, the gluinos cascade down to the lightest 

supersymmetric particle, X1°, which is stable and 

escapes the detector, giving the characteristic "tr 
signature of supersymmetry. It was assumed that 

squarks are heavier than the gluino. Then all 

gluino decays are calculable in terms of three 

parameters, the gluino mass mg , a supersymmetric 

Higgs mass µ, and tan P = v2/ v 1• For this 

analysis, mg= 300 GeV, µ =-300 GeV, and tan fJ 
= 2 were chosen. 

The physics backgrounds to the "tr signature are 

heavy quark production and w± and z> production 

at high PT· Signal and background events were 

generated with ISAJET 6.43 and put through a 

calorimeter simulation incorporating the GEM 

segmentation and covering I T/ I < 5. The energy 

resolution was calculated taking into account dead 

material from a detailed design of the 

EMPACT/TEXAS liquid argon calorimeter, 

including the cracks at I T/ I .. 1.5 between the 
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barrel and endcaps. The resolution for the GEM 

liquid argon calorimeter is expected to be similar. 

The effect of the transition at I 71 I = 3 between the 

endcap and forward calorimeters was also 

included, based on a parameterization of a full 

GEANT shower simulation of single particles in 

this region. Shower spreading was not explicitly 

included elsewhere, but a separate GEANT 

simulation showed that shower spreading in the 
forward calorimeter gives APT I PT :5 10%; this 

does not dominate the overall observed ir 
distribution (10,15]. Hence, the backgrounds 

found by this analysis are believed to be realistic. 

Jets were found using the UAl cluster algorithm 

with R = 0.7. Events were selected having at least 

5 jets with~> 75 GeV and I 71 I < 3, a transverse 

sphericity ST > 0.2, and no muons or isolated 

electrons with Pr> 20 Ge V and I Tl I < 2.5. While 

it is important to study leptonic decays of gluinos, 

the lepton veto improves the signal/background 

ratio, presumably by removing ii events. The tr 
cross sections for the signal and the backgrounds 

after these cuts are shown in figure 3.4.4. This 

signal should be quite convincing after careful 

Study Of the heavy quark and W± and zO 
backgrounds. 

Since the gluino is a Majorana fermion, gluino 

pairs give substantial cross sections for isolated 

like-sign dileptons, 110 pb for the case considered. 

The standard model physics backgrounds, 

including fi and w~± events, have been shown 

to be small (19]. Thus, only detector-induced 

backgrounds were considered here. The momenta 

of the muons are easily measured. For 

Giuinos, M = 300 GeV, µ = -300 (GeV) 

-·--'-i . . 
I 

• __ 1 

I I 
·-; !"~ r·1 

~- 1 ! i 1 1·-: 
I._· • I 

i 0-1 L.L...w..J...J...w.....1....1__.__.._._.._._ ......... ~~--
o 200 400 600 800 1000 

Figure 3.4-4 ir signal after cuts for 300 Ge V gluino 
and backgrounds. Solid: gluinos. Dashed: heavy 

0 -quarks. Dotted: Z -+ !IP 

the electrons, the central tracker resolution is taken 

to be Gaussian in 1 I PT with 

/:J.(1/pr) 
(I/PT) £PT 

/:J.(l/p~ _ (sin §>)2 

(1/PT) - £PT sin 9 

Tl< 110 

Tl > 110 

where e = 2 x 10-3 Ge V-1 and 710 = - In tan ( §>/ 2) 

= 1.5. The significance of the sign determination, 

S = (llpT) I /:J.(llPT). is plotted in figure 3.4.5 for 

electrons from gluino events. The signs of about 

90% of the highest-PT electrons and almost all of 

the next-highest ones are determined to 30' or 

better. Even if the gluino mass were 0(1 TeV), the 

GEM central tracker would still be useful. 
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Figure 3.4-5 Significance of sign determination for 
like-sip electrons from 300 Ge V gluinos. Solid: 
highest-PT electrons. Dashed: next highest-PT 
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3.5 Jet Energy Resolution 

Question 4: Demonstrate the jet energy 

measurement of your proposed detector by 

studying the decays (a)~-+ jet+ jet (specify the 

~ production model used): (b) ~, -+jet +jet 

(Mz'= I TeV: assume standard couplings). 

The effect of the GEM calorimeter's energy 

resolution and. segmentation on dijct mass 

resolution was studied for the processes 

t'--. jct + jct and t'' --. jct +jct where the t' 
came from the decay of a heavy Higgs particle and 

a t'' mass of l Tc V was assumed. It was found 

that a major contribution to the jct-jct mass 

resolution is "intrinsic" to the measurement of jets 

in a calorimeter and that the proposed calorimeter 

options do not seriously degrade the resolution that 

could be achieved with a perfect calorimeter. 

Both GEM electromagnetic calorimeter options 

have good energy resolution for photons and 

electrons. For single hadrons, GEANT studies of 

the proposed systems have shown that a resolution 

of 50% I -./E EB 2% can be achieved. This is 

consistent with test beam results obtained for 

spaghetti and liquid argon calorimeters. The GEM 

calorimeter is designed to have a transverse 

segmentation, both in T/ and in q,, of 0.04 in the 

electromagnetic section and 0.08 in the hadronic 

section. It has been shown that this segmentation 

has little effect on mass resolution once account is 

taken of transverse shower spreading in the 

calorimeter [20]. 

The calorimeters proposed by GEM arc not 

perfectly compensating. This is particularly true in 

the nonsampling electromagnetic section (BaFi). 

Recent GEANT studies have yielded a 2% 

constant term for jets as long as the backup 

hadronic calorimeter is nearly compensating. 

While this result must be verified in future test 

beam studies, it seems that the effect of a 

noncompensating electromagnetic section may not 

be very severe. We will include this additional 2% 

constant term below to give our best estimate of 

the effect of a noncompcnsating calorimeter. 

3.5.1 Mass Resolution int'-+ jet+ jet [9] 

The study oft'-+ jet+ jct used t'•s from the 

decay of 800 GcV Higgs particles, H°-+ .t"'rq q. 
This gives energy and PT distributions for the t' 's 

which arc relevant to SSC physics processes. 

Events were produced using ISAJET 6.43. (The t' 
line width is not included in this generator.) The 
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selection of the If-+ .ll-q q events was described 

in Sec. 3.2.4. Recall that in addition to the ~-+ 
.l"'r selections, two jets with py > 50 GeV in 

narrow cones, R = 0.2, were required. The cones 

were then expanded to R = 0.7, and the sum of the 

two jets was required to have .PT> 250 GeV. The 

dijet mass was calculated by summing the four­

momenta in a cone R = 0. 7 around the sum of the 

jet pair, treating calorimeter hits as massless 

particles. Events were vetoed if the extra energy 

between R = 0.7 and R = 1.0 around this axis was 

greater than 5 % of the total. 

With the above mass reconstruction method, three 

important effects, "intrinsic" to the measurement · 

of jets with a calorimeter, contribute to the 

resolution: 

1. Energy carried away by undetectable neutrinos; 

2. Hadrons from the fragmentation of a quark 

falling outside the cone which defines a 

reconstructed jet; 

3. Particles from the underlying event falling 

within the jet defining cone. 

The mass resolution achieved by the above method 

with a perfect calorimeter is 2.6 GeV. Effects 2 

and 3, which arise from the difficulty of jet 

definition after fragmentation, are larger than the 

effect of missing neutrinos. The cumulative effect 

of segmentation and energy resolution of the 

calorimeter is shown in table 3.5-1. All resolutions 

quoted are standard deviations of gaussian fits to 

the peaks of the distribution (see figure 3.5-1 ). 

Note that the segmentation effect will be present in 

any calorimeter due to transverse shower 

spreading. 

Table J.5-1 z0-+ jet+ jet Mass Resolution 

Condition Resolution 

(cumulative) (GeV) 

Perfect detector 2.6 

0.08 by 0.08 segmentation 3.9 

50%/..JE ES 2% resolution 4.8 

Additional 2% constant term for jets 5.1 

Figure 3.5-1 shows the reconstructed mass 

distribution including all effects except the 

additional 2% constant term due to non­

compensation. The high and low energy tails are 

almost entirely due to the effects present in a 

perfect detector. Other studies, too detailed to be 

reported here, have also been made. For example, 

by vetoing events with charged leptons, one can 

slightly improve the resolution because events with 

missing neutrinos are eliminated. The resolution 

can also be improved, at the expense of a reduction 

of the acceptance, by making a restrictive isolation 

CUL 

3.5.2 Mass Resolution in ZV-+ qq [21] 

The process ~' -+ qq, with Mz' =1 TeV, was 

generated with PYTHIA version 5.4. An ~model 

with a very narrow width (sin 86 = -1, rz•= 6 

Ge V) was used in order to understand better the 

effects of clustering, segmentation, and energy 

resolution on the dijet mass resolution. 

Page81 



20.0 

17.5 

;;. 15.0 

12 ii 12.5 
>:' 
~ 10.0 

~ c 7.5 

& 
5.0 

2.0 

0.6757(-01 
18.40 
01.2• 
•.909 

o~~~ .......... ~..........:~~~~i-......J 
80 100 120 140 60 

Mjj (GeV) 

Figure 35·1 Reconstructed Z
1 -+ D mass distribution 

Including au enects except tlle addltioul 2 ~ 
CCJDStant term 

In the detector simulation, particles were assigned 

to calorimeter cells. The improved granularity of 
the portion of hadronic energy deposited in the 

electromagnetic section was ignored; it is assumed 

to be a small effect. Hadrons optionally were 

given a finite lateral shower si7.e based on a simple 

analytic ansatz. Energy resolution for individual 

particles was applied assuming the fonn 4E IE = 
a 1-./E E9 b, where a and b will be specified below. 

A UAl·type cluster algorithm was perfonned on 

the calorimeter cells using R = 0.7. The invariant 

mass of jet pairs were then fonned, and the pair 

yielding a mass nearest Mz' was retained, 

provided the rapidity of both jets was less than 2.5. 

The resulting mass distributions, shown below for 

two cases, were then fit to a gaussian distribution 

near Mz' plus a polynomial background. The 

resolution is defmed as aM I M, where aM and M 

are the standard deviation and mean of the fined 

gaussian, respectively. The mass resolution was 

determined for four cases: 

1. Perfect energy resolution was assumed. The 
intention here was to determine the "intrinsic" 
resolution for jet systems. To a lesser extent 
the contribution from the finite transverse 
tower granularity is included, but this is 
relatively small. The fined mass distribution is 
shown in figure 3.5·2. 

2. Energy resolution was included for .individual 
particles with parameters a = 0.075 (0.50) and 
b = 0.005 (0.02) for the electromagnetic 
(hadronic) components of the showers. There 
was no degradation of the dijet mass resolution 
in this case. 

3. Same as 2, except that finite shower widths 
were included as mentioned above. 

4. Same as 3, except an additional 2% constant 
term is added to the jet resolution to account 
for the lack of compensation. Figure 3.5·3 
shows the mass distribution for this case. 

The results are summarized in table 3.5·2 below. 

The dijet resolution is dominated by "intrinsic" 

effects. While the calorimeter has some effect, it 

does not worsen the resolution due to clustering 

very much. Small departures from the parameters 

used here result in minor differences from these 

results. 

Table 35-2 z" (1 TeV)-+ jet+ jet Mass Resolution 

Condition Resolution 
(cumulative) (%) 

Perfect detector with GEM 
segmentation 2.8 

50% 1-.JE E9 2% resolution 2.8 

Transverse shower width included 2.9 

Additional 2% constant term for jets 3.5 
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3.6 Complementarity of GEM to SDC 

Question 5: Demonstrate the complementarity of 

the proposed detector and physics goals to the 

SDC. 

There will be new physics in the TeV energy 
region, but the nature of that physics is not yet 

known. The SSC experimental program must 

cover the full range of existing ideas, with the 

flexibility to go beyond them as theory and 

experience dictate. All proposed new physics 

signatures involve photons, electrons, muons, jets, 

heavy flavors and/or missing energy. The 

complement of SSC detectors must measure all 

these signatures with precision and good 

background rejection. Thus, GEM will be 

complementary to the SDC detector if: 

• It is significantly better than SDC in certain 

areas, allowing a broader range of discoveries. 

• It has significant overlap with SDC in other 

areas, providing independent cross-checks. 

To discuss quantitatively OEM's complementarity 

to SDC, it is necessary to know what SDC is. As 

this is being written, the SDC design is still 

evolving from that presented in its LOI [13). 

Presumably it will continue to emphasize precise 

tracking in a large volume with the solenoid in 

front of the calorimeter. Up to I T/ I = 3, it will 

have electromagnetic and hadronic calorimetry 

with EM resolution in the 15%1 fk e 1 % range; 

coarse hadronic calorimetry will cover I T/ I = 3 to 

- 5. The muon measurement will cover up to 

IT/I =3,withApJp,..Z .. 13%/TeVupto 1111 = 
1.5, achieved using the central tracker. 
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The GEM design philosophy emphasizes precise 

photon, electron and muon measurements which 

arc robust at high luminosity. The design 

parameters were summarized in section 3.1. The 

precision and robustness of GEM's calorimetry 

and muon systems give it the capability to 

discover new physics processes. A partial list of 

physics topics for which it offers unique s~ngths 

includes: 

1. Search for the Higgs in the channel If-+ yy, 
for 80 GcV S MH s 160 GeV. (Sec section 

3.2.2.) 

2. Search in the rr channel for other light scalar 

bosons (h0
, n¥-> occurring in nonminimal and 

supcrsymmetric extensions of the standard 

model and in technicolor models of 

electroweak symmetry breaking [22]. 

3. The best mass resolution for If -+ 'ZZ -+ e• e­
e· e- for 140 GeV S MH S 180 GcV. (section 

3.2.2.) 

4. Measurement of the spin of a Higgs (or similar 
particle) in the mass range 140 GcV S MH S 

400 GeV using the angular distribution of the 
muons in H"-+ l'J:l''l at ultrahigh luminosity, 

L?,, lo'4cm-2s-f. 

S. Search for a very heavy Higgs <MH ?. 800 

GeV) in the four-lepton channel at ultrahigh 

luminosity. 

6. Assured access to a wide range of flavor 

physics through tagging b quarks, and hence t 

quarks, by precise measurement of inclusive 
muons without using the central tracker to 

detect displaced vertices. Examples include 

heavy t, b' or t' (sections 3.2.3, 3.2.4); a 

charged Higgs or technipion in decays such as t 

-+ It" b (section 3.2.3); and technipions 

carrying ordinary color, such as 7Jr -+ t 1, 

1IQQ -+ t1 , to , and trQL-+ b -c+, t -c• and, 

especially, the rarer modes bµ~ tµ+ [22). 

7. Search for the charged technirho in Pr -+ 
Z' w±-+ .O.+.tl\-1 in the likely mass range Mp,. 

= 1.5-2.0 TeV [22). The rate is very small and 
requires L = 1034 cm-2s-1 

, but the only 

important background is the W Z' continuum. 

8. High-precision measurements of the mass, 

width and couplings of a Z'' with Mz• m 4 

TeV by high-statistics studies of its e+e-and 
µ+µ-decays at L= 1~-2s-f. (section 3.6.1 

below.) With somewhat less precision this can 

be done for heavy W' bosons as well. 

9. Search for quark/lepton substructure in the 
Drell-Y an process, ij q -+ Ii-, up to a scale A 

=40 TeV in one year at L= 1a34cm-2s-1. The 

Lorentz structure of the effective contact 

interaction can be well-studied in one year for 
A S 25 TeV. (section 3.6.2, below.) 

3.6.1 Physics at Ultrahigh Luminosity [23] 

·To illustrate the enhanced physics reach offered by 

GEM's robust systems discussions here focus on 
one-year studies at L= 1034cm-2s-f of a 4 TeV 

Z'' boson and of a potential quark/lepton 

substructure scale at 25 Te V. If either of these 

phenomena exist, it is certain that they will involve 

identical couplings to electrons and muons, 

regardless of the underlying theory. Flavor­

asymmetric couplings would violate the very 

stringent limits on flavor-changing neutral 

cuncnts. For these analyses, a simplified version 

of the GEM detector with appropriate resolutions 

has been simulated. The most important 
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simplifications were to neglect multiple-scattering 

and calorimetric energy losses of the muons and to 

ignore hadronic energy deposition in the EM 

calorimeter. It is believed that these 

approximations do not affect the results 

significantly. 

3.6.1.1 ~,-+ 1+1-atMz-=4TeV 

To test OEM's ability to distinguish, in one year, 
different extended gauge models through the width 

and forward-backward asymmetry (AFB) of the -e, 
two cases were considered: 

l. The LR model, in which SU(2)L@ SU(2)R@ 

U(l) breaks down to SU(2k@ U(l). The 

SU(2)R coupling was taken to be the same as 

the SU(2k one. The extra Z-boson of this 

model is called Z1• 

2. A model in which the grand-unification group 

SO(lO) breaks down to SU(5) @U(l), then to 

SU(2k@ U(l). Such a model may have an 

extra Z'' =~well below the unification scale. 

The left- and right-handed couplings to quarks and 

leptons in the two models are given by 

I. = fl + r. s'i = fl; Bf = fl. - r; B ~ =fl; 
1 R. I BL= -3,, - r. and BR =-3fl. 

Here, .Bi= 0.117, ~ =-2.838 and flz= 0.408, r2= 
--0.817. For both models, the Z'' was assumed to 

decay only to known fermions (with m. = 
140GeV). 

PYTiilA 5.5 was used to generate 1000 Drell-Yan 
e+e-andµ+µ- events with Mr-r > 3.6 TeV forMx 

= 4 TeV; no cut was put on p/. Pileup events 
corresponding to L = l <>34 cm -ll s ""* were included. 

Pileup was found never to be an important factor 

with the cuts described below. The total cross 

section was 6.3 fb for the Z1 model and 4.9 fb for 

the ~ model. Thus, the SSC would produce a 
thousand 4-TeV z0

' -+ .r'l- events, in each 

mode, in l.5-2 years at L= 1034cm-l!s-1. 

Events were selected to have two isolated leptons, 

each with I T/ I S 2.5 and a measured mass M.1+1- ~ 
3 TeV. The isolation criterion was 

LEy-Ef s 25GeV+0.02Ef. 
R=O.S 

In addition, muons are required to have /lpy/ PT S 

0.4 for good charge determination and I cos fr I S 

0.9, where ff is the angle between the outgoing µ­

and the incoming quark (taken to be the direction 

of y-= Yz· = (T/a+ +T/a} / 2. The acceptances 

were 96% for Z1•2 -+ e + e · and 70% for Z1 .2 -+ 
µ+µ-: 

The process Z''-+ µ•µ· has a potentially 

significant background from ii -+ µ•µ· + X. 400 k 

ii -+ µ•µ·+ X events with m17 > 2.5 TeV and ~ 

> 125 GeV were simulated, corresponding to five 

months of SSC running at 1034 cm-lls"*. This 

background was completely insignificant after the 

above cuts. 

The Z1 -+ e + e-mass distribution is shown in 

figure 3.6.1 for one SSC year at L = 1<>34cm-ll s-1. 

It was assumed that angular measurements could 

be made with the central tracker; the M_.. 

distribution is not significantly different without 

tracking. The fitted mass is M1 = 4001.5 GeV. 

The measured Z1 width is 113.5 GeV, compared to 

a perfectly measured value of 110.6 Ge V. For the 
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~model, M2 = 3990.1 GeV was found. This 

downward shift is due to r I z I Z' interference. 

The width was fitted to be 76.6 GeV with the 

tracker and 80.7 GeV without it, compared to a 

perfectly measured value of 71.0 GeV. Including 

systematic errors in the mass scale, the Z' mass 

should be measured to 0.5%. The 'Z width can be 

detennined in one year to 5-15%, depending on 

the perfonnani:e of the tracker at ultrahigh 

luminosity. 
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Figure 3.6·1 Z -+ • •/or Mz' = 4 TeV, lnduding 

GEM resolutions, ror Ltit = 1041 cm"2 

The dimuon mass distribution for the Z1 model is 

shown in figure 3.6.2 including the effect of the 

muon resolution. Since backgr~unds are 

insignificant, a -1 % mass determination could be 

made. The muon system also measures the 

forward-backward asymmetry, AFB = 
(11+- n..)I (nj- n_), where n.(n..} is the number of 

muons with cos 6 • > 0 (< 0). Based on one year's 

running (or 1.5-2 years for 1000 produced events) 

the following would be obtained: 

AFB= 0.086 ± 0.048 (0.038) CZ1 model) 

AFB = -0.064 ± 0.053 (0.037) ~model) 

The theoretical expectations are 0.10 and - 0.09, 

respectively. 
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Finally, in one year at L =1034cm~s-1, a 'ti' 
boson could be discovered with mass in excess of 

10 TeV if its couplings to quarks and leptons are 

comparable for those of the standard 'ti [23). 

3.6.1.2 Quark I lepton substructure at A = 25 
TeV 

If quarks and leptons are composite at the scale A. 
this will be manifested at energies ..Ji= ~<<A 
by the appearance of effective four-fermion contact 

interactions, LA. producing an excess of events at 
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high M1..-. The cos 6 • distribution of the 

outgoingµ- will be altered from the Drell-Yan 

expectation of a + b cos2 6 • by the Lorentz 
structure of £,.. 

According to [22], a "perfect" SSC experiment 

could just detect substructure at the scale A = 20-

25 TeV in a standard SSC year. To demonstrate 

GEM's power to probe and study high scales by 

running for one year at 1034cm~s-t two different 

models for the contact interaction LA were 

considered: 

1. The "left-left isoscalar" (ISO) model, with 

contact interaction 

where Qi,.= (u,,,d,,k and Lu= (v ..,J..)Lare left­

handed quark and lepton fields and a,b = 1,2,3 

label generations. This interaction alone has a 

( 1 + cos 6 •) 2angular distribution. 

2. The "helicity-nonconserving" (HNC) model, 

with contact interaction 

hermitian conjugate, 

where i,j = 1,2 label indices in an electroweak 

doublet and £,2 = -e,, = 1. This interaction is 

theoretically unlikely, but was studied here 

because it generates an isotropic angular 

distribution. 

PYTHIA 5.5 was used to generate 1000 standard 

Drell-Yan events qq-+ µjrwith 2 TeV < M,,.. ,r 

< 10 TeV and pl/.> 160 GcV, and 1500 events each 

for the ISO and HNC models with A = 25 TeV. 
Pileup at L = 1034 cm~ s""' was included. The 

cross sections were 3.5 fb, 10.8 fb and 11.5 fb, 

respectively. To eliminate the ff background and 

obtain well-measured muons, events were selected 

as for 'J!l'-+ µ•µ-,but with Mp+,r> 2.5 TeV and 

I cos 6 * I < 0.85. 

The measured M,... ir distributions of the two 

highest-Pr muons surviving these cuts are shown in 

figure 3.6.3 for standard Drell-Yan and the ISO 
and HNC models. The numbers of events with Mu 

> 2.5 TeV for the three models are 85 (DY), 

455 (ISO) and 560 (HNC), corresponding to 

acceptances of 25%, 42%, and 49% respectively. 

One year's ti events yield 5000 muon pairs with 

M"'1r ~ 2 TeV, but only 5 survive these cuts. 

> 
"' 8 20 -~ 
5 10 
& 

Mµ+µ-(GeV) 

Figure 3.6-3 µ •µ- mass distributions including 
composlteness Interactions witb A = 25 TeV ror 

IL 41 ·2 
tit = 10 cm • Upper solid: ISO model, dot-

dasbed: HNC model, lower solid: standard model 
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The cos9* distributions arc shown in figure 3.6.4. 

The tendencies to a (1 + cos9*)2 distribution in the 

ISO model and a flat one in the HNC model clearly 

distinguish the two cases and show that the method 

for determining cos9" works quite well at high 

invariant masses. The forward-backward 

asymmetries arc: 

AFB= 0.344 :f: 0.100 

AFB = 0.269 ± 0.045 

AFB = 0.005 ± 0.042 

(Drell-Yan) 

(ISO) 

(HNC) 

Finally, the quark/lepton substructure scale A= 40 

TeV can be accessed in either electron or muon 

channels in one year at la34cm~s4• Substructure 

at this scale would generate an excess of - 70 
events over the standard Drell-Yan expectation, 

fourteen times greater than the expected fi 
background with the cuts used here [23). 
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3.7 Future Enhancements to GEM 

Question 6: Outline options for the evolution of 

your experiment beyond initial operation at the 

SSC. 

The GEM detector was conceived during 1991 and 

presented in the EOI, where the general concept 

and possible technological implementations were 

discussed, and in this LOI, where a detector is 

presented which is much better defined. During 

1992, final technology choices will be made and 

presented in the technical design report. In this 

process, a rigorous design to cost approach for 

GEM is being followed and the cost is fully 

expected to stay within the 500 M$ guideline. 

At present, as described in section 4.0, target costs 

and guidelines for subsystems appear to be 

consistent. Nevertheless, as the procedure and 

design evolve, it may be that, either due to funding 

or cost considerations, choices will have to be 

made. The choice is likely to be between reduced 

performance of certain subsystems (e.g., reduced 

granularity) or deferring some features of the 

proposed detector. Since reduced performance has 

lasting consequences, it is the general philosophy, 

where possible, to maintain the performance as 

stated in this LOI, even if this results in deferring 

some features past initial running. 

The presently conceived GEM detector has a 
number of features that might become planned 
enhancements out of necessity, even though all of 
these represent features already justified by known 
SSC physics considerations. Examples include a 

calorimeter preradiator (giving improved 
calorimeter performance and background 
rejection), field shaping in the forward direction 
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(giving improved momentum resolution (see figure 
2.3-4b), and forward calorimeters giving improved 

T/ coverage. The choice of what if anything might 

be deferred will depend on the physics importance 

of each for early running, on whether access or 

other considerations permit later installation, and 

on the cost implications. 

A second class of future enhancements consists of 

those that will be motivated by technological 

developments or new physics considerations. 

Technical advances between now and SSC running 

will almost certainly make it desirable to replace 

(at some point) certain elements of the detector 

with new versions better suited to explore the full 

physics potential of the SSC. An example could be 

improved techniques for tracking which would 
enable full performance up to L - 1034 cm -l s-1

• 

Both a design where units are accessible and 

replaceable and continuing R&D on promising 

techniques are essential elements in allowing such 

upgrades. New physics considerations might also 

motivate various upgrades. For example, if new 

theoretical ideas and the initial SSC results 

themselves point to the need for improved muon 

resolution, we would implement additional muon 

chambers outside the single coil magnet. As is 

shown in figure 2.3-4a this can lead to a significant 

improvement in performance and result in a strong 

physics advantage to the single coil magnet design. 

A very important feature of GEM is its ability to 

expand its physics scope by using higher 

luminosity, by changing essentially only the 

trigger. Section 3.6.1 presented a detailed 

discussion of new physics accessible to GEM at 

ultrahigh luminosity. 

Overall, good access to the detector elements, 

allowing both replacement and improvements, will 

be the key to making GEM a detector that can 

evolve and improve, as needed. We fully 

recognize that the long time until the realization of 

our SSC detector, and the long lifetime needed to 

exploit the physics, will require that special 

attention be paid to flexibility and enhancements 

in the design. 

3.8 Conclusion 

We have demonstrated the discovery potential of 

the GEM detector throughout this chapter. Most of 

this potential derives from OEM's precision 

calorimetry and muon systems and their ability-if 

new, high-mass physics requires it-to operate at 

ultrahigh luminosity. We have emphasized 

particularly the complementarity of both the design 

goals and physics capabilities of the GEM and 

SOC detectors. Together, these two large detectors 

promise the broadest and most incisive studies of 

the TeV energy scale at the SSC. We conclude 

with the following statement from the GEM EOI 

which, we are convinced, still holds: 

Two complementary detectors have 
additional advantages over one very large 
one. Two collaborations promote a variety 
of styles and approaches to technical 
problems. Two detectors have different 
systematic errors. Two collaborations 
provide a healthy spirit of competitiveness 
that will help obtain the physics in a timely 
fashion. Finally as illustrated in this 
document, it is entirely feasible to build a 
detector with the desired complementarity to 
SDC and correspondingly increased physics 
coverage that is within the guidelines 
established by the Laboratory and the PAC. 
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4.0 COST AND SCHEDULES 

The GEM collaboration is committed to a "design 

to cost and schedule" approach. As stated in the 

EOI, the required physics performance sought by 

this collaboration appears to be achievable within 

the cost targets that have been adopted. The SSC 

Laboratory, with the advice of the Program 

Advisory Committee, has recommended a 

maximum total cost of 500 M$ as guidance for the 

design of a major detector. The SSC Laboratory 

has further stated that the collaboration should 

assume an initial budget of DOE funds of 225 M$ 

for each major detector, with a 100 MS sum 

available to address the combined needs, as they 

emerge, of the planned two major detectors. The 

Laboratory has urged that early and firm 

identification be made of nonfederal funding 

sources to supply the shortfall. 

This guidance has been followed, by taking several 

major actions. With the support of the SSC 

Laboratory, an initial engineering team was 

organized which includes the experienced 

estimators active in the EMPACT/I'EXAS and L* 

collaborations. An initial set of cost targets for 

each GEM subsystem was defined [1]. Table 4.0-1 

shows these targets. The targets were based upon 

the knowledge gained in the EMPACT/I'EXAS 

and L * cost estimates, the reports of the L * and 

SDC cost reviews chaired by Dennis Theriot, and 

the ongoing design studies. The targets are in 

FY1991 dollars and include all EDI&A and 

contingency, and assume that all electronics costs 

which can be associated with a subsystem are 

included in the subsystem target. Thus, the Trigger 

and Computing targets apply only to items that 

stand outside of all subsystems. The Structures 

category applies to the large central membrane and 

support tube, and other large structures which 

involve large costs and highly engineered 

elements. Elsewhere in the Letter of Intent, the 

structures costs are reported with the magnet 

system. 

This set of targets defines the initial cost discipline 

to be included in all GEM system designs. At 

periodic points in the design, the individual targets 

may be adjusted, preserving the total, as part of a 

comprehensive review of the design status, 

physics priorities and cost information. 

Table 4.0· 1 Initial GEM Subsystem Cost Targets 

Subsystem 
Magnet 
Structures 
Muon system 
Calorimeters (all) 
Tracker 
Trigger 
Computing 
R&D 
Total GEM Detector 

Cost Target 
CM$) 

100 
20 

130 
150 
40 
10 
IO 
40 

500 

Another major part of the design-to-cost approach 

has been the inclusion of subdetector cost 

estimates in the basis of each of the technology 

choices that the collaboration has made since the 

GEM EOI. The calorimeter selection process, for 

example, used detailed cost estimates for all major 

options; reference [22) is an example of the 

estimate used in the hadron calorimeter selection. 

As the system definitions advance, these estimates 

will play an increasingly important role in guiding 
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the design. However, as several major choices of 

technology have been made only recently, and the 

technologies for preradiators, forward calorimetry, 

and outer tracker are undergoing study, the 

subsystem cost targets have not yet been updated 

or refined. 

To make the use of the estimates effective and 

reliable, a detailed uniform cost estimating 

methodology has been developed to be applied by 

all GEM designers [3]. This plan includes detailed 

guidance on estimating, and reporting standards 

designed to incorporate the lessons learned in 

previous SSC reviews. This will yield an estimate 

with the most reliable basis possible and aid in 

future reviews by accommodating the analytical 

tests used in the review process in a natural way. 

For example, all labor rates have been defined; 

engineering, design, inspection and administration 

estimates have been separately identified; the basis 

of contingency estimates have been documented; 

and standards for estimate backup reports have 

been set. A hierarchy of estimate bases has been 

defined; at each level the goal is that the cost of a 

high percentage of elements be estimated on the 

basis of vendor responses to GEM design 

drawings. 

For several GEM subdetectors with the most 

developed designs, the estimates are within, or 

close to, our targets. For example, the combined 

magnet and structures, budgeted for 120 M$ plus a 

portion of the R&D funds, is now estimated at 

105 M$. This includes the structures and the 

R&D. 

As the cost estimates are developed to reliable 

levels, any excess over the 500 M$ target for the 

entire detector will be addressed by refining 

designs to reduce costs, or identifying subsystem 

staging options. We will present a repon on the 

GEM cost estimate at the presentation of this LOI 

before the Program Advisory Committee. 

The GEM detector schedule has been studied in the 

context of the single-shaft underground hall and 

with the guidance of the GEM Magnet Technical 

Panel. The critical path in the GEM schedule is 

the magnet design and fabrication, which must be 

completed prior to installation of the detector 

elements in the underground hall. This portion of 

the critical path extends to early 1996. The final 

ponion of the critical path is the underground 

installation of the subdetectors. Figure 4.0-1 

shows the schedule under these assumptions. 

However, additional slack in this schedule is 

being sought with the multiple-shaft option, with 

design studies which are attempting to redefine the 

order of the subdetector installation and 

integration, and with continuing studies of magnet 

fabrication options. 

Availability of the magnet fabrication hall in 1993 

and beneficial occupancy of the underground hall 

in early 1996 are the two most critical milestones 

in this schedule. 
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5.0 COLLABORATION ORGANIZATION 

An organization for preparing the Expression of 
Interest (EOI) and Letters of Intent (LOI) for 

designing, building and utilizing a major detector 

at the SSC has been established by the GEM 

Collaboration. The co-chairs (Barish and Willis) 

are responsible for organizing and implementing 
the EOI and LOI for such a detector. In addition, 

several sub-groups were established, reporting to 

the co-chairs. These are the Collaboration Council 

consisting of one person from each participating 

institution; the sub-systems unit consisting of the 

individuals leading the efforts of defining the 
major sub-systems: calorimeter, muons, magnet, 

tracking, trigger, and computing; and the WI Task 
Force established for coordinating the efforts in · 

preparing the above documents consisting of 
Physics, Detector Parameters, Cost and Schedules, 

R&D Engineering Tests, and the LOI document 
itself; and an Executive Committee whose main 

task is to validate the technical and budgetary 

decisions. A general assembly of all the members 
of the GEM Collaboration is also included. This 

organization is displayed in figure 5.0-1 and has 

been functioning for the past six months. 

In order to proceed further, the collaboration has 

agreed that a modified interim organization has to 

be established (See the color figure preceeding this 

section.). As such it was proposed and agreed that 

Barish and Willis continue as co-spokesmen. It is 

expected that the former will take a leading role 
more in the management area and the latter more 

in the technical domain. The Collaboration 

Council, as noted earlier consisting of one person 

from each participating institution, is retained. 

This is the body which has the ultimate authority 

since it is the representative group of the GEM 
collaboration. The General Institutes Assembly 
which consists of all individuals from all 

institutions of the collaboration is also retained. 
The Executive Committee whose essential function 

is to validate all technical decisions and assure 
program management and accountability is 

retained, reshaped and enlarged. This change is 

forced by the necessity to make critical technical 

decisions on the GEM detector components as well 

as management organization. 

In this interim organization the mem hers of the 

Executive Committee will be selected by the co­

spokesmen in consultation with the Coordination 

Council. It is now time to formalize the existence 

of an International Committee since an important 

component of the GEM collaboration will be the 

participation of individuals from non-American 

institutions. The existence of such a body will 

facilitate .and ease the participation of foreign 

nationals in GEM. 

The most important change in the proposed 

organization is the inclusion of the post of Project 

Manager. The time has come where day-by-day 

supervision and tight control has to be exercised 

over the numerous subsystems that are being 

designed. This requires a full-time person devoted 

to getting things done in an expeditious manner; 

this is the Project Manager. This individual should 

be stationed for the most part at the SSCL and be 

the main link between GEM and the SSCL. The 
various critical sub-systems, physics, management, 

calorimeter, muons, tracking, trigger systems and 
computing will have their individual leaders and 

report to the Project Manager who in tum reports 

to the co-spokesmen. Finally, an Integration 

Group, which is a staff function to the Project 
Manager, is to be formed. Their main task will be 

to assure the proper meshing of components and 

communication between the systems. 
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Fipre 5.0-1 GEM Collaboration Organization 

One further iteration of the GEM organization is 

expected when the actual construction of this 

detector is begun. This is forecast to be sometime 

in late 1992 or early 1993. In this final 

organization, an orderly system for making all 

appointments including that of the spokesperson 

will be set up. In addition, the normal tenure of all 

appointed positions will be determined. 
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6.0 R&D PLAN AND FUNDS REQUESTED 
FORFY92 

The GEM collaboration is working towards the 

preparation of a detailed Engineering Design 

Report/l'echnical Proposal for the detector by late 

fall 1992. In preparation for this a vigorous R&D 

program and engineering design effort has to take 

place during the coming year. There is 

enthusiasm, energy, and ability within the 

collaboration to pursue a very broad program of 

studies. However, to be able to achieve this 

program with the very limited R&D and 

engineering funds that are expected to be available 

in FY92, a concerted effort had to be made to 

focus the program to the minimum set of topics 

that are absolutely required to allow the necessary 

design decisions to be made in a timely fashion. 

The narrowing of the range of technologies 

considered for various detector subsystems is 

described in section 2 of this Letter of Intent. The 

options still under consideration define the R&D 

program that is planned for the following year. 

The components of this R&D program are 

described in the discussion of the various 

subsystems elsewhere in this 1..01 There is only a 

very brief summary in this section. 

6.1 System Integration 

A strong engineering effort will be required to 

provide the planning for the overall detector 

architecture and suppon structure and the 

integration of the various subsystems into this 

overall structure. It is anticipated that the funding 

for this effort will not come from the R&D funds 

but from Project Management funds at the SSC, 

which is not explicitly covered in this 1..01. 

6.2 Magnet 

The large superconducting magnet represents a 

critical path item for GEM. Rapid progress 

mandated by the very tight construction schedule 

requires a large amount of engineering effort in 

this coming year on the calculation of the magnet 

forces, design of the support structure, cryogenic 

and electrical system, etc. A vigorous R&D 

program is required this year to arrive at an 

acceptable design of the critical path elements of 

the magnet, i.e. the choice of the superconducting 

coil conductor and its stabilizer, the coil winding 

procedures and the necessary tooling. This has to 

be of the highest priority in the GEM R&D 

program for this coming year. 

6.3 Calorimetry 

The choice of the technologies for the GEM 

Central Calorimeter has been narrowed down to 

two options: a lead liquid argon or krypton 

electromagnetic and a liquid argon hadronic 

section, or a barium fluoride electromagnetic 

calorimeter followed by a lead scintillating fiber 

hadronic part. Thus the main thrust of the R&D 

effort will concentrate on pursuing these three 

technologies. Considering the size and mass of 

these devices, there is a need to stan a substantial 

effon in this coming year on the overall 

engineering design of the central calorimeter. 

There will also have to be a more modest R&D 

program on the forward calorimeter and a small 

effort on the choice of a pre radiator. 
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6.4 The Muon System 

The R&D program on the muon system is needed 

to develop the technologies for muon momentum 

measurement, beam crossing tagging, and the 

muon trigger. The program will concentrate on 

Pressuri7.ed Drift Tubes or Limited Streamer Drift 

Tubes for muon tracking in the barrel region, 

Cathode Strip Chambers for the end cap regions, 

and Resistive Plate Chambers for the beam 

crossing tag and the Level 1 muon trigger for the 

barrel region. There will also be a need to get 

started on the engineering designs for the support 

structure, alinement system, and overall muon 

system integration. There will also be an effort to 

construct a full scale Prototype Tester at the SSC 

lab. 

6.S Central Tracking 

The central tracker R&D effort will concentrate on 

Interpolating Pad Chambers for the outer tracker 

and on Silicon Microstrip Detectors for the inner 

tracker. While there arc still many unanswered 

questions about the other technologies under 

consideration, i.e. straw tubes and scintillating 

fibers, the SDC tracking group is leading extensive 

R&D studies in both of these areas, and members 

of the GEM tracking group arc participating in 

some of this work. These very limited resources 

must be focused on questions that arc particular to 

the GEM design and arc not pursued by the other 

detector. The benefits of "3D" devices such as 

Silicon Drift or Silicon Pixel detectors arc also 

attractive to consider. It is felt, however, that both 

of these arc at a less mature state of development 

. and require greater resources to purse than arc 

currently available. Their future development by 

others will be followed with great interest. 

6.6 Trigger and Data Aquisition 

The R&D program in this area will concentrate on 

three crucial topics: Analog Pipeline and ADC 

development, Digital Pipeline and Level l Trigger, 

and the development of electro-optical modulators 

to transmit analog signals on optical fibers. 

6.7 Computing 

A very modest effort on Computing for GEM will 

concentrate on refining the technical proposal for 

·computing, support the necessary subsystem and 

integrated detector simulation work, and on laying 

the groundwork for the final GEM Computing 

System. 

The funding required in Fiscal Year 1992 for the 

GEM R&D program is summarized in table 6.0-1. 
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Table 6.0-1 GEM Engineering and R&D Funding 

Requests for FY!12 In FY!l2 K$ 

1. SySlem Integration 0: 
2. Magnet 5,000 

Engineering design 2,600 
R&D on conductor etc. 2,400 

3. Calorimeuy 4,622 
Liquid Argon KJ)'plon 1,170 
Barium Fluoride 1,209 
Scintillating Fiber 610 
Forward Calorimeters 75 
Preradiallll'S 140 
System Engineering 1,418 

4. Muon System 2.700 
Pressurized Drift Tubes 400 
Limited SICamer Drift Tubes 480 
Cathode Strip Chambers 500 
Resisti"Ye Plate Chambers 300 
System Engineering 700 
TIR Facility 240 
SCARF Test Facilities 80 

5. Central Tracking 935 
lnlerpO!aling Pad Chambers 335 
SilicClll Microslrip Dclllctors 600 

6. Trigger and Data Aquisilion 965 
Calorimeuy 375 
Central Tracker 465 
Trigger and DAQ 125 

7. Com . 100 So~lopment tools 40 
Simulalion Integnllion 15 
System Arcbiteccure Studies 45 

8. GEM R&D Reserve 678 

GEM total for FY92 151000 

• Funded by Project Management Funds at lhc SSC, which 

are not a part of this requesL 

The initial requests from the various subsystems 

were considerably larger than these numbers, 

which are the results of extensive discussion within 

the collaboration reducing costs and prioritizing 

projects to fit into the available R&D budget of 

15 M$. The GEM R&D plan and funding requests 

are described in much more detail in a document 

"The GEM Engineering and R&D Proposal" 

submitted to the SSC Laboratory on Nov. 27, 

1991. 
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