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Figure 6. High energy muon bremsstrahlung measured in the
Soudan I underground detector. Two views of the same event
are shown. The numbers and letters represent pulse heights as
measured by proportional tubes in an iron loaded concrete
substrate. The height of the detector is 1.9m and the width is
2.9m. The average density of the detector is 1.9 g/cm3 with a
radiation length of 9.5 cm.
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1 Introduction

Both experiencefrom presentcollider andfixed targetexperimentsandgeneralconsid
erationssuggestthat excellentmuondetectionandmeasurementwill be fundamentally
important for SSCexperiments.Searchesfor new physicsandnew particlesand tests
of the validity of the standard model at the SSC will dependon reliablelepton detec
tion and triggering.

A generalpurposedetectorwill needthe flexibility and countingrate advantages
which canbe achievedby making4-momentummeasurementsovera largeangularac
ceptanceandhaving fast, flexible triggering capabilitiesfor bothelectronsandmuons.
Webelievetheserequirementscanbestbe achievedusinga detectorwith chargedpar
ticle tracking in a largesolenoidalmagneticfield, combinedwith electromagneticand
hadroniccalorimetry,and surroundedby an externalmuon detector.In this proposal,
we seekto conductstudies to optimally design the muon detectionsub-system.The
optimizationcriteria include reliable identificationof muons,eventhosewith nearby
jets; a fast, programmabletrigger with a sharptransversemomentumcut-off; ability
to link tracks from the externalmuon detectorto the inner tracker,evenin the pres
enceof background;independentmeasurementsof muon 4-momenta;and, for part of
the sub-system,effectiveoperationin the high radiationenvironmentassociatedwith
largepseudo-rapidities.

In addition to SSC studies at Snowmassand Berkeley, the proponentsof this
proposalhaveparticipatedin designwork aspart of oneor moreof thelargesolenoidal
detectorproto-collaborationsin both the U.S. and Japan. Someof us have worked
on collider detectorssuchas Amy, CDF, CLEO, DO, Mark II, SLD and VENUS, thus
gaining first-hand experienceon issueswhich will affect an SSC solenoidaldetector.
For thesereasons,wealreadyhavesomeunderstandingof thedesigncriteriaandof the
waysof implementingan SSC muon sub-systemdesign. Except as noted,our goal is
to developa muonsub-systemwhich would be compatiblewith varioustrackerdesigns
andcalorimetertechniques.We alsoproposeto explorethe implications for the muon
sub-systemof various solenoidalcoil options.

Thereexists a coupling betweenthe muon sub-systemand the remainderof the
solenoidaldetector. For small pseudo-rapidities,we expectto rely heavilyon the cen
tral trackerfor muon momentumanalysis,both for triggering and for reconstruction,
except in the forward direction where additional momentumanalysiswill be neces
sary. Oneoutcomeof our study will bea set of specificationsfor the angularcoverage,
resolution and signal speednecessaryfrom the centraldetectorto yield optimal per
formanceon muons.The muon sub-systemcan likely compensatefor a low resolution
centraltrackerbut at someextracost. On theotherhand,superbcentraltrackerper
formancewill likely permit a moremodestcentralmuon sub-systembecausehadron
rejectioncan rely heavily on thequality of matchingin angle,positionandmomentum
betweeninternalandexternaltrack segments.

Adequatemuonsystemsat existingcollider detectorstypically accountfor 15-20%
of the total detectorcost. A subsystemof this magnitudewill provide for independent
muon tranversemomentumtriggering,with the capability of an adjustablePt thresh-
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old. We proposeto explore a wide variety of possible muon detectionsub-system
design issuesfor a 4ir solenoidaldetectorat the SSC, focussingprincipally on the
design, performanceand cost of a sophisticatedand powerful SSC muon detection
subsystem.However,we will alsoinvestigatethe possibility of utilizing a significantly
simpler muon sub-systemwith less capability.

The key elementsof our proposalareasfollows:

1. Investigationof detailed physics issuesconcerningmuon detection,identifica
tion and measurementat energies 100 GeV. Thesequestionsincludehadronic
punch-throughof passiveabsorber,leakageof neutronsand othersoft products
from the back of a calorimeter,other soft particle albedo, the effect of muon
bremsstrahlungon precisionpositionmeasurementand muon momentumreso
lution while tracking throughiron. Although severalworkshopand studygroup
reportsalreadyexist on theseissues,webelievethat a deviceas importantand
expensiveasthe solenoidalSSCdetectorshouldbe basedon a re-examinationof
all issuesusing reliableandverified data. We proposeto surveyexistingmeasure
mentsof ratesand detectorpropertiesfrom original publishedand unpublished
data. In caseswhere existing data do not cover the range of parametersex
pectedat the SSC,we will conducttestbeammeasurementssimulatingtheSSC
environment.

2. Simulationand reconstructionof muons from interestinghysics processesand
associatedbackground. To the extent necessary,we will validateand extend
previous studiesof muon rates, requiredresolutions,necessarybackgroundre
jection, requiredpseudo-rapiditycoverage,and techniquesfor resolutionof high
occupancyconfusion. As part of this topic, we will do a cost-benefitstudy on
the desirability of redundantmeasurementsof muon momentausing both the
centraltrackerand the muonsub-system.

3. Assessmentof the amountandmagneticpropertiesof iron neededfor muoniden
tification andtrigger rate suppression. Is a non-magnetizediron muon system
for the centralregion adequatewhen used in conjunction with datafrom the
central tracking system? We will comparepreliminary engineeringdesignsfor
non-magneticvs. toroidal and solenoidalferric and superferricmagneticfields
for the externalmuon sub-systemin the central pseudo-rapidityregion. For
the forward region, we will comparepreliminary engineeringdesignsfor ferric
and superferric toroids. In addition, we will investigatethe possible resolution
improvementsand the systemintegrationquestionsassociatedwith the useof
air-core toroids for both the central andforward regions. We presumethat de
tailed designandcostingof air core toroids will be doneby anothersub-system
designgroup.

4. Preliminaryengineeringdesignof muon detectorsfor the 3 pseudo-rapidity
region. Issuesinclude muon momentummeasurement,hadronicpunch-through
rejection, detectoralignment and muon sub-systemintegration. This item in
cludesa detailed cost-benefitanalysisof maturedetectiontechniquessuchas
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plastic scintillator and ionization drift detectorsaswell as theinnovative useof
detectorssuchas Cerenkovcountersand resistiveplate chambers.

5. In-depth studiesof the design,constructionand performanceof the muon trig
geringsystemsfor the central,intermediateand forwardregionsof the detector,
including trigger ratesandtrigger efficienciesandfront-endand triggerelectron
ics. We also proposeto study the possibility of using fast-trackprocessorsfor
muon momentumanalysisin the centraland for*ard tracking systemsto imple
ment muonp triggeringover the entirepseudo-rapidityrangeof muoncoverage.
Thesestudieswill be carried out throughsimulationand explicit prototypede
tector, trigger and readoutelectronicsdevelopment.

6. Studyof the issuesassociatedwith muondetectionand triggeringfor far forward
muons I’iI 3. If we concludethat suchdetectorsareuseful and attainable,
we will completea preliminaryengineeringdesignof theseelements.

2 PhysicsRationale

Muon detectionat the SSC is extremelyimportantbecauseof the manyphysicspro
cessesin which high-p2 leptons u, e,p or r are expectedin the final state. Muon
detectionis complementaryto electrondetectionbecauseof lepton universalityasso

ciatedwith the electroweakinteractions,If new statesof matterarediscoveredwhich
couple to leptons, it will be important to confirm their discoveryand measuretheir
propertiesin asmanydifferent channelsaspossible.

1. Muon systemsarerobust. The high interactionratesandresultanthigh particle
flux expectedin experimentsat the SSC can be reducedto acceptablelevels
for muonsby useof sufficiently thick absorbers.This reduction is particularly
important at small angles large pseudo-rapiditiesbecauseof the high flux in
this region. Thus, the technologyneededfor an SSCmuon sub-systemcan be
fairly conventionalin naturewhencomparedto that of eitherthe centraltracker
or the calorimeter.We know that wecan constructa workablemuonsub-system
at the SSC. We must choosean optimal designby improving our knowledgeof
the SSCenvironmentand how detectorswill respondin that environment.We
thus need to study suchissuesashadronicpunch-through,calorimeterleakage
of neutronsandother low energysecondaries,andmuon bremsstrahlungat high
energies.

2. Over a large momentumrange, externalmuon tracking through iron and mo
mentummeasurementat the SSCwill be multiple-scatteringdominated. In this
regime, measurementaccuraciesareapproximatelyindependentof momentum.
This performanceof an SSCmuonsub-systemmaybe comparedwith that of the
centraltrackingsystemwhich degradeslinearly with transversemomentum.For
calorimetricmeasurementsof electronsat high energies,theresolutionimproves
with y’E togetherwith a constantterm of order 1-3 percent,providedthat in
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creasingspatialoverlapandparticlemultiplicity do not degradeperformanceas
energyincreases.

3. Muon identificationandmeasurementarerelatively unaffectedby nearbyhadrons
and photons, so that muons unlike electrons,can be reliably measuredwithin
a jet. Although radiativecorrectionsdo affect muons,particularly in precision

energyscalemeasurements,thesecorrectionsaregenerallysmallerandcertainly

havedifferent systematicsfrom the radiativecorrectionsfor electrons. Further
more, muons can be momentumanalyzedby auxiliary magneticfields evenin

thosepseudo-rapidityregionswherethesolenoidalfield provideslittle dispersion.

4. The addition of muon triggering and measurementcapabilitiesdoublesthe ac
ceptancefor particlesdecayingto single and dileptons and quadruplesthe ac
ceptancefor 4-leptonevents,sincemuon and electronratesfor manyinteresting
processesareapproximatelyequal.

3 Schematic Muon Detection Systems

In this section, we describethe design criteria and give three referencedesignsfor
a muon sub-system. The purposeof the referencedesignsis to providea scale for
evaluationof detectorperformance,complexity and cost. We havechosena tentative
set of design goals for the muon sub-system,consideringnot only physics but also
complexity and cost factors.

3.1 Design Criteria

Becauseof the geometrydefinedby the solenoidand its centraland forward tracking
systems,themuondetectionsystemdividesnaturallyinto threepartsbasedon pseudo-
rapidity. The exact locationof the transitionsbetweenregionsand the natureof the
forward regionsdependson the detaileddesignof the solenoidalcoil and the central
tracking system.

In any design, the centralregion I’iI 1.5 is largestin laboratorysolid angle.
Herean externalmuonsub-systemmakesmomentummeasurementswhich aremostly
redundantto thosemadein the centraltracker. Theexpectedratesin this regionafter
a calorimeterand a few metersof iron areof order 1 kHz or less. In theintermediate
region 1.5 < < 2.25, the muon systemmomentummeasurementsaugmentthe
central tracking momentummeasurements.The central tracking system resolution
degradesin this region as L2 sin2 0, whereL is the trackerradius and 0 is the angle
from the beam. The particle flux and areaof muon coveragein this region areboth
moderate.For the forwardregion 2.25 I’iI 3.0, the muonsystemprovidesunique
momentumand anglemeasurementsin anenvironmentwith an expectedflux of order
10 Hz afterseveralmetersof absorber.We will not discussherethefar forward region

II 3.0, which hasreceivedlittle attentionin both the literatureand our previous
studies.
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The discussionof the muon sub-systemin terms of pseudo-rapidityregions raises
the controversialquestionof whetherthesamedetectortechnologyshould be usedin
eachregionor different technologiesshould beemployedto bettermatcheachregion’s
characteristics.The argumenton one side is that attemptingto understandthe sys
tematicsof severaldifferent detectortechnologiesseverelycompromisesthe extraction
of physicsresults. Therationaleon theothersideis that different detectortechnologies
will bettermatchtheenvironmentsat different pseudo-rapiditiesthanonecompromise
technology. We expectto study this questionin detail, basedin part on theexperience
of actualdetectorssuchasCDF and DO, aspart of the proposedsub-systemdesign.

For the purposeof giving concreteexamplesfor this proposal,we will limit our
considerationto the useof externalferric or superferricmagnetsin thecentralregion.
As part of the proposedstudy, we will determineif air core toroids in the central
pseudo-rapidityregioncontributecapabilitieswhich couldjustify theftadditionalcost.
We will considerthe useof bothair coreand iron core toroids,aswell asothermagnet
configurations,for the intermediateand forward regions.

1. Z° Detection: The Z° will be a fundamentalpart of the signaturefor many
interestingreactionsat the SSC. The identificationof Z° -* pjr dependson
its unique topology, as demonstratedby both CDF and UA1. Maximal sepa
ration from backgroundcan be achievedif the dimuon massresolution allows
the reliableidentificationof the Z° and thenthe Z° massconstraintis usedfor
further analysis.The detectormust be capableof finding H -* Z°Z° with both
Z°’s decayingto muons. Fig. 1 a andc shows an exampleof how this signal
dependson the momentumresolutionof the muon. This study [1] concludesthat
a L pfPt = O.SPt measurementis sufficient to extractthe signalfor a Higgs’ mass
up to 400 GeV, evenwithout applying a massconstraint. We will, of course,
repeatthis study including the Z° massconstraint. Fig. 2 showsthe resolution
of severalpossibledetectorsasa function of Z° momentum[2]. The five resolu
tion curvesrepresenttheattainedOF and expectedFAST, 5DB, Fe toroids,
L3+1, andelectromagneticcalorimetry momentummeasurementaccuracy.The
quantitativeresolutionassumptionfor eachcaseis indicatedon thegraph. Both
the CDF and FAST trackersuse knowledgeof the interactionvertex position
i.e. beamconstraintto achievethe resolution shown. Of course, it is likely
that any detectorwill use the beamconstraintto maximal advantage,sinceit
is essentiallyfree. The horizontalaxis indicatesthe total Z° momentum.The
resolution dependslittle on the Z° anglewith respectto the beamdirection.
The 5 m ferric toroid curve is applicableonly if multiple scatteringdominates
the momentumresolution. If tracking errors makea substantialcontribution,
the momentummeasurementaccuracyin this caseis worse. The resolutionfor
3 m ferric toroids is 40 percentworse; the resolution for superferrictoroids
might be betterdependingon the magneticfield. Angle error contributionsto
the dimuonmassresolution are not consideredin thesecurves. For reference,
the naturalwidth of the Z° is also shown.

2. Z’° Search: The searchfor the decay Z’°
-+ pr will be optimized if the
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dimuon mass resolution is equal to the natural width of the Z’°. Since Z’°
massesup to 6 TeV could possibly be producedat a detectablerate, the

momentumprecisionrequirementsare stringent if the Zo turns out to be at

least as narrow as shown by the curve in Fig. 3 for standardmodel coupling
[3]. Of course,a discoveryof the Z’° requiresonly a significantpeakovera very
small background,so a less stringentmomentumresolution is required. Fig.

3 also shows how nearly this resolution goal might be approachedfor various
detectors.

3. Measurementsof States With W Bosons: The experimental signature of
final statescontainingW bosonsis moredifficult to recognizethan that of the
Z. Only the chargedlepton e or p will be detected,while a ii carriesoff missing

energyand momentum. However, the cross-sectiontimes branchingratio is

typically an order of magnitudelargerfor the W than for the Z. So the SSC
will be a copious sourceof W bosons,some of which will be identifiable. In
contrastwith LEP or SLC, the SSC will producelarge quantitiesof both W’s
andZ’s. Onedesigncriterionfor themuonsub-systemis to minimizesystematic
uncertaintiesfor a precisionW/Z massratio measurement,aswell asfor width,
decayasymmetryand magneticmomentmeasurementsof the W and Z bosons.
Thesedatacanleadto bettermeasurementsof sin20w, p andstructurefunctions.

4. Stable/Exotic Particle Search: At the energyand design luminosity of the
SSC, the massdiscoveryreachis suchthat searchesfor heavystable/exoticpar-
tides arefeasibleup to massesof severalTeV seee.g. [3]. The experimental
signaturesexpectedfor the productionvia gluon fusion of a broad classof very
massivechargedstableparticlesare: they arevery penetrating,like muons;they

areexpectedto havea Pt of order 1/2 their mass;they maybe fractionally e.g.

1/3, 2/3, 4/3, etc. or multiply-integrally charged.Becausetheseparticlesareso
massive,theirvelocitiesarealsoexpectedto be measurablyless than c. In order
to distinguishtheseparticlesfrom muons,time-of-flight measurementswith 1
nsecresolutionovera severalmeterflight pathsareneeded.If theseparticlesare
other thansingly charged,calorimeterinformationat the sub-minimumionizing
level or dE/dx information at similar thresholdswill be crucial. Flight time,
chargeand momentuminformationareall neededto determinethemassof such
particles,if they areto be discoveredat the SSC.

5. Angular Coverage:The Monte Carlo simulationsof Carlsmithet al. [4] indi
catethat overall acceptancesaveragedover severaltypical benchmarkreactions
havethe approximatevaluesshown in Table 1. This table shows that a muon
detectorof 30° minimum anglehaspoor acceptancefor multimuonfinal states,
eventhoughit covers 0.87 of the solid angle. Acceptancedown to 5°, j, = 3
is clearlyrequired. Conventionalconsiderationssuggestthat muonidentification
and measurementat ftjI 3 is of marginalvalue,althoughwe intend to investi
gatethis questionfurther as part of this proposedsub-systemdesignstudy.

6. Muon ¶friggering: The detectionof single muon signals from, for example,
W decays,pair production and decaysof heavyquarks as well as muonstud
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Table 1: Fractionalacceptancefor single and multimuoneventsas a function of the

forward detectioncut-off angle.

_______________________________

Acceptance
Minimum Angle q SingleMuons Dimuons 4-muons

30° 1.32 .5 .3 .2
100 2.44 .7 .7 .7
5° 3.13 .8 .8 .8

ies of detectorperformancewill requirea single muon trigger, set at the lowest
possible and possibly combinedwith other trigger criteria. Similarly, an ef
ficient dimuon trigger is requiredin order to detectmuonsfrom the Z°, heavy
Z’s, Higgs particles,WW pairs, etc. These triggers can be achievedusing
information from the muon sub-systemin conjunctionwith fast track informa

tion from the centraland forward tracking systems.For example,CDF usesa
trackprocessor,which helpssharpenmomentum/massthresholds.Calorimetric
information on minimumionizing or lessenergydepositionin the calorimeter
tower associatedwith a muon candidatecould also be usedat the trigger level.
Sucha techniquewould be usefulfor a stableexotic trigger. The muontrigger
should be designedfor maximal sharpnessin both effectivemassfor dimuons
andp for single muons. If sharpPt cuts are not possible,the trigger rate will
be dominatedby low massandlow p, eventswith low trigger efficiency but high
intrinsic rates. The time requiredfor developingthe muon trigger should be of
order 1 psec in order to keepthe size of the dynamicstoragepipeline required
for eventdatareasonable.

7. Timing and Occupancy;Thereconstructioncomplexityfor SSCeventscanbe
greatlyreducedby detectorswhich can resolvethe 16 nsecSSCbunchcrossings.
Weseekto designamuonsub-systemwhich will havethis capability. It mayeven
be possibleto usehigh precisiondrift detectorswithout suchtiming accuracy,if
the occupancyis sufficiently low that theotherfast part of the muonsub-system
canuniquely associatethe drift informationwith a particularbunchcrossing.

8. Cost: Real designsmust be basedon both technical and economicconsidera
tions. Webelievethat the maximumcostof a muonsub-systemis alreadyknown
to some accuracy.The real challengeis to maximize the physics capabilitiesof
the muonsub-system,giventhis relatively fixed cost. Our proposeddesignstudy
thusrequiresan evaluationof trade-offs. This philosophywill underlieall of our
proposedanalyses.

3.2 Reference Designs

We describeherethreereferencedesigns.for the centralpseudo-rapidityregion. These
designsarenot intendedto be complete,exclusiveor to be takenasa practicalmuon
sub-system.Rather,they indicatesomemarkerson a continuumof possible"straight
forward" designs. Thesedesignsare cumulative. The "Trigger and Tracker" design
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includesthe "Minimal Trigger" system. The third schematic"Trigger and Tracker
With MomentumAnalysis" indudesthefirst two.

1. Minimal Trigger Only. The minimal muon sub-systemin the centralregion
consistsof 3 m of iron outsidethe calorimeteror perhapsless iron andCerenkov
countersand severallayersof plastic scintillator,eachwith 1,000 to 2,000 de
pendingon the detectorradius individual scintillators. Theselayerswould be
interspersedthrough the iron in a projectivegeometry,with a scintillator size of
roughly 1 m2 in the outermostlayer. Approximately 1 m of iron would be used
for the solenoidalflux return,while the additional iron would be solely required
for hadronabsorptionby the muon sub-system.Fast patternrecognitionelec
tronics would use the scintillator signals to define a crude "roadway" through
the iron back to the interactionpoint. Most cosmicray eventsand slow neutron
backgroundhits would be rejectedat this point. The trigger criteria could be
set loose enoughto permit triggering by sub-minimumionizing and slow par
ticles so as to implementa stableexotic search. The trigger "roadway" would
then be usedto selecta region of the outersuperlayerof the centraltrackerfor
further examination. The inner trackersignals from this region would then be
usedto computea transversemomentumfor any track stub found in order to
makea trigger decision. High-precision,off-line momentumdeterminationfor
muonswould use all of the informationavailablefrom the inner trackerand the
solenoidalmagneticfield map.

From the ratesof muons at the SSC calculatedat Snowmass86 [5], shownin
Fig. 4, we estimatethat the rateoutsidethe calorimeterand beyond3 m of iron
will be less than iO Hz, in the 5° to 100 region, and less than io Hz at larger
angles,comparableto or less thanthe the cosmic ray rate. This rateis already
low enoughto allow time for complexelectroniclogic. The scintillation counter
dimensionsare chosento obtain both low counteroccupancyand an intrinsic
time resolutionconsiderablybetterthan the 16 nsecbenchmarktime.

The experienceof CDF is that the muon momentumthresholdfor an exterüal
momentummeasurementis not sharp,dueto multiplescatteringin thecalorime
ter and the iron solenoidyoke smearingthe angularresolution.For that reason,
the muon trigger will use central tracker information to imposea sharplower
cut-off on the muon transversemomentum. Most interestingSSC physicspro
cessesyield muonswith Pt 20 0eV. The calorimeterplus addedsteelnaturally
providea cut-offat 10 GeV. A possiblestrategyis to usea 100 0eV/c Pt thresh
old for a singlemuon trigger in combinationwith a lower Pt thresholdwhen a
muonappearscoincidentwith other interestingactivity in the detector.

Theadvantagesof this minimal approachareclearly simplicity and low detector
elementcost. The disadvantageof this minimal systemis a lackof redundancy
and the resultantability to function well evenin adversecircumstances.Non
functioning scintillation countersintroducea "dead" region in the acceptance.
The muon sub-systemis completelyreliant on the central tracker,which may
complicatesystemintegration. This designdoesnot permit early, independent
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operation of the muon sub-system. Most difficult to evaluateis the possibility
of accidentalcoincidencesand confusion from other tracks. The muon portion
of the trigger is satisfiedby a few hits-not a clear track. For somefraction of
events,thecentraltrackerwill haveunrelatedhits in therelevantregion,possibly
a sufficientnumberof suchhits that extractingthe transversemomentumof the
track stub is unreliable. This problemmay be particularly acuteif there is an
appreciablecalorimeteralbedo.

The cost of this design is dominatedentirely by the acquisition, support and
installation cost of the iron. The total iron massin this designdependscru
cially on the detector radius but is of order 25 ktons. The likely cost of this
sub-systemis a few times io dollars. All costs associatedwith the scintillation
countersincluding plastic scintillator, photomultipliers,high voltage,discrimi
nators,mounting,etc. aresmall comparedto the costof theiron andits support
structures.

2. Trigger and Tracker. The secondreferencedesign is to augmentthe system
describedabovewith some tracking chambersembeddedin the 3 m of iron. The
purposeof suchchamberswould be to establishthe existenceof a consistent
track throughthe iron. Establishingsucha track offers considerableadvantages
for muon identificationandmomentummeasurement.Defining a track will im
prove hadronicpunch-throughrejectionby measuringthe amount of "wander"
in the iron. This parameter,if the particle is a muon,gives a crude momentum
determinationfrom multiple scattering,which can be comparedto the central
trackermomentumdetermination.It will also help determinewhich of the track
stubsin thecentraltrackeris actuallya muon. Finally, trackingthroughthe iron
will provide redundantrejectionof cosmic raysand insure that no unexpected
processdefeatsthe logic of the scintillator trigger system.

This designentailsadditional costs associatedwith segmentingand supporting
the iron, as well as costs for drift chamberor drift tube constructionandelec
tronics. Thesecosts are likely not to exceeda 25 percentincrementto the cost
for the minimal muon sub-systemdescribedabove.

3. Trigger and Trackerwith Momentum Analysis. A morecompletesystem
adds to the "Trigger and Tracker" a magneticfield in the iron and sufficient
spatial resolution to independentlydeterminemuon momenta. Since the gain
in resolution of an iron tracker increasesonly as s/L, additional iron may be
required. An additionalmajorexpenseis a supportsystemwith sufficient rigidity
to insure systematicchamberpositionalstability of a few tens of micronsand
a calibration system to determineand monitor hamberpositions. There are
also smalleradditionalcosts associatedwith thelargernumberof drift chambers
requiredfor momentumanalysisandfor the coils requiredto magnetizethe iron.
In all, this systemcostsperhaps3 to 4 times the cost of the minimal system,
likely between5 x iO and 108 dollars.

This muon sub-systemhas severaladvantages. It would be capableof inde
pendentoperation.Ideally, reconstructionandperhapstriggering couldusetwo
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independentdeterminationsof themuonmomentum.Theidentificationof muon
tracksin the central tracker, eventhoseembeddedin jets, would be morecer
tain, becausematchingfrom the inner detectorto the outer detectorcould be
done in position, angleand momentumspace. Hadronicpunch-throughrejec
tion would alsobe furtherenhancedby a high-precisiontracking andmomentum
measurementthrough the iron. Finally, redundancyalwaysprovides hopefully
unneeded,but certainlyreassuring,insuranceagainsta difficult start-upfor the
centraltracker.

Theinner trackeris likely to producea bettermomentumdeterminationthanthe
muonsub-systemfor muonsin the centralpseudo-rapidityregionwith momenta
less than500 0eV. Thesepartidescomprisethe bulk of thosemuonswhich are
expectedto beof interest. Forhigherenergymuons,themomentumresolutionof
the muonsub-systemwill dependcruciallyon its systematicpositionalaccuracy.

All of thesemuon sub-systemscould be constructed. We believe that "Trigger
and Trackerwith MomentumAnalysis" is likely the bestsolution Fig. 5. However,
we expect an optimal design solution to emergefrom the programof investigation
describedin this proposal. In addition, such"straight-forward" solutions do not
evenexist for the study of muonsat forward pseudo-rapidities.

4 Proposed Work

We proposeto developa muon detectionsystemand trigger which can resolvesingle
bunchcrossings,which is nearly100%efficient for triggering abovea cut-off transverse
momentumbetween 20 0eV/c and 100 0eV/c, and which, with high efficiency,
rejectslower Pt muons. This system will reject hadronsat the level of l0 and will
achievea rateof less than 1 Hz for singlemuonsabove100 GeV transversemomentum.
Lower Pt triggers at ratesup to 1 kHz will be mixed with other requirements,suchas
a dimuonor a high pt jet from the calorimeter, to achievean overall trigger rate of

1 Hz.This externalmuon sub-systemshouldalso providea useful measurementof
themuon angleand momentum,independentof the centraltracker.

We expect to complete the work describedbelow over a period of three years
commencingwith the funding of this proposal. We intend to integrateour results
from thesestudiesinto the plans of the large solenoidaldetectorcollaboration. We
will also disseminateour resultsgenerallythroughout the elementaryparticlephysics
community.

4.1 Task 1: Simulations, Rates and Backgrounds

4.1.1 Task 1.1: Install and Maintain Simulation Code [Minnesota]

A major task for the initial periodof the proposedwork is to performthesimulations
and calculationsrequiredto insurethe integrity of the conceptualdesignefforts. We
believe that the most of the requiredsimulationtools alreadyexist. However,a first

11



stepis to insure that a consistentset of suchprogramsaredistributedand operating
properly in all of the collaboratinginstitutionswhich requirethem. ArgonneNational
Laboratoryhasestablisheda simulationgroupwhich will providethetools to us. They
will alsoprovideanexchangemechanismfor future codedevelopment.Thework under
this task is to establisha liasonwith ANL and coordinatesimulationcodeinstallation
in the muon sub-systemcollaboration.

4.1.2 Task 1.2: Simulations [Colorado, FNAL, illinois, KEK, Michigan,
Minnesota, Northern illinois, Osaka,Wisconsin,SLAC/Harvard]

The designof a muon detectionsubsystemfor useat 40 TeV posesmanynew chal
lenges. While specific measurementsmay be necessary,a crucial facet of our design
programis the developmentand full exploitationof sophisticatedsimulations.

Thefundamentaltechniquesof muon identificationarewell establishedand famil
iar. Their extensionto SSC energies,however, is not trivial, and extensivestudies
will be necessaryin order to constructan optimal design. The energy-lossmecha
nism of muons grows increasingly complex as the energy reacheshundredsof 0eV.
Muon bremsstrahlungbecomesan important effect, challengingthe conventionalas
sumptionsthat muon trajectoriescanbe simply extrapolated,and that muons will be
detectedas cleanisolatedhits Fig. 6. Thus, one set of questionsabout our concep
tual designwhich we will answerwith simulationsare topics suchas the numberof
stationsrequiredfor muon identification and measurement,the numberof measure
mentsrequiredat eachstation and the amount of iron betweenstationsrequiredto
reduceshowercorrelationat adjacentstationsto an acceptablelevel.

While the backgroundsto detectedmuonsarethe familiar ones-hadronicdecaysin
flight andpunch-through-thedetailsare morecomplex. Extensivehadronicshowers
producemanysecondarieswhich may penetrateto the muon system. It is also likely
that a largeflux of neutronswill becomea significant componentof the background.
Wewill simulatethe ability of our conceptualdesignto identify and measuremuonsin
thepresenceof this background.Such backgroundcancomeboth from the interaction
regionand from ambientradiation.

The identification of muons among high-multiplicity jets of particles is another
major challenge. An independentmomentum-determinationcapability in the muon
detectorwill specifically addressthis problem,but simulationstudieswill benecessary
to determinethe required performanceand whetherthe proposedsub-systemcan
deliver suchperformance. Finally, the specific requirementsfor constructinga clean
andefficient inclusive-muontrigger must be determined.

Thesequestionsposegeneralchallengesto all techniquesfor muon detection,and
specific ones to particular designs. We must have simulation strategieswhich are
suitableto addressall of the problems.Fastcalculations,basedon physicsgenerators
with highly idealizeddetectormodelsarethefirst requirement.Thissoftwarewill allow
us to determinegeneral design features. Much work of this type has alreadybeen
performed.Thesestudieshavebeenreportedin the proceedingsof the SSCworkshops
at Berkeley in 1987 and at Snowmassin 1988, and elsewhere.The next step is to
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producecalculationswhich are basedon detailedinteractionsimulations,but which
usesimple generalizedgeometries.The final stage,of fully detailedmodeling of real
physicsin realisticdetectors,will be essentialfor finalizing the details of the detector
design.

We plan to rely heavily on existing simulation tools, and to cooperateclosely
with otherSSC simulationefforts. Softwaresystemsfor generatingmulti-TeV physics
ISAJET, PYTHIA and PAPAGENO,for constructingspecificgeometriesandman
agingtrackpropagationGEANT, andfor simulatingelectromagneticEOS,GEANT
and hadronicGHEISHA andothersprocessesin detail areall well established.Pro
gramsfor the completemodelingof detectorsfor the SSC arecurrently underdevel
opmentin SSC detectorstudy groupsand will be availablein the nearfuture.

The computing requirementsof thesesimulationsare enormous. A major chal
lenge will be to devisetechniquesfor acceleratingthe simulationprocess. Following
all particlesand their showersof a singleeventthrough the detectoruntil the com
pleteresponsehasbeendeterminedhasbeenestimatedto takeanywherefrom one to
sevendaysof VAX 780 cpu time, an intolerabletime exceptwith the largestavailable
computers.Thesecomputationtimes aredominatedby the developmentof showers
in absorber.Accelerationand optimizationof showersimulationcodesare important
to facilitating thesestudies.

- A comprehensiveprogramof SSCsimulationspresentsseverallevelsof computing
requirementsfor this collaboration. Small-scalegeneratorcomputationscan be per
formed on memberinstitutions’ presentcomputers. More detailed studiesof simple
detectorgeometriescan be conductedon low-cost high-speedscalarmachines,such
asRISC-basedworkstations.Full simulationsof real eventsin realisticdetectorswill
requirethe useof powerful vectorprocessors,or perhapsof massivelyparallelsystems
presentlyunder development.We estimatethat a minimum of 1000 hoursof Cray-2
CPUtime budget item 7.2 or the equivalentwill be requiredfor detailedsimulations
necessaryto completethis study.

4.2 Task 2: Detector Technical Development

4.2.1 Task 2.1 Drift Modules [Michigan, Tsukuba,Tufts, Wisconsin]

The conventionalapproachto muon tracking is the useof drift chambersor tubes.
Generally,drift detectorsdeliverexcellent spatial resolutionover a large areaat low
cost. We will begin hereby surveying the experiencewith drift modulesin previous
collider detectorsto insure that we havenot missedsome important aspectprior to
our concep.ualdesign.

The more extensivework under this task is to designand prototypevector drift
modules. Thesemodules are ones in which the anodewires are arrangedin order
to minimize the calculationsrequiredto determinewhethera track points back to
the interactionregion and whether it hassufficient momentumto trigger. Suchan
arrangementimplies different drift cell sizesat different distancesfrom the interaction
region. We thenneedto evaluatethe implications of suchdiffering cell geometrieson
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drift time magnitudeand linearity and on chargecollection efficiency.

4.2.2 Task 2.2 Fast Time ResponseElements [illinois]

Fast time responsedetectorelementsare crucial to muon sub-systemtriggering. We
proposeto investigateseveralsuchdevices. Onepossibility, in additionto scintillator,
is resistiveplate chambers.Thesedevicesgenerallyhavea gap of order 1 mm between
two highly resistiveplates materials suchas epoxy paper circuitboard. A many
kilovolt potential is establishedacrossthe gap using an externalpowersupply. The
inert gas filling the gap may be at high pressure.An ionizing particle crossingthe
gap initiates a electrical dischargebetweenthe two plates. The sizeof the discharge
is limited by the high resistanceof the plates. The presenceof the dischargemay be
detectedwith less than 1 nsectime resolution.

We proposeto build severalsmall chambersand to test theirperformanceon both
muonsandhadrons.Anotherissuewhich we will investigatearethesystemintegration
implicationsof using thesechambers.Suchquestionsincludewhetherelectromagnetic
interferencegeneratedby the RPC’swill adverselyaffect otherdetectorelements.We
will also investigatethe possibility of using a variety of plastic scintillator and plastic
Cerenkovdevices.

4.2.3 Task 2.3: Aerogel CerenkovCounters [Northern illinois]

An alternativeto gas Cerenkovis Cerenkovcountersfabricatedwith aerogel. Such
countershaveall the advantagesof a gas-filled Cerenkovcounter,but they are also
muchmore compactbecauseof the higher index of refractionof the aerogel. On the
otherhand,aerogelis a muchmoredifficult material to utilize becauseof clarity, sta
bility and cost problems. We proposein this task to initially procureseveralaerogel
countersandto measuretheir efficienciesfor muonsandpossibly low energyhadrons.
We will also measurethe backgroundcountingratesof thesecountersnearthe E-789
beamdumpat Fermilab. During the secondyear,we would install someaerogelcoun
tersinto the DO experimentandevaluatetheir performance.If we find positive results
from thesestudies,wewould thendo a conceptualand preliminaryengineeringdesign
for the useof aerogelcountersin triggering a solenoidalSSC detector,particularly in
the high rate, high momentumforward pseudo-rapidityregion.

4.2.4 Task 2.4 Gas CerenkovCounters [Colorado]

Gas Cerenkovcountersmay havemanyadvantagesfor detectionand measurementof
muonsin theforward andperhapsin thecentralpseudo-rapidityregion. Becauseof the
highly directionalnatureof Cerenkovlight, it is possiblethat sucha systemwill only
trigger on muons which come from regions near the collision point. This capability
may providea real time, clean, and accuratetrigger for the detectionof high mass
states.To determinethefeasabilityof this concept,wewouldneedto parameterizethe
variationin themuondirectionasa functionof theparticularlocationin the periphery
of the detectorand developsuitableoptics to collect the Cerenkovlight.
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A schematicconceptis theuseof nitrogen-filled,atmosphericgasCerenkovcounters
about 1.5 m long. Suchdeviceshavea thresholdenergyfor muonsof 6 GeV and
are fully efficient at 9 GeV. The light anglerelativeto the particle direction is less
than25 mr. If the total frontal areaof thesecountersis 2000m2,the entire system
would requireabout 2000 5 inch photomultiplier tubesand 8000 aluminizedmirrors
with reasonablygood directionalproperties.

4.2.5 Task2.5: Scintillating Fibers, Silicon Detectorsand StrawDetectors
[Arizona, Rochester]

Severalother sub-systemproposalsfocus on the developmentof tracking detector
technologyfor the centraltrackerof a solenoidaldetector.The proposedtechnologies
include scintillating fiber, large-areasilicon detectorsand straw tubes. Someor all
thesetechnologiesmay be suitable for externalcentral and forward muon detection.
Particularlyfor forward pseudo-rapidities,thecontext for muondetectionhigh rates,
small areas,good resolutionrequirementsarenot all that different from that of the
centraltracker.

Thescopein this taskis to providealiasonchannelwith thosepersonsin othersub
systemgroupswho aredevelopingthesetechnologies.In addition, this task includes
the considerationof thesefindings in termsof the particularrequirementsof the muon
sub-systemand possibly someprototyping.

4.2.6 Task 2.6 Test Beam [FNAL, illinois, Minnesota,Rice, Washington,
Wisconsin]

A thorough understandingof the interactionsof muons with matter is required to
optimize the muon momentummeasurementstrategy. In addition, knowledgeof the
developmentof hadronicshowerswill assisttheoptimizationof muonidentificationfor
both isolatedmuonsand thoseembeddedin jets. The particularissuesof interestin
hadronicshowerdevelopmentare "punch-through"of minimum-ionizing particlesand
the productionslow neutronsandothersoft particles"albedo" out of thecalorimeter
and hadronabsorber.

Our initial approachto thesequestionsis that the requireddataexist in either
publishedor unpublishedform and that currently availablesimulation programsare
generallyaccurateover the range of interestingparameters.A possibleexceptionis
the problemof soft particle flux. Most cascadecalculationsdo not follow particles
down to the energieswe requirebecauseof the large amount of computerresources
neededfor suchcalculations.However,we arereadyto do testbeammeasurements,
if our review of the existing dataindicatethat a test beamrun might be requiredto
resolvesomequestions.

If so, weproposeto built a small muon detectorto study problemsassociatedwith
tracking high energymuonsthrough various thicknessesof absorbers.We may also
investigatebackgroundproblemsassociatedwith hadronabsorbersin a testbeamset
up. The sizeof the requiredsystemwill dependon the questionsto be studiedand
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the possibility for prototypinga sectionof a nearly-final SSC detector.

We will likely usethe FermilabE-665 muon beamfor, thesetests. The E-665 beam
is normally tuned to meanmomentumof 500 GeV/c, with a FWHM of 120 GeV/c.
Theexpectedbeamintensityfor the 1990 run is 1-2 MHz. Theflux above700 GeV/c is
morethan100 Hz. Thus, theFNAL muonbeamis well matchedto momentaexpected
for interestingsecondarymuons at the SSC. We presumethat datafrom the E-665
spectrometerwill be availableto tag incidentmuon momenta.

The experimentalapparatusrequiredfor thesebeamtestswill dependon theques
tions to be answered. However, the configuration is likely only a few tens of cm in
eachdirectionnormalto the beamaxis. In addition to severalmeasuringstations,the
set-upwill likely includea block of magnetizediron. Standardoff-the-shelfelectronics
will be usedas muchaspossibleto minimize set-upand shakedowntime.

- With evenaminimal system,wecandeterminetheeffectsof electromagneticshow
ers on our ability to measuremuon track coordinates.Thesetestswill give us a cal
ibration of our simulationand allow us to tune the parametersso that we can do a
definitive study for the final design.We canalso test the effect of magnetizediron on
the efficiency of muonpatternrecognition.

The 1992 and later Fermilabfixed target runs will provide opportunity for beam
testsof prototypesectionsof the actual SSC detectorsand trigger systems. It is yet
too early to specifyany particularparametersof such tests,althoughthey are likely
to besimilar in beamrequirementsto the earlytestsdescribedabove.

4.3 Task 3: Central Region Detector

Sincealmostall colliding beamdetectorshavemuonsystemswhich differ substantially,
we plan to beginour efforts by examiningin detail the performanceof eachof these
systems.We arealreadyvery familiar with severalsuchmuonsystemsCDF, DO, Mark
II, AMY, SLD, VENUS andCLEO but believeacompleteandsystematicsurveyof all
availabledata,including fixed targetmuonandneutrinoexperimentsandunderground
muon detectors,publishedandunpublishedis preferableto redoing what hasbeen
done. Of course,no existing detectorwill haveall the characteristicsnecessaryfor the
SSC. However,therearevaluablelessonsin re-examiningthesepreviouscombinations
of muonidentification,tracking,and magneticfield configuration. Personalinterviews
with severalmuon expertsfrom eachdetectorand analysisof existing datawith the
SSCin mind will probablyopen manyavenueswhich werenot obvious. This exercise
will also alert us to possibleproblems.

After a systematicinvestigationof existing systems,we will simulatethem to as-
sure that our simulationprogramreproducesthe detailed behaviorof eachsystem.
In particularthe reactionof thesedetectorsto the soft tails of electromagneticand
hadronicshowerswill be importantsincethis behaviorwill contributeto the efficiency
of an SSCmuontrigger. Here we areespeciallyconcernedwith albedofrom theinside
faceof the calorimeterand well asthe leakagefrom the outsideof the calorimeter. It
is important to understandthe details of the very low energyresultsof showersfrom
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the measurementprogramdescribedelsewherein this proposal.We will thenuse this
simulationto test the most likely configurationsappropriateto the SSC.

We will prototypethe detectorsthat.havethe desiredcharacteristicsto determine
easeof large scaleconstruction,mechanicaland electrical robustness,easeof align
ment, and long termoperatingcharacteristics.In addition to configuring scintillation
countersand drift modules,we also expect to prototype,on a small scale,morenovel
devicessuch as Cerenkovcountersand resistiveplate chambers.We emphasizethat
we expect to prototypeonly a very limited rangeof detectors,perhapstwo scintilla
tion counterconfigurations,two drift moduledesigns,and one novel application of a
detector,which havesurvivedour previousevaluationprocedure.

4.3.1 Task 3.1: Conceptual Design [FNAL, Illinois, KEK, Minnesota,
Rice, SLAC/Harvard, Tsukuba, Tufts, Washington, Wisconsin]

For the purposeof this proposal,the central region of the detectoris definedas that
region in which the solenoidal field dispersionas measuredby the central tracker
yields a transversemomentumresolutionof at least10% at 500 0ev typically II
2.0. To achieveourgoals, weenvisionthat the muon systemwill include scintillation
counters,Cerenkovcounters,RPC’s or other devicesfast enoughto define the time
bucketof themuon,anexternalangleandmomentummeasurementsufficient to reject
hadronicpunch-through,anda fast trackingdeviceinsidethe calorimeterto determine
the impact parameterof a muon from a track stub. This device could be the outer
superlayerof a central trackeror, possibly, a specialmuon sub-systemlayer. A fast
inner tracking device with a radial extent of 10 cm £nd a resolution of 600 microns
could provide a sharpmomentumcut off up to 100 0ev at a radius of 1.8 m from
the interactionregionwith a 2 T centralfield. The scintillationcounters,arrangedin
either theta, phi projectionsor pixel towers,give the first indication that a particle
penetratedthe iron. Additional information from the inner track device, the muon
drift modules or the scintillator tower geometryis necessaryto reject cosmic rays
by pointing potential tracks to the interaction region. A comparisonof momenta
determinedin the inner device andoutermuon trackerwill be able to reject punch-
through and determinethe momentaof muonsin jets. From varioussummerstudies
and working group efforts severaldetectorconfigurationsappearpossible. It will be
the goal of this proposal to give a cost benefit analysisof thosesystemswhich will
satisfy the muon sub-systemrequirements.A schematicof sucha systemis shownin
Fig. 5.

4.3.2 Task 3.2: Preliminary EngineeringDesign [FiNAL, Michigan, SSC]

Dependinguponthefinal thicknesschosenfor the iron absorberin themuonsubsystem
2 to 5 metersmost likely and upon the actual size of the inner detector/magnet
configuration,the requiredmassof iron will lie in the range20 to 50 thousandtons.
This large masshas implications for the full detectorsystem. Mechanicalsupport,
floor loading, and surveyingareall aspectswhich shouldbe givenfull consideration
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at a very early stageof design.

A simplistic estimateof floor subsidencedue to this mass can be obtainedfrom
the modulusof subgradereactionspring constant,which hastypical values in the
range50 to 500 ton/cubicft. for varioustypes of sandsand clays. From this, wecan
estimatea likely overall subsidenceof 0.1 to 1 inch, dependingupon the flexibility of
the concretefooting, moisturecontentof the earth,etc. Deflectionsof this magnitude
are of serioussignificancefor the central detectorcomponents,someof which may
requiresurveyingto accuraciesof a few microns in the caseof a silicon strip system,
for example. Suchdeflectionswill also be of significanceto the SSCitself.

Consultationwith professionalcivil andmechanicalengineersis requiredfor a pre
liminary considerationof theseproblemsat the earlieststagesof design. The concrete
footing for thedetectorwill requirespecializeddesign,andshouldbe incorporatedinto
the overall design of the experimentalarea. It is likely that equipmentsurveyingwill
be a continualprocess,asthe earth is likely to consolidategradually with time. Some
experiencehasalreadybeengainedwith existing largedetectorsystems.The various
surveyingtechniquesalreadydevelopedshould be reviewed.

The support systemfor the muon systemitself will be massive,leading to pos
sible difficulties in installation and later accessto detectorcomponents,althoughby
appropriatedesignthe iron couldpresumablybe madeself-supporting.

4.3.3 Task 3.3: Prototyping

The eventualgoal of this sub-systemdesignis the protytpingof a largesectionof our
eventualdetectorto provide a testof both fabrication proceduresand performance.
This prototyping taskwill likely commenceduring the secondyear. Most of our efforts
during the third yearwill be directedtowardsthis prototypingtask. We will develop
moredefiniteproposalsconcerningprototypingaspart of the conceptualdesignphase,
which will be the focus of our first year’s efforts.

Onepossibleway to test the behaviorof the centralmuon tracking and triggering
subsystemis useof a cosmicray teststandsimilar to that which hasprovedso useful
in testing the DO muon system. The existing DO test systemmay be modified for
this purpose.This teststandwould containall of the devicesof the candidatemuon
systemincluding magnetizediron coveringan areaof approximately6m x 6m to insure
adequatecosmic ray rate and enoughcomplexity to testsystemintegrationeffects of
electronicsignals.

4.4 Task 4: Forward Region Detector

4.4.1 Task 4.1: Conceptual Design[Arizona, Colorado, Illinois, Minnesota,
Northern illinois, Tsukuba]

Considerationsof momentumresolution and triggering for forward pseudo-rapidities
are similar to those in the central region. Previous studies have indicatedthat for
Higgs-i.ZZ channels,one needsa momentumresolution better than 20% for muons
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with a transversemomentumof 500 0eV/c. Of course,if the Higgs were discovered,
one would want to measureits massto better than its natural width. For an inter
mediatemassHiggs about 300 0eV, this criterion gives a desiredmuon momentum
resolution of 4% for p 100 0eV. We seeno othercompellingreasonfor momentum
resolutionsbelow 5% but would like to maintainreasonableresolution,including sign
selection,up to thekinematicreachof theSSC.With theforward angularcoverageex
tending to t = , this criterion meansachievingthe desiredmomentumresolutionfor
muonswith momentain the 2-4 TeV/c region. As part of the work proposed,wewill
repeatand extendquantitativecalculationsof the expectedsignal/noiseasa function
of muon momentumresolutionsfor all predictedinterestingprocesses.For example,
Rosner[6] haspointedout that one signatureof new Z’s is a lepton asymmetrywhich
is largestin the region 2 ‘il 3. This asymmetrycan be a function of massdue
to interferencewith the standardZ. Precisionstudiesof this asymmetrywould follow
the discoveryof a new Z requiringoptimization of the forward region muon detector
as part of a detectorupgrade. Provisionsfor upgradesof the forward muon detector
systemwill be consideredaspart of the proposedwork.

For purposesof this proposal,the muon detectionin the forward region is broken
up into two regions, 1.25 2.25 12° C 32° and 2.25 IiI 3.0
5.5° 9 12°. We denotetheseregionsasthe intermediateandsmall angleregions,
respectively.Theseregionsblendsmoothlyinto thecentralregionbut it is obviousthat
theproblemsof momentumresolution,occupancy,andratesarequalitativelydifferent
in the small angleregion ascomparedto the centralregion. In addition, therewill be
no redundantmomentummeasurementavailablefrom the solenoidalfield for the small
angle region. This division of the forward region allows us to considerthe possibility
that different and more expensivetechnologiessuch as air core toroids and silicon
strip arraysmight be exploitedin the small anglehighestrate regionbecauseof the
limited areaper layer of detectorapproximately10% the areaof the central region
coverage. In the intermediateregion, one could also afford modestincreasesin the
cost of detectorsand magnetto matchthe environment.For example,one might use
superferrictoroids and decreasethe drift distanceby a factor of 2 comparedto the
centralregionshoulddrift modulesbe employed.The triggeringtechniqueemployed
in the two regionscould also be quite different. The muon flux in the forward angle
regionwill be roughly1-10 MHz while that in theintermediateregionshouldbeabout
100 kHz dependingon the absorberthickness.In fact, the thicknessand arrangement
of theabsorberis an importantissuein this study. Therewill alsobe alargeratein the
forward regionproducedby particleshitting the beampipe, edgesof the calorimeter,
or othermaterial. Extrapolatingfrom CDF measurementsand DO studiesleadsus to
expecta 500 Megahertzratefrom this source. Dueto the-’e largerates,it will probably
be necessaryto include multiple technologiesevenin early stagesof the trigger. An
exampleis to usea combinationof aerogeland gasCerenkovcountersto reducethe
counting rate from low-energyparticleswhile still providing good spatial resolution.
This "Cerenkov"trigger couldthenbe combinedwith a transversemomentumtrigger
based,perhaps,on proportionaldrift moduleswith gradedwire spacing.Alternatively
one might think of using drift technologycombinedwith scintillating fibers or silicon
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strip arrays to provide low occupancyas well as a fast trigger.

Both regions of the forward muon detectorwill probably consist of passiveab
sorber, i.e. calorimetryand/or nonmagnetizediron, for muon identification followed
by a magneticspectrometer.Weproposeto investigatetheexactboundariesof thetwo
regionswhich must be tuned to matchthe centralregionmuon detectorperformance.

Our study of the forward sectionof the muon detectorwill follow closelyour pro
cedurein the central region. In fact, most of the necessarytools for the study such
asdetailedsimulationsand comparisonswith data arecommon to both regions. Of
course,the averagemuon energywill be higher leadingto moresevereproblemswith
bremsstrahlungand punch-through,as discussedpreviously. We plan to enlargethe
detectorsimulationto include the reactionsof interest,thosereactionsgiving a muon
backgroundand the more difficult processeswhich give rise to detectornoise, such
as particle scatter from the beampipe. We can then evaluatevarious magnetand
detectordispositions for: trigger speed,trigger efficiency, momentumdetermination
in triggerandoff-line, coverageandefficiency,sensitivityto background,measurement
ambiguityand cost.

Finally, we will addressthe issuesof alignmentandspatialaccuracyin theforward
region. As comparedto thecentralregion,the smallersolid anglesubtendedwill allow
someflexibility. Positionresolution,leverarms,andmagneticfield lengthcanbevaried
suchthat a numberof different configurationswould give identical resolutions. Air-
gap magnets,combinedwith the largeflux of muonsfroni the interactionpoint, could
allow for short "magnetoff" alignmentruns.

4.4.2 Task 4.2: Preliminary Engineering Design [FiNAL, Michigan, SSC]

The commentsin Section3.2 also applyto this task,althoughtheengineeringproblems
in the forward directionare less severewith regardto the massof iron required.

4.4.3 Task 4.3: Prototyping

The commentsin Section 3.3 also apply to this task.

4.5 Task 5: Trigger

4.5.1 Task 5.1: Simulation Tools [Illinois]

Physicistsare accustomedto the use of simulation softwareto understandthe high
energyphysics aspectsof detectordesign. Simulationtools also exist and can be de
velopedfurther to guideand test the electronicsaspectsof detectordesign. The use
of computer-aideddesignCAD and computer-aidedengineeringCAE softwareof
fers considerablepotentialcost-savingand improvedreliability over standard"bread
boarding" techniques.We expect to usesuchtools in all aspectsof our electronics
development.

We proposeto useCAE tools to model the dataacquisitionand triggerelectronics
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for SSCexperiments.The first phaseof suchan effort is to write a functionalmodel
for the system.This model doesnot necessarilyhavethe physicalattributesof a real
system,howeverit cancontainasmuchof thefunctionalattributesasrequired.Several
different architecturescould be tried and evaluated.The stimulusfor the simulation
would comefrom Monte Carlo generatedevents.

The secondphasewould be to takethe bestfunctional model and convertit to a
structuralmodel. At this time the descriptionof the electronicsis partitionedmore
nearly into the physicalunits that will be èonstructed.The structuralmodel is tested
againstthe funtional model to insure consistency.This model, after refinement,be
comesthe designdocumentfor the electronics.All groupsdesigningat the gatelevel
will havethe behavioralmodelsof their subsystemand the interfacesto the rest of
the dataacquisitionsystemto test the designagainst.This will insurethat all parts
areconsistentwith the agreed-tosystem. The gatelevel designscan be mixed with
the higher-levelbehavioraldesignsand the entiresystemsimulated.

The modelswill be parametrizedso that different scenarioscan be tested.These
could includebuffer sizes,processingrates,signalor eventacceptance/rejectionstatis
tics, datatransmissionrates,trigger efficiencies,trigger biases,etc.

This typeof modellingwill be an ongoingpart of the systemdesign. As new ideas
are developed,modelscan be written to test them out. Also, when the gate-level
designis started,it is probablethat someunexpecteddesignproblemswill arise. The
solution may requirethat adjustmentsbe madein the structuralmodel. Before the
changeis made,the model can be modified and the overall effect tested.

4.5.2 Task 5.2: CustomIC Development[Michigan]

This work is alreadysupportedunderan SSC generic R&D proposal.

4.5.3 Task 5.3: Acoustic Charge Transport [Washington]

This work is alreadysupportedunderan SSCgenericR&D proposal.

4.5.4 Task 5.4: Prototype [Arizona, Minnesota,Wisconsin]

Work under this task will design and prototype elementswhich may be useful in
constructinga muontrigger. Onesuchelementis the fast tablelook-up of momentum
basedon particularhit patternsin the muon tracking detectors. Another elementis
the comparisonof tracksegmentsfrom the muonsystemand the centraltracker. The
resultof thesesmall-scaleinvestigationswill be incorporatedin the conceptualdesign
describedin Task5.5.
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4.5.5 Task 5.5: Conceptual Design [Arizona, fllinois, KEK, Michigan,
Minnesota, Northern Illinois, Okayama, Wisconsin]

We proposeto designand prototypea fast electronic trigger. This trigger must have
a time jitter of less than 10 nsec to resolve bunch crossings,with a decision time
of lpsec, to minimize the length of the overall detectorpipeline. We expect that
sucha trigger maybe basedon fast detectorcoincidencestogetherwith the ability to
examinetracking vectorsfrom stubsin small tracking detectorregionsdeterminedby
the trigger detector. Impact parameterswould be matchedto thosedesiredby fast
parallelmultistagetable lookup. Current technologyoffers large scalememorywith
betterthan50 nsecaccesstime so that even10 stagematchingfalls within the design
parametersof the trigger. We proposeto first designa computersimulationof this
trigger and thenbuild a prototype. We will also designand build a programmable
electronicdeviceto simulatethe electronicsignals from the detectorswhich makeup
the muon trigger. This signal simulator will be used to test models of the trigger
electronics.

4.6 Task 6: Magnets

4.6.1 Task 6.1: Conceptual Design [Argonne, Wisconsin]

The solenoidalmagnetin the centralpseudo-rapidityregion is not part of the muon
sub-system. However, the central region magnetizediron and the forward pseudo-
rapidity region magnets.are included in this sub-system. The possibilities for the
forward region include toroidal and dipole magneticfields, implementedwith ferric,
superferricor air-coremagnets.This task will developa conceptualdesignfor such
magnetsconsideringphysicsrequirements,systemintegrationrequirementsand rough
cost estimates.

4.6.2 Task 6.2: Preliminary EngineeringDesign [Michigan, SSC,Wiscon
sin]

In thesecondandthird years,we will do a preliminaryengineeringdesignof ourchosen
magnetconfigurationsfor both the centraland forward pseudo-rapidityregions.

4L7 Task 7: Support and Coordination

4.7.1 Task 7.1: Computer Time

The collaborationintendsto purchasesupercomputertime at the best possibleprice
and/ormatchingfundsarrangementeither at one of the collaboratinginstitutions or
at a nationalfacility.
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4.7.2 Task 7.2: Travel

Although we intend to useelectroniccommunicationsas much as possible,travel is
essentialto coordinatingthe activities of a broad collaboration. Travel costs include
collaborationmeetings,visits to vendors,work at other institutions and test beam
work at acceleratorlaboratories.

5 Effort, Coordination and Budget

5.1 Effort

Doing researchand developmenton an SSCsubsystemrequiresthe effort of peopleal
readyengagedin activehigh energyphysicsresearchprograms.It is just suchprograms
which must leadsmoothly to the SSC era. This proposalinvolves faculty members
andlaboratorypersonnelwith full researchagendasbut who seetheneedto beginthe
work which will leadto an SSCdetectorimmediately.We proposeto obtainthe effort
necessaryfor the proposedwork by obtainingreleasetime from their otherduties not
relatedto high energyphysicsresearch,i.e. teachingfor faculty members,for approx
imately one third of a year. We know howeverthat outsideresponsibilitieswhetherin
a laboratoryor a university will alwaysexist as long as a personis physically present.
To achieveefficient use of time for this project, we envision that collaboratorswill
either travel to anothersite or host others at their site during the time whenworking
exclusively on this project. Thus eachproject memberis either away from his/her
home institution or is interactingwith other membersof the collaborationvisiting
his/herinstitution. We expect the time for eachworking visit to be on the order of a
week for with the host siterotating amongthe membersof eachworking subgroup.

In addition,we proposeto hire post docswho can work part time on this project
while participatingwith membersof this collaborationin ongoing experimentswhich
result in physics output. This will allow post docs to contributeto the SSC devel
opmenteffort without sacrificing their prospectsfor advancementand their tastefor
finding newphysics. Thestronguniversity componentin this collaborationcansupply
additional effort by graduatestudentswho can be involved at leastpart time while
still beingpermittedto participatein datataking andanalysisof ongoingexperiments.
We expect that this R&D work will result in some M.S. and Ph.D. theses. Finally,
part-timeeffort by electricaland mechanicalengineersand techniciansexperiencedin
high energyphysicsdetectorwork will be suppliedby theparticipatinginstitutionson
a cost-reimbursementbasis.

5.2 Coordination

Although we haveseparatedthis proposalinto various subtasks,thesetasks are all
directedto establishingthecostsandbenefitsof realisticmuontriggeringanddetection
options. All efforts will be coordinatedto that end. Indeedseveralsubtaskssuchas
measurementsin testbeamswill involve most membersof this collaboration. We will
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establishthe samesimulationcodeat eachinstitutionwith a centralcodemaintenance
facility. Long simulationssuchasshowerstudieswill be executedon largemainframe
computerssuch as Cray 2’s and examinedusing user’s Vax systems. Simulations
involving only particletracking will run on eachinstitution’s Vax.

Subgroupswill keep in constantcontactwith eachother throughelectronic mail
with a centralinformationdistribution beingestablishedat Minnesotafor distributing
group notes and frequentprogressreports. We expect meetingsof the entire group
will occurat a periodof about two months.This is enoughto keepthegroupfocussed
without withdrawing significanteffort from the work at hand. Becauseof the nature
of the problem, the groupas a whole will periodically decidewhetherto pursueany
particulartechnologyto the next stageof developmente.g., simulationto small scale
prototype,etc. Maintaining constantcontactbetweenall of the subgroupsand fa
cilitating thesedecisionswill be one of the responsibilitiesof the spokespeopleof this
proposal.

5.3 Budget

The attachedtablesoutline the budget for this proposalby task and sub-task,as
describedin Section 4 of this proposal.The descriptionin that sectiontogetherwith
the budgettablesalso indicatethe timing of the proposedwork. For thefirst year,we
providea breakdownfor eachsub-taskby categoryof expenditureand by responsible
institution. For Years2 and 3, sucha detailedbreakdownis not possiblefor this type
of R&D project. For that reason,we provideonly overall requestsby sub-taskfor
theselateryears.

The categoriesof expenditureare Effort, Materials, Engineering,TechnicalSup
port and Other. "Effort" includesthe costsof salaries,fringe benefitsand overheads
associatedwith the work of physicists-senior,post-doctoraland pre-doctoral. "Ma
terials" aresupplieswhich aresmall and short-livedand thus do not meet the normal
tests for capitalequipment.The categoryof "Engineering" includes fundsmostly to
reimbursenational or university laboratoriesfor time of professionalengineersand
their assistants. "Technical Support" includesall costs associatedwith technicians,
computerprogrammers,machinistsandsimilar persons.The "Other" categorymostly
includesthe cost of purchasedsupercomputertime and travel.

The amountslisted under "Effort" generally refer to fractional time of various
physicistpersonnel. In the short-term,suchtime can be madeavailableonly by di
vertingexisting personnelfrom other tasks. Severalrequirementsmakesuchdiversion
difficult. Theseproblemsinclude the necessityto continueto operatethe currentna
tional high energyphysicsprogramto keepthe field of elementaryparticlephysicsin
theUnitedStatesvital during thepre-SSCyears. A seconddifficulty is theprofessional
careerdevelopmentof junior faculty, post-doctoralresearchassociatesandgraduate
students.It is generallynot advisablefor suchpeopleto devotetheir entireefforts to
an SSCexperimentbecauseof thelong time delayprior to expectedphysicsresults.It
maybepossible,however,for somegraduatestudentsto completea Ph.D. dissertation
on SSCinstrumentation.A third problemis that university physicsdepartmentswill
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only toleratelimited diversionof professorialfaculty from teaching,which is another
mode for obtaining someof the requiredeffort. For thesereasons,the mix of effort
from senior andjunior Ph.D. physicistsandgraduatestudentswill vary by time and
institution.

The budgetlists manylines with no explicit funding included. Theseentriesdenote
acceptanceof responsibilitywith funding suppliedby othermeansthan this proposal.
For example, our Japanesecollaboratorsare alreadysupportedwith their national
funds. Severalof us havereceivedgenericR&D funding for topics which arerelevant
to this proposal. We expect,in addition, to requestcapital funding as necessaryfrom
the Stateof Texas.
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Yearl Year2
Effort Materials EngineeringTechnical Other Total Year 1

Task I: Simulations,ratesandbackgrounds
1.1 Install andmaintainsimulationcode $25,000 $25,000

Minnesota $15,000 $20,000 $35,000
1.2 Simulations $105,000 $50,000

Colorado $20,000 $20,000
FNAL
Illinois $10,000 $10,000 $20,000
KEK
Michigan $10,000 $10,000
Northernillinois $10,000 $10,000
Oka
Wisconsin $10,000 $10,000
Minnesota $10,000 $10,000
SLAQHarvard $15,000 $15,000

Total Task 1 $85,000 $45,000 $130,000 $130,000 $75,000

Task 2: DetectorTechnicalDevelopment $600,000 $100,000
2.1 Drift Modules

Tsukuba
Michigan
Tufts $10,000 $20,000 $35,000 $65,000
Wisconsin $20,000 $10,000 $15,000 $45,000

2.2 Fast time responseelements
Illinois $15,000 $10,000 $20,000 $45,000

2.3 Aerogel
Naihernillinois $15,000 $30,000 $45,000

2.4 GasCerenkov
Colorado $20,000 $20,000 $25,000 $65,000

2.5 SciFi, Si and Straws
Arizona $15,000 $10,000 $25,000
Rochester

2.6 TestBeam $20,000 $200,000
FNAL $30,000 $20,000 $50,000
Illinois $10,000 $10,000
Minnesota $10,000 $10,000
Rice $20,000 $20,000
Washington $30,000 $20,000 $25,000 $75,000
Wisconsin $10,000 $10,000

Total Task 2 $175,000 $150,000 $140,000 $465,000 $620,000 $300,000



Year 1 Year2 Year3
Effort Materials EngineeringTechnical Other Total Year 1

Task 3: CentralDetector
3.1 ConceptualDesign $150,000 $100,000

FNAL
illinois $10,000 $10,000
KEK
Minnesota $10,000 $10,000
Rice $20,000 $20,000
SLACJHarvard $15,000 $15,000
Tsukuba
Tufts $10,000 $10,000
Washington $10,000 $10,000
Wisconsin $10,000 $10,000

3.2 PreliminaryEngineeringDesign $160,000 $300,000
FNAL $40,000 $40,000
Michigan
SSC

3.3 Prototyping $300,000 $500,000
Total Task3 $50,000 $40,000 $125,000 $610,000 $900,000

Task4: ForwardDetector
4.1 ConceptualDesign $100,000 $100,000

Arizona $15,000 $15,000
Colorado $10,000 $10,000
Minnesota $10,000 $10,000
Northernillinois $10,000 $10,000
Tsukuba

4.2 PreliminaryEngineeringDesign . $120,000 $200,000
FNAL $20,000 $20,000
Michigan
SSC

4.3 Prototyping $300,000 $500,000
Total Task4: $45,000 $20,000 $65,000 $520,000 $800,000



Yearl Year2 Year3
Effort Materials EngineeringTechnical Other Total Year 1

Task5: Trigger
5.1 Simulationtools CAD/CAE $200,000 $100,000

Illinois $60,000 $15,000 $75,000
5.2 CustomIC Development

MichigangenericR&D
5.3 AcousticChargeTransport

WashingtongenericR&D
5.4 Prototype $250,000 $400,000

Arizona fbrwaid $20,000 $10,000 $10,000 $40,000
Minnesotasig sim, table lookup $20,000 $10,000 $40,000 $20,000 $90,000
Wisconsintracksegmentmatch $10,000 $10,000 $30,000 $10,000 $60,000

5.5 Conceptualdesign $150,000 $150,000
Arizona $10,000 $10,000
Illinois $10,000 $40,000 $50,000
KEK
Michigan
Minnesota $10,000 $10,000
NorthernIllinois
Okayama
Wisconsin $10,000 $10,000

Total Task 5 $90,000 $30,000 $170,000 $55,000 $345,000 $600,000 $650,000

Task6: Magnet
6.1 Conceptualdesign $40,XJO $40,000

Argonneair corn
Wisconsiniron

6.2 PreliminaryEngineeringDesign . $80,000 $150,000
Wisconsiniron $40,000 $40,000
Michigan
SSC

Total Task 6 $40,000 $40,000 $120,000 $190,000



Yearl Year2 Year3
Effort Materials EngineeringTechnical Other Total Year 1

Task7: SupportandCoordination
7.1 Computer time $100,000 $100,000 $150,000 $100,000
7.2 Travel $150,000 $175,000

Argonne $4,000 $4,000
Arizona $12,000 $12,000
Colorado $10,000 $10,000
FNAL $6,000 $6,000
Illinois $12,000 $12,000
Michigan $8,000 $8,000
Minnesota $17,000 $17,000
Northernillinois $10,000 $10,000
Rice $5,000 $5,000
SLAC/Harvard $6,000 $6,000
Tufts $10,000 $10,000
Washington $12,000 $12,000
Wisconsin $12,000 $12,000

Total Task7 $224,000 $224,000 $300,000 $275,000

bandTotal $445,000 $180,000 $270,000 $240,000 $224,000 $1,359,000 $2,900,000 $3,190,000

Budgetby Institution
Argonne $4,000 $4,000
Arizona $60,000 $20,000 $10,000 $12,000 $102,000
Colorado $40,000 $20,000 $25,000 $10,000 $95,000
FNAL $30,000 $60,000 $20,000 $6,000 $116,000
Illmois $55,000 $10,000 $100,000 $45,000 $12,000 $222,000
Michigan $10,000 $0 $8,000 $18,000
Minnesota $75,000 $10,000 $40,000 $40,000 $17,000 $182,000
Northernillmois $35,000 $30,000 $10,000 $75,000
Rice $20,000 $20,000 $5,000 $45,000
SLAC/Harvard $30,000 $6,000 $36,000
Tufts $20,000 $20,000 $35,000 $10,000 $85,000
Washington $40,000 $20,000 $25,000 $12,000 $97,000
Wisconsin $70,000 $20,000 $30,000 $25,000 $12,000 $157,000



Figure 1. Mzz vs. Muon Momentum Resolution for H- ZZ
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Figure 2.
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Figure 5.
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