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1. Introduction

Appendix A of this documentcontainsa Letter-of-Intentthat has been
submittedto the SSCLaboratoryfor a ForwardBeautyDetectorFBD for
the SSC. The FBD has beenproposedproposal P238 for the SPS
Collider. Thatproposaland its Addendaare heretoattachedas Appendices
B, C and D, respectively.It is plannedthat the FBD will run first at the
SPS,then possibly at the Tevatron,UNK or LHC, and then transportedto
the SSC in time for startupin 1998.

The Forward Beauty Detector is distinguished by the following
characteristics: a There are forward detectorsinstalledon both arms,
which cover aperturesof 2-600mrad from the outgoingbeamdirections.
A silicon microvertexdetectorwith elementsperpendicularto the beam is
installed inside the vacuumpipe; b Data acquisition is triggered by
sophisticatedreal-timecalculationson themicrovertexdetectordata.

In the presentdocument,we request funding to support the costs of
Research& Developmentof the triggerandreadoutelectronics.The nature
of our proposedtrigger real-time calculationson silicon data imposes
severalunusualdemandswhich arediscussedin the nextchapter.

As we have noted in our SSC Letter-of-Intent, a detectorof the type
proposedis"transportable".That is, a forward detectorwhich is designed
to run at ‘Is = 0.63 TeV can also be usedat ‘Is = 40 TeV with the
addition of a downstreamspectrometerwhich extendsthe coverageto
smallerangles.Figure 1 to this documentshowsthe avengemomentumof
B-mesondecay tracks vs. laboratory angle for the SSC and the SPS
Collider. In the angularrange of the first spectrometer100-600mrad,
the track momentaat SSC and SPS are nearly the same.Thus, the first
spectrometerrequiresno changes.In the second spectrometer10-100
mmd, tracks at the SSC have somewhatlarger momenta.The larger
momenta canbe accomodatedif the normaldipole magnetis replacedby a
superconductingdipole when the transitionto SSC is made. In the third
spectrometer,which is addedfor the SSC transition, a superconducting
dipole magnet would be used togetherwith silicon tracking maximum
transversesizecanbeprobablybe limited to about20 x 20 cm2.

Our beautyprogramwill evolveand leadto an SSCexperimentin which
we shouldhavesufficient statisticsto perform quality CF-Violation studies
in B decay.We anticipatebeing able to start at the SPS-Colliderin Fall
1990 with the fundamentalsilicon trigger test requestedin the document
attachedas Appendix D to this proposal.Although uncertaintieswith



future possibiltiesat the SPS-Collider,Tevatron,UNK and LHC make it
impossibleto predictwith certainty how our future wifi developbeyond
the silicon test in 1990, it seemslikely that, beforethe SSC, our Beauty
experimentwill run on at leastone of thesecolliders. Thus,we could be
readyat SSCturn-on with a known, testedandreliabledetector.

2. ProposedR. & D. Program

As outlined in the Introduction and in Appendix A, the proposedSPS
Collider detectorcan be usedat the SSC with relatively straight forward
modifications.Thus, all work on this detectoris really preparationfor an
SSCBeautyexperiment.

Although our unusualtrigger, basedentirely on real-time calculationson
silicon data, is very challenging,it is recognizedby the communityto be an
area worth considerableeffort to develop. In particular, the SPS
Committeeseemsready to recoMmendapprovalof a silicon trigger test
run that we haverequestedseeAppendixD at the SPS-Coffiderduring its
Fall 1990 operation.We expectto havethe committeesresponseaftertheir
meetingon October25, 1989.The resultsof this testrun, if successful,will
be of greatimport to B physicsprogramsat all future hadroncolliders.

Becauseof the importanceof this programand ourplansto continueon to
the SSC, it is appropriatethat we now seekSSC R&D support for the
delicatejob of designingthe triggerand readoutelectronics.

Becauseof the unusualnature of the trigger, real-time calbulationson
silicon data,the demandsmadeon the readoutsystemand triggerprocessor
are particularly severe:

* We read out the silicon detectors every time there is an
interaction.This must be accomplishedin the shortestpossible
time andthe datatransferredto the triggerprocessor.

* With the utilization of Data-FlowData-DrivenArchitecture,the
real-timecalculationsfor one eventcanbe completedin the short
time of about 15 microseconds.

* All detector information must be read out betweenbunch
crossingsand storeduntil the trigger calculationis completed.
Among otherthings,this requiresa high capacitypipelinedbuffer



FIFO which hasthe capacityto storeall eventsproducedduring
this time. Thus, for example,a 106 Hz interaction rate would
require a 15 event buffer capability there are other reasons,
discussedbelow, why the interaction rate probably shouldnot
exceedthis value.

Thesepointsarediscussedin somewhatmore detail in Chapter6 of the SPS
P238proposalAppendix B to this document.In particular, Section6.2
coversthe readoutsystem.

Although Section6.1 AppendixB discussesthe data-drivenprocessorin
general terms, we have since decidedthat, for the first version of the
experiment,we canuseexistingmodulesof the Nevis/Univ. of Mass.data-
driven processordesignB. Knappet aL. This is discussedin AppendixA
of P238-Addendum1 which is Appendix C to this document.It is
explainedtherehow we are currentlyproceedingwith the developmentof
a completesoftwareemulationpackagewhich will allow us to determine
precisely in how many clock cycles in a 40 MHz clocked system,the
calculationswill be completed.This will determinethe numberof events
which must be buffered and hencethe necessarystoragecapacityof the
FIFO’s.

As suggestedby the above demands,we shall developfast hi-capacity
FIFO’s and high speeddatalinks. We estimatethat about200 paralleldata
pathsarenecessaryin the detectorreadout.In doing this, we shall attempt
to make some useof the higher luminosity available at a proton-proton
collider. However,as commentedon above,radiationdamageto the silicon
from beam-beaminteractionsandproblemsarising from pileup, will likely
limit ouruseableluminosity to about 1031.

Concerningthe data-drivenprocessor,we expectto havea configurationof
the Nevis-U. Mass,processorappropriateto our trigger requirementsfully
operationalby Februaryor March 1990. It is worth pointing out, as is
discussedin the following chapter,that our group is quite strong in this
areaandwe havefull confidencethatwe shall succeedin this effort.

Extrapolationto the more complexeventand possibly backgroundof the
SSC configuration, will require a re-engineeringof the components
involving greater speed, compaction and more complex modular
components.A greater"user-friendliness"will alsobe developed.



3. Past Accomplishmentsin Electronics

Our group has an establishedtrack record in creating modemand key
electronicscomponentsfor high energyphysicsexperiments.

In 1980, we installed, in our experimentR608 at the CERN-ISR, a very
successfullarge wire-chamberTDC system16,448channelswith highly
paralleledreadout.It had 40 high speedparallel output datapaths into
centralmemory,with a total datatransfer rate of 2 Gigabyte/second[see
"A 16,000 Wire " in Proceedingsof the 1983 DPF Workshop on
Collider Detectors";LBL-15973}. The design,constructionand installation
of this system was all done by our UCLA group and took slightly more
than one year from start to fmish. In a systemof this size, with about
80,000 MECL 10,000 IC’s, it was also necessaryto create on-line
diagnosticsoftware to fmd andlocate failuresat the chip level.

After the closureof the ISR, we later1986used20% of this TDC system
to instrumentthe wire chambersin the four Roman-potspectrometersof
our nextexperiment,UA8, at the SPS-Collider.The cleanlinessand speed
of the readoutelectronicsmadeit possiblefor us to appendto it a data-
driven trigger processorsystem, which we designedto calculate the
momentumof tracks which traversedthe Roman-potspectrometers.A
selectionof goodtracks with momentumin the desiredrangeprovidedthe
secondlevel trigger for the experiment.

Designwork for the UA8 data-drivenprocessorbeganin December1985.
By April 1986, a completedprocessorwas installed and running at the
SPS-Collider[J. Zweizig et al., Nuci. Instr. & Methods A263 1988 188].
Each of the four Roman-potspectrometershad its own processor,with
eachprocessorproviding the equivalentof 60 MIPS of computingpower.
Thus, the entire systemfurnished240 MIPS equivalent.The momentum
calculationtook 450 ns to perform. Imbeddedin the TDC systemreferred
to above,the entire processfrom RF signal to trigger signal was 1.2
microsec.Along with the hardwaredevelopmentwas an impressivearray
of on-line calibration,diagnosticand monitoring software. As far as we
know, this was the first true data-drivenprocessorto run on-line in a high
energyphysicsexperiment.The triggersuppressioncould be as high as a
factor of severalhundred and yielded on-line momentumspectrawhich
were of off-line quality.

Finally, it may be notedthat we did pioneeringwork in the areaof parallel
processing.In summer 1982 before the adventof ACP’s, two of our
engineers,JamieEllen and Alan Russ,write a very advancedUCLA report



in which they outlined such a systemA descriptionof a version of this
systemlaterimbeddedin FASTBUS wasdescribedby Ellen [VIRTUS: A
Multi-ProcessorEventSelectorUsing FASTBUS; Proceedingsof the 1983
DPF Workshopon Collider Detectors;LBL-l5973, p. 185].

4. Budget and Discussion

We are proposing a total 9-month budget of $413,500.This includes
funding for 2 electronicsengineers,2 techniciansand 1 postdoctoral
researchphysicistto work with them. In addition,thereis $20,000for test
equipmentand $20,000for prototypemoduleconstruction.Thereis also a
travel budgetof $10,000aswell as $7,445 for S.&.E.

The seniormembersof our group,Schlein,Erhan,Medinnis andZweizig,
are very experiencedat interfacing to and working with electronics
engineersand successfullyobtaining neededresults. Our collective
experiencewith advanceddigital systemsand real tithe processingwill
allow us, togetherwith the ratherpowerful electronicsgroup implied by
our budget, to createthe necessaryelectronicssystemswhich will provide
the heavyflavor triggerat SSC.

The budgetpageshowsErhan,Medinnis andZweizig working at 20% time
on this project. This is meantto show the fraction of their time which will
be devotedto problemsspecifically related to the SSC version of the
experiment.In fact, they are working 100% of their time on the beauty
experiment.

Concerningmilestones,we expectto be able to have the completedSPS
version of the experimentready in 3 yearsi.e., before the end of 1992,
so that some datacould be takenduring the 1992 collider run. Thus, all
electronicswill be completedand fully operationalby then. As stated
above, we expect to have the data-drivenprocessorcompletedabout 6
monthsfrom now.
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Figure 1; Average B decay track Momentum vs. Laboratory Angle.



Budget

1/i/go to 9/30/90

1. SalariesandWages:

P. Schlein, Professor
Principal Investigator
50% time on project - 0 -

S. Erhan
AssociateResearchPhysicist
20% timeon project - 0 -

M. Medinnis
AssociateResearchPhysicist
20% time on project - 0 -

I Zweizig
AssistantResearchPhysicist
20% time on project - 0 -

AssistantResearchPhysicist I
100% time for 9 months
BaseSalary.1/1/90: $3,300/month 29,700

Principal DevelopmentEngineer
100% time for 9 months
BaseSalary 1/1/90: $6,800/month 61,200

AssociateDevelopmentEngineer
100% time for 9 months
BaseSalary 1/1/90: $4,000/month 36,000

Principal ElectronicsTechnicianV
100% tithe for 9 months
BaseSalary 1/1/90: $3,673/month 33,057

ElectronicsTechnicianIV
100% timefor 9 months
BaseSalary 1/1/90: $2,774/month 24,966

Total Salaries $184,923

2. EmployeeBenefits:

Academic0 22% 6,534

Staff © 28% 43,463

Total EmployeeBenefits $ 49,997
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3. Suppliesand Services:

GeneralOperatingSupplies/Services 3,845

TechnicalIllustration Service 1,800

TelephoneExpense 1,800

Total Suppliesand Services $ 7,445

4. Equipment:

Test Equipment 20,000

Total Equipment $ 20,000

5. Travel:

Domestic ‘have!:
10 trips 0 $700/trip 7,000
ForeignTravel:
2 trips 0 $1,500/trip 3,000

Total Travel $ 10,000

6. Fabrication:

Electronic Modules 20,000

Total Fabrication $ 20,000

7. Indirect Costs:

Overhead0 48% on MTDC 121,135

Total Budget $413,500
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B. ProposedP238to SPS-Committee:
Study of Beauty Physicsat the SPS-Collider with Real-Time
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C. P238-Appendix1:
Measurementof B5-Mixing

D. P238-Appendix2:
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24 September,1989

Professorft. Schwitters
DirectorsOffice
SSCLaboratory
2550 BeckleymeadeAvenue
DaflasTX 75237

Dear Roy,

A collaboration,for which I am spokesman,recently submitteda proposalto the SI’S-Committee
for a new collider detector,dedicatedto the study of Beauty physics.P238 and P238-Addendumap
pended.Since this proposalembodiesa new approachto the study of B physics at hadroncolliders,

and by now has more than 6 physicist.yearsof trigger and detector Monte-Carlosimulation work be.
hind it, I believe it has important implicationsfor the SSC. I sin writing to bring to your attention the
essentialargumentswe havedevelopedand to draw preliminary conclusionsof the implications for 13
physicsstudiesat SSC.

The first point is that the productionof 13-Mesonsfrom gluon-gluon fusion is markedlypolar iii

laboratoryproductionangle at high energies.For example, the following figure from ISAJET shows
the angulardistribution of 13-Mesondecayproductsat the SSC.
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This peakingarguesfor forward detectorson both arms.For the apparatusproposedin P238, which
is an extensionof devicespioneeredat the 15k, aperturesof ±600 mradaroundthe beampipes leadto
about 60% of all Bil eventsat the SSChaving all thedecayproductsof at leastone of the 13’s fully
containedin the detectoraperture.

In a forward SSC spectrometerwith aperture2-600 mrad, the averagemomentumofthe accepted
B.mesons cP8> = 270 0eV/c, while central 13’s acceptedin a rapidity rangeof, for example, -2
to + 2 have <P13> = 7 kY/c. There are many clear experimental advantagesof working with
higher momentumsamplesof B-mesonsin a forward planardetector,suchas in particle identification
with RICH counters,measurementsof B proper decay time, reconstructionof exclusive Sinai states
with photons,etc.



The secondessentialpoint is that reconstructionof exclusive final statesin 0-decaywith minimal
backgroundis made possible with the use of a somewhatunorthodoxsilicon micro-vertex detector,
whoseplanar elementsare perpendicularto the beamand installed ‘inside the vacuumpipe actually
inside a secondaryvacuum, to provide RF shielding and avoid contaminatingthe main machinevac
uumn. The detectorplanesare spacedevery 4 cm throughoutthe ±30 cm at the SPS of the interac
tion region. The detectors,which are normally 2 nun from the beam,would be retractedabout 10 cm
from the beamline whenthe machineis not in stablebeam’ state.

Triggering is anotheressentialpoint. With extensive and careful Monte-Carlo calculations,we
have shown that data acquisition can be efficiently triggered by the resultsof sophisticatedreal-time
computationof datafrom the micro-vertexdetector.We anticipatebeing approvedby CERN to per
form a silicon test run in the SPS-Cohliderin 1990 in order to be certainthat event-unrelatedsignals
from beamhaloand other ‘noise’ will be at a manageablelevel. The resultsof thesetests, if successful,
should be of greatimport to B physicsprogramsat all futurehadroncolJiders.

Extrapolationof the proposedSPS experimentto the SSC involves severalimportantconsilCra
tions:

There is a natural limit to the useableluminosity which is determinedby pileup considera
tions, complicatedby the needfor real-time pipelinedcalculations,and alsoby radiation dam-
age to the silicon detectorsdue to the beam-beaminteractionrate. We arecurrently studying
this questionfor the SSC, althoughwe think that, for this type of experimentwith elaborate
silicon systemsclose to the beamsand in which exclusivefinal statesare reconstructed,one
probablywill not want to run with luminositieslarger than 10" cm -

Our presenttwo-spectrometersystem with 0min = 10 mrad and total length of ± LI meters
would have to be supplementedby an additional spectromcterin order to extend coverage
down to smaller0min Our preliminaryestimateusing ISAJET is that the addition of a third
spectrometerwith aperturefrom 2 to 10 mradwill result in less thana 10% loss of B-mesons
due to lost small angle particlesin the beampipe.

We estimatethat, due to a numberof reasonsmainly: larger B crosssection,°fl/°totai ratio, available
luminosity and forward collimation of B decay products,a factor of at least 500 times larger event
samplesshouldbe obtainableat the SSCthanat the SPS-Collider.This should place such an experi
ment well over the thresholdto perform quality CP-violation studiesin 13 decay.

I anticipatethat, by the time of your May 1990 deadlinefor letters-of-intent,a new collaboration
will haveformed around the ideasdevelopedby the P238 collaborationand summarizedin this letter.
Some fraction to be determinedof our existingSI’S collaboration will likely form the nucleusof such
a new collaboration. Until then, I would like to requestthat the SSC laboratory consider an experi
ment of the typediscussedhereas oneof the possibleoptionsfor future SSC experiments.

0

Peter E. Schlein
Professorof Physics
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STUDY OF BEAUTY PHYSICSAT THE SPS-COLLIDER
wrrii REAL-TIME USE OF SILICON MICROVERTEX INFORMATION

A. Brandt, S. Erhan, D. Lynn, M. Medinnis, P. Schlein*, 3. Zweizig
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ABSTRACT

We proposea high statisticsstudy of the physics of Beauty particleswith a new detector at the
SI’S-Collider Data obtainedfrom a silicon micro-vertexdetectorinstalled inside the vacuumchamber
throughout the interaction region are used by an on-line systemof Data-DrivenProcessorsto trigger
on events containing secondary vertices from shod-lived particles. With our proposed triggering
scheme,more than 2x!05 8-mesonscan have reconstructableexclusive final stateswith low back
ground per 10 pbarn integratedluminosity.

. Spokesman
‘Pending approvalof the Laboratoryand 1N2P3
2 Pendingapprovalof INFN
‘ Pendingapprovalof CEN-Saclay
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1. INTRODUCTION

lhis documentis a proposalfor a ForwardBeauty Spectrometerto study the physics of Beauty
quark systemsat the CERN SPS-Collider. Although hadroncolliders are proIifi sourcesof b-quarks
and are, in fact, "B-Factories", the efficient isolation of such eventsfrom the much larger minimum
bias backgroundwill require real-time vertex calculationsbased on silicon micro-vertexdetectordata.
We plan to achievethe necessarycomputingpowerwith the useof Pipelined Data-IrivenProcessors.

For the following reasons,we havechosento focus our attention in the forward direction of the
pp system:

* The solid angledensity of b and if quarks resulting from gluon-gluon fusion is considerably
larger in the forward direction thanat 900.

* The momentaof B-mesonsin the forward direction are much larger thanat 9Q0 Thus, the
decay products are easier to track reliably and vertex and overall topology definition is im
proved. Moreover, B’s travel further therebyfacilitating B-IT oscillationstudies. Particle iden
tilication is easier. Calorimetric reconstructionof it° andp detection are enhanced.

* and Ac baryonscan be studied in the forward direction.Thesemay provide very effective
flavor taggingfor the accompanying13-mesons.

* Becauseof the relatively small solid anglecoveragecomparedwith an apparatusat 90°, the
cost of our proposedexperimentis relatively modest. Moreover, design and constructionof a
forward planargeometrydetectoris easierandtherefore,also for this reason,lessexpensive.

* The forward peakingof heavy flavor particles should be even more pronouncedat the higher
energy UNK, LIIC and SSC colliders. Thus, we believe that our proposedexperimentwould
be a first exampleof an importantclassof future experiments.

In the body of this proposalwe presentdetailsof the trigger designand detectorwhich could fur
nish more than 2xl05 reconstructedB-Mesons per 10 pbam’ integratedluminosity at the CERN
SPS-Colliderwith .js = 630 GeV. The actual numberof reconstructedevents which we obtain will
dependon whetherone or both coilider arms are instrumentedwith spectrometersthe proposedsili
con and trigger systemsare bi-directionaland will serve either situationand whetheror not the desired
O and y detection capability is implemented.Possible strategieson how to proceedwith these deci
sions are discussedin the last chapterof this proposal. However, all rate estimatesin the proposalas
sume a two-spectrometersystem and n°,y capability in order to demonstratethe full potential of this
typeof experiment.

In Chapter2 we discussthe physics goals of the experimentand the capabilitiesof other existing
or planned Beauty experiments. Chapter 3 containsa discussionof the generalacceptanceproperties
of our proposedapparatus,a performancesummaryof the trigger, basedon real time calculationsof
silicon micro-vertexdetectordataas detailedin Chapter4, and the expecteddataacquisitionrates.

The silicon micro-vertexdetectoris describedin Chapter 4. This chapteralso containsthe iesults
from a Monte Carlo simulation of the responseof this detector to minimum bias, bE and cc event
samples,as well as the resultsof a detailedsimulation studyof a trigger algorithm which can suppress
the minimumbias eventsby a factor of 1/500.

Chapter 5 containsa descriptionof a large aperture forward detector consisting of two coaxial
spectrometers,eachoptimized for the angularrangeit covers 10-100mrad and 100-600mrad, respec
tively. The particlesemergefrom the vacuumpipe into the spectrometersthrough thin windows and
are tracked through a large aperturequadrupolemagnet in the first spectrometeror through a large
aperturedipole magnetin spectrometer2. Thereare gasand liquid RICH countersin each spectrom
eter for particle identification andthereare plans to install excellent electromagneticcalorimetry for Jr0



and y detectionsee Appendix D if the collaboration expandsfurther. This system is basedon oui
combined experiencewith forward collider detectorsR603 and R608 at the ISR, with experiment
UAS at the SPS.Collider,andwith the developmentof Ring ImagingCherenkovRICII counters.

Chapter6 describeshow the silicon datawill be analyzedin real time by a Pipelined Data-Driven
Processor[2,3,4]which can perform the enormousnumberof instructionsneededto reject more than
z99.8%of the minimum bias eventswithout incurring anyappreciabledead-time. The successfulde
velopmentof this type of real-time processingcapability adaptedto the specific problemsof zVertex
detectorswill make it possible to perform very high rate hE experimentsat hadron colliders. The ex
perienceof some of us with a Data-DrivenProcessorin experimentUA8[4] gives us confidence that
we can proceedwith the more ambitiousproject discussedhere. The readoutsystemwill readall the
event data from the detectorsin the 3.8 Msee betweenbunchcrossings,and store it in pipelined buffer
memorywhile the processoris making a decision.

Chapter7 dealswith the off-line reconstructionproblemsusing several typical B°-mesondecay
modes. Analysis resultsare given using reconstructionsoftwarewritten to analyzeandfind signals for
five different 13 decay modesfrom Monte Carlo generatedeventsamples. Quantitativeestimatesare
given of the combinatorie backgroundwhich is expected. The well defmed B vertex determinesits
momentumdirection, thus allowing the use of transversemomentumbalancewith respect to that di
rection to greatly suppresscombinatoric background. Realistic trigger and reconstructionefficiencies
are obtainedfor the five decay modes.

In Chapter8, we present a detailed evaluationof the total B yields which are possible with the
proposeddetectorboth with and without ,r° and p detection. Basedon theseresults, we also evaluate
our sensitivity to u-IT mixing studies.

Finally, in Chapter9 we discussthe proposedtime scale for the experimentandour estimatesof
the costsinvolved.

2. PHYSICSGOALS

The physics of the beautysectoris extremelyrich and can be subdividedinto two main areas.

a The study of the mixing matrix of weak interactions. In principle, enoughinformation can be ex
tractedfrom the study of the decaysof the lowestmass statesof hadronswith a b quark to detennine
the five unknownelementsof the mixing matrix. Major goals hereare the detectionof possible devia
tions from the predictions of the 3-generation version of the Weinberg-Salammodel and of
CF-violation effects. Direct violations of CF-invariancein the decay matrix could give rise to large as
yrnmetriesbetweenratesfor a given decay processand its CP conjugate.Such violations would be fla
vour dependentwhile a violation in the mass matrix as is the case if it originates from a superweak
interactionwould produceeffectsof the sameorder of magnitude,independentof flavour.

b The measurementof lifetimes, branchingratios and especially the detection and detailedstudy of
suppressedchannels,will shed light on the decay mechanism through quark graphsother than the
spectatorones.Moreover,the fact that the decayingquarksare not free particles,but areboundby the
strong force implies that the study of the weak decaysof particles with heavy flavours is a test
ing-groundfor the understandingof QCD effects in the perturbativeregime.

A full accountof a and b are containedin many recent reviews and will not be repeatedhere.
Instead,we would like to emphasizethe areaswherethe proposedexperimentcan give substantial, and
possiblyunique,physicscontributions. This, of course,dependson the time scaleof the experiment.

We assumethat the low energyce machines will continue to produce data with improving lu
minosity, such as envisaged at CESR, and that the Fermilab fixed target programwill follow the pro-
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posedlines. We also assumethat our proposedexperimentwill get on the air and produce resultsbe
fore a new detectorfor the upgradedTevatronis operational,before LEt’ is operatedin the high in
tensity mode andbefore a low energyee machinewith a luminosity of I0’ cm2r becomesavail
able. In other words,we assumethat our detectoris readyto take datanot later than 1992.

l’he proposedexperimenthasseveral major strong points. The SPS-Collidcrcan indeedbe con
sidereda Beauty factory. As discussedin the following chapter, it should be possibleto achieve the
productionof more than 10’ bEeventseach year. With the proposedsetup,more than 2x I O of these
cart yield reconstructedexclusive final stateswith at least one B-meson. Specific low multiplicity
channelswill howeverbe reconstructedwith much higher efficiencies,allowing the detectionof intcr

estingchannelsbelow the jy5 branchingratio level.

Our emphasisin designof the proposedexperimenthas beento provide a meansfor triggering on
displaced vertices aloneand to have 100% hadronidentification and good invariant mass resolution.
The detectordesignincludesa systemof calorimetersof superbquality which would allow the efficient
reconstructionof n0’S, the precisemeasurementof their energiesand, togetherwith the Ring Imaging
CherenkovCounters,provide excellentelectronidentification.

In order to fully evaluatethe potential of this experimentwe must first review the program for
Beautyexperimentsat machineswhich will be active in the next few yearsTable 1.

Table I: A Comparison of Beauty Factories

ECM f2dt Nbc °bb1"inel
[0eV] [pb’y’] [y ]

This Proposal pp 630 10 10 ph 10’ 2x10"
SF5 Collider

DORIS ee 10.6 200 0.9 nb 2x105 0.19
CESR ee 10.6 1000 1.1 nb 106 0.23
LEE’ ee 93 100 5 nb 5x105 0.14
hERA ep 300 100 4nb 4x103 I0-
TeV-II pW ‘-50 lOU --l1b -10’ l0
1eV-I pp 2000 10 45Mb 4.5x10’ 3xl0’

TeVupgrade pp 2000 500 45Mb 2.3xlO’° 3xl04
SSC pp 40000 10000 0.5mb 5xl012 5xl03
PSI ee 10.6 10000 1.1 nb 10’ 0.23

ec Machints: The existing machine which has the highestpotential is CESR with a projectedhi
minosity in excessof 1032 and a correspondingintegratedluminosity of 1000 pb ‘/year. With a b&
crosssectionof 1.1 nb at the Y4S, it will produce about 106 bEeventsper year.The ratio of bEto
total crosssectionis large, 0.23. In spite of this, up to now the reconstructionefficiency has beenonly
io. This low efficiency can be traced back to two factors; the difficulty of resolvingsecondaryver
tices in this low energy regime and the large combinatorialbackgroundmademuch worse by the fact
that the decayproductsof the two B’s overlapover the entire solid angle B’s areemitted nearly at rest



at the 14s and by the incompletecoverageof particle identification detectors.The CLEO detectoris
presentlyundergoinga major upgradethat will result in better ‘v/K separationand improved momen
tum and energy measurements.Electronidentification will be close to 100%. With this in mind, one
can anticipatethat CESR will dominatethe scenein the study of semi-leptonicdecaysand time inte
grated decay asymmetriesin semi-leptonie and inclusive hadronic channels. By identifying the
semi-leptonicdecayof oneof the B’s, an unbiasedsample of decaysfrom the B can be obtained;as
suming 10-2 tagging efficiency, the numberof events before reconstructionis about 10’. Interesting
resultsmay come from measurementsat the YSs resonancewhich should be abovethresholdfor I3
formation. The productioncrosssectionfor B is expectedto be approximately10% that for

LEt’: When LEP reachsits designperformance,about 5x lO bE eventswill be producedper year at
each detector. The ratio of bE’ productionto total crosssection is 0.14. The advantagesin this case
comefrom the fact that there is considerableenergy releasein the reaction and thereforethat the 13
flight pathis quite long. Moreover,the B decayparticlesand those from the B tend to be separatedin
opposite hemispheres,therefore reducing the combinatorial background.The four LEP detectorsare
equippedwith electromagneticand hadroniecalorimetry which will make lepton identification rela
tively easy. Of the four detectors,DELPIII will probably give the best results on exclusive decay
channels.Vertex analysis is made difficult by the relatively large pipe diameterof LEP, although that
may be improved with time. It maybe noted, however,that with our averagereconstructedB-meson
momentumof ahout 35 0eV sec Chapter3, we may do at least as well as LEP in decaytime meas
urements.

Fixed TargetExperimentsat FermilabandCERN: Elementarycrosssectionsfor bE productionare of
the order of 2-20 nb. With heavy targets,one canin principle achievebE productionratescomparable
to those obtained at existing colliders. However the limiting factor in these experimentsis the high
backgroundto signal ratio, 10, and the difficulty of handling the correspondinglyhigh rates. For
example, taking into account spill duration and repetition rate, a typical run averagesof the order of
106 sec at CERN and reached3.5x10’ seeduring the 7 month 1987 run at FNAL. The experiments
can be characterizedby the acceptedintensities which rangefrom 10’ to > I0 interactions/sec.with
the low intensityones featuring an open trigger that allows the collection of an unbiasedsampleof Bli,
and the high intensity ones restricting their acceptanceto specific decay channels2jz or exclusive 2
chargedbodies.

The large majority of theseexperimentsis equippedwith sophisticatedvertex detectorsto separate
out secondaryvertices.Theseexperimentsare likely to yield the most accuratemeasurementsof parti
cle lifetimes.

Beauty Physicsat Colliders, with Existing Ietectors: At this time, the large collider detectorsare
concentratingon the search for heavy objects: top, higgs, supersymmetricparticlesetc. and any up
gradeto increasethe probability to detect B’s is really addressedto an effort to improve on the signa.

ture for these heavy objects. Future upgrades involve the constructionof vertex detectors,with no
provision of using them in the triggerprocess.The trigger schemeusedso far to select B final statesis
basedon the identification of Its with a typical efficiency of 10%, usefulonly for high t u where the
backgroundfrom light particle decay can be handled.Also, none of thesedetectorshas high quality
hadron identification. In conclusion,oneexpectsthat thesehigh rate experimentswill only contribute
to the study of inclusive semileptoniedecaysand of mixing by measuringthe ratio r of B0 decaysto
fl0 decays,integratedover time andover the flavour of the light quark boundto the b quark.

In the following paragraphs,we discusssome of the important measurementsthat we plan to
carry out, their relevanceto the physics objectives and the impact that our proposedexperimentcan
have, and also evaluatefor each ease,the expectedperformanceof competingexperiments.

a Production CrossSectionsfor b-badronsfrom a pjflnitiai state The measurementof the
bE’ production crosssectionover the kinematical range of the experimentwill provideinformation on
the gJuon structurefunction and on the productionmechanism,at collider energies,allowing a signifi
cant test of QCD. Here the only competitorsarc the big collider experiments,which however can
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producean accuratemeasurementonly in a small kinematicdomain where the bE’event sampleis not
dominatedby background.Moreover, this experimentwill allow us to study the mechanismof frag
mentationof heavyquarksinto hadrons,includedthe controversialareaof baryonformation.

b Speclroscopy 01 low lying b states: 13u’ Bd, l3, 11c and their antiparticles;A[bduj, L[huu],
etc.. This field is wide open with only B and 0d firmly established.The main requirementshereare
the capability to fully reconstructindividual decaychannelsand the ability to preciselydeterminethe
reconstructedmasses;the proposedexperimentis optimally suited to cover this area. Since the identi
fication of b-particlesdoesnot require large statistics, it is conceivablethat even low intensity, fixed
target eEpermentslike WA-82 or WA-84 will soon discover someof the statesmost copiouslypro
ducedand that the B be identified at CESRor DORIS in the studyof the 5S Upsilon. In any case
this will remainan open field in 1992 with some of the most interestingstates,such as the 13c’ the
boundstate of heavy quarksof different massesprobably still undiscovered.

eMassesand Lifetimes: With the proposedexperimentit will be possibleto directly measurethe
life time of mesonand baryonground-statesI3, B, Ab etc.. This is a non trivial experimentand will
require the full powerof a detectorof the kind we are proposing. Somepartial resultsin this areaare
likely to be obtainedby fixed target experiments.

6 Mixing: A very importantmeasurementis that of the massdifferencebetweenthe two lifetime
eigenstatesin the 8d° and B° systems. In the hypothesisthat direct AS = 2 transitionsdo not exist,
the massdifference,

Ammu-mL= <lI°tHIfl°>

is given by the amplitudeof secondorder weak interactionsquark graphs. The evaluation of these
graphsyields the amplitude:

Am 0p2/6ir2Bb I,2 ‘‘b Tb Ptql2 mt2 Fmt2/mw2 ‘IQCD

with a direct dependenceon Vtq q = d,s.

The parametersAm andr r7.1 + rL /2 characterizethe time evolution of the eigenstatcsof
flavour, as producedin strong interactions:

Il3ptiys°t> = e - im1 + mDt/2 e [1/2 [cosAmt/2IB°> + i sin am t/2III°>]

The appearanceof an antiparticle from an initially pure particle state is a phenomenonwell
known from K physics, which is referredto as ‘mixing’. Clearly if Am << r, very little mixing can
take place before the particle decays. Mixing can be studied by measuringthe time evolution of 13°
11° and fitting the distribution with the appropriatevaluesof the parametersr and Am or by meas
uring the ratio r betweenthe numberof flO decaysto the numberof II’ decays,obtainedby inte
grating over the decayregion. In practice, for B lifepathsof 34O x B m, the large majority of
experimentswill only performthe secondkind of measurementwhich is less sensitivethan the first one
and will give only the ratio of the parameters:Am/Il A dramaticloss of sensitivity in the time inte
gratedmeasurementoccurswhenAm/r>>l, since in this caseboth particle and antiparticleamplitudes
undergoa large number of oscillations within a lifetime, so that, by integratingover time, the prob
ability of detectingthe particle is equal to that of detectingthe antiparticle.It is now expectedthat l3
will show preciselythis behaviourand therefore it will be very important to measurethe time evolu
tion of this state.

The ratio Amd /Am5 gives directly the ratio of the mixing decaymatrix elementslVtd/VtsI, since
all other factorscancel in the ratio of amplitudesfor the correspondingquarkbox diagrams.

Since one must separate,on an eventby event basis,the flavour of the light quark either d or s
bound to the b quark, this measurementrequiresthc ability to identify l3 and 11d mesonseither with



an accuratedeterminationof the mass or by the identification of unambiguousdecaychannels.Therc
fore measurementsbasedon the detection of inclusive semileptonicor charmed final statesdo not
provide sufficient information. We believethat the proposedexperimentwill be able to perform a sig
nificant measurementin this area.

c Dctcction of Rare Decay Channcl& In a run with 10 pbam integratedluminosity, it is
shown in Chapter8 that t6.4x10’ B.mesonsper year haveall decay tracks fully containedin the
spectrometer- With a combined 10% efficiency for triggering and reconstructionthis efficiency may
be larger and a 68% pileup efficiency see Chapter3, one event with a branchingratio of 2.3x I0_6

can be seenwith a two-spectrometersystem. At this level of sensitivity,a searchfor rare decayswill
be oneof the interestinggoals of the experiment.

B decaysare the optimal sector to study the effects of loop diagrams.As for K’s, theycan only
decay with a generationjump: in the caseof K’s the dominant quark transition is s -. u while
B-mesonsdecaypredominantlythrougi b -. c; in both caseswe are dealingwith Cabibbo-suppressed
transitions. In this situation it is easierto detect the effects of loop diagramswhich proceedthrough
Cabibbo-allowedtransitions. Loop diagramsare dominatedby the heavierexchangedmassesand are
thereforesensitive to the effects of higher flavours. The classicexample was the hypothesisof charm
and the estimateof the charm quark mass obtainedfrom the study of K -. p and of the KL - KS
massdifferencewell beforethe discoveryof charmedparticles.

B decaysare favoured for threereasons:a the larger phase spaceavailable allows many more Ii
nal statesthen for K’s, b the ratio of loop to tree graph is contklled by the value of the relevant ele
mentsof the mixing matrix, and is proportionalto:

IVtsVtb/Vcbl2 I for the B system
I&’td’’ts/’usI2 z l0’ for the K system

and c calculationsof branchingratios for B decaysare less affectedby uncertaintieson QCI correc
tions.

Thereare threetypes of penguin loop diagramsshown in Fig. I, correspondingto the emission
of a gluon, a photonor a Higgs particle. Thesegive rise to charmiessdecayswith strangeparticles in
the final state, a good signaturefor our detector where hadron identification is excellent and wher
tertiary vertices can be found. Interestingfinal stateswhich are likely to have a controllable back
ground level in our experimentalsituation are: B -. #K as an example of the elementarytransition:
b -. s+gluon, and B -. Kete as an example of an electromagneticpenguin. In both cases the
branchingratios show a strong dependenceon the existenceof a fourth family of quarks. In the
3-family version of the StandardModel, theydependon the massof the t quarkandon V5.

The study of decay channelswhich can proceedthrough penguin quark diagramsis very impor
tant also in preparationfor experimentsto measurethe violation of CP in the B sector.A necessary
condition for the detectionof CP violation in a decaychannel is the presenceof two amplitudeswith
different phases,leadingto the samefinal state. It is the interferenceterm betweensuch two amplitudes
that changessign when onegoesoverfrom the decaychannel to its CP conjugate,giving rise to a rate
asymmetry.A possibleway to havea secondpath to a final stateis througha penguin1oop as is be
lieved to be the case in K -‘ nn. A systematicsearchfor thesedecaychannelscan give the key to an
earlydiscoveryof CP violation in the B sector.

Another area, where the capability of accessinglow branchingratio channelsis important, is in
the detectionof decaysresultingfrom b -. u transitions- At present,there is evidencethat this kind of
decaymight havebeendiscoveredat DORIS,yielding a surprisinglylarge value for bu- If this early
discoveryis not confirmed,our proposedexperimentwill have a good chanceof detectingdecaysof
the type B - pirir even if they occurat the 10-’ level.
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Figure I: Penguindiagramsfor 13 decays

Finally, a good sensitivity to rare decayswill allow us to set limits on flavour-changingneutral
currents,for examplein the channel 71° -. e+e

We would like to stressthe fact that we haveonly mentionedthe highlights of the physics that
can be studiedwith this detector, omitting areasfor examplethat of semileptonicdecaysthat are ac
cessibleto this experimentbut might havebeenunderstoodby the time we get our first results.

3. ACCEPTANCE& TRIGGER RATES

3.1 Acceptance

Fig. 2a shows the angulardistribution in the laboratory of b and & quarks in a sample of
gluon-gluonfusion eventsgeneratedfor .Js = 630 GeV pp interactionsusingthe PYTIIIA 4.8 Monte
Carlo prograrn[5]. In Fig. 2b is shown the correspondingdistribution in pseudo-rapidity, Although
the distribution of the decayproducts of the il-mesonsthemselvestend to smearout the forward peak,
as is evident from part c of this figure, it is clear that a major fraction of the desiredsignal is found in
the forward direction,

The curve labeled AJF’ in Fig. 3 shows the fraction of eventsin which all decay productsof either
13° or 71° are completelycontainedwithin the apertureof a single ann spectrometerin the forward di
rection as a function of the maximumangleof the spectrometeraperture,°max’ The other curvesin
this figure show the same fraction exceptnow demandinga momentumof at least the value in Gev
which labels each curve for each track in the decay for the purposesof this figure, chargedparticles
and ,r°’s are treatedidentically. We choose = 600 mrad for our proposeddetector.This yields
a two-arm geometricacceptanceof about 54% for B or 11° we discussthe loss of low momentum
tracks below. This is summarizedin Table 2, which also shows the overlap or correlatedB and IT
acceptancegiven by the gluon-gluonfusion calculation in PYrHIA. Using the ISAJET generator,the
geometricalacceptancefor single B-mesonsresultsin an acceptance30% lower, while the correlated
nif acceptanceremainsapproximatelyequalto the PYTHIA result-

Table 2 showsthat, of all Bif eventsproduced,the B is fully containedin the 600 tnrad apertures22
+ 10 = 32% of the time, Of those B eventsfully contained,10/32 = 31% of them also have the IT
contained.The same is also true for the if. Clearly, if only a single arm spectrometeris constructed
there is a loss of 50% of all statistics.However, it is expectedthat B and if mesonsare rarely produced
in oppositehemispheressopresumablyno fundamentalloss in physicswould result.

Another loss of acceptancecomes from the minimum angle cutoff, °&ujl’ which is an inherent
characteristicof a forward collider detectordue to lossesin the beampipe. Fig. 4 showsthe geometric



Figure 2: a,h 0laband q distributionsfor b quarksThe productionis via gluon’gluon
fusion usingthe PYTHIA MonteCarlo eventgeneratorfor pp interactionswith ]s = 630

GeV. c Olabdistributionof the decaytracksof B mesons.The shadedportion is the
distribution of decay tracks with momentumgreaterthan - I 3eV.

acceptancefor a 600 mrad spectrometer,of the decay productsof Ab -. pDirir producedwith mo
mentumtransferPt = 0.2 3eV/c as a function of the Feynman-xji of the Ab for different assumed
values of 0min We note that the propertiesof the curvesarc are essentiallyindependentof the decay
modeor even whetherit is a B or Ab.

In Fig- 4 we see two major acceptanceeffects. At larger x perhapsrelevant for Ab, but not for
B-mesonsand °min > 0, the acceptanceis seen to decreasebecauseparticles are lost inside
This loss increaseswith increasing At small xp, on the other hand, the secondtype of accep
tance losssets in, having to do with °max* Slower B’s or Ab’s tend to producelarger angle and lower
momentumtracks. Thus, the minimum momentum cutoff plays a role here,an effect already seen
abovein Fig. 3 for 8-Mesonswhich are generatedpredominantlywith low x.

To further illustrate this point, we show in Fig. 5, the distributionof momentumof the lowest
momentumB decay track from the D3,r decay mode. In Chapter7 we discussthe offline recon
struction of this decaymode in more detail. We note that the requirementsof the trigger and recon
structiontend to pick eventswhich haverelatively fast tracks so that a low momentumcutoff of 2O0
MeV would havemuch less effect on the acceptanceof eventswhich we can actuallyreconstructthan
is implied by Figures 4 and3.

We see from Fig. 4 that the 0min choice for the spectrometerwill weigh heavily on the accep
tance of heavy flavor baryons,whoseproductionwill presumablynot be confined to small xp we note

LAB 2 1LAB
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that there existsample evidencefor large xF production of the Ac[6]. We thus choose°min 10
mrad as a reasonablecompromisebetween physics and technical feasibility. The technical conse
quencesof this choice arediscussedbelow in Chapter5.

The unshadedhistogramin Fig. 6a is the momentumdistribution of all B-mesonsgeneratedby
PYTIIIA accordingto the gluon-gluonfusion processat Is = 630 6eV. The shadedhistogramis the
distribution only for those mesonswhose laboratoryangle,0, is less than 600 mrad. Fig. 6b shows
the momentumdistribution of 8-mesonswhich have been reconstructedas discussedin Chapter7.
We seethat the fi-Mesonsinside the apertureof our spectrometerpossessmuch largermomentumand
are thereforemuch easierto measure,as pointed out in ChapterI. Furthermore,our trigger and re
constructionalgorithmshavezero efficiency for B’s with momentabelow 10 or 12 GeV/c. Finally, we
note that the mean flight path, D = c’rp/m, is approximately I mm per 15 6eV/c momentum,as
shown on the figure. Thus, the averageflight path for our reconstructedB sampleis about 2 mm.
Our resolutionin this quantity is less than 0.2 mm, as shownin Section 8.2.
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Figure 3: Single-armB-Meson GeometricAcceptancevs. Omax:A 13° or 11° is assumedto
be acceptedif all the final stateparticles in its decayhavelaboratory polar anglelessthan the

abscissavalue of 0max’ The eventsample used is the naturalproductionand decay
distribution of all nIT mesonsproducedvia gluon-gluonfusion in PYTIIIA. °max is the

spectrometeraperture. the curvesarc parametcrizcdby the minimum momentumin 3eV
acceptedby the spectrometer.



Geometric Acceptance0 for II and 71 MesonsTable 2:

Byes Bno

IT yes 10% 22%

ilno 22% 46%

a Gluon.gluonfusion calculationby PYTIIIA 4.8 for pp
interactionsat 630 6eV. 13-mesonsareconsideredaccepted
if all decaytracks fall within the 600 mradapertureof either
collider arm.
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Figure 4: GeometricAcceptancevs. xF and011..j11 for Ab -. pDniir. For all but the upper
curve,eventsareonly consideredacceptedif all trackshave momentumlargerthan 0.5

6eV/c.
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Fig. 7 shows the provisional layout of a Forward Beauty Spectrometerwith °max - 600 mrad
and with 10 mrad. The various componentsaredescribedbelow in Chapter5.
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3.2 Trigger Rates

We assumea pp total inelastic crosssection of about 50 mb at Is 630 6eV and a crosssec
tion for bWproductionof tlO .tb via gluon-gluonfusion. This leads to a ratio of total inelastic to hE
events of t5000/l and definesthe level of minimum bias suppressionwhich is required. Most of this
is accomplishedon-line, as discussedin Chapters4 and 6. The remainingbackgroundis suppressedby
the ofihine reconstructionprocedure.

The expectedtrigger ratesare shownvs. SppS luminosity in Fig. 8 for the individual trigger com
ponents: or Minimum Bias MB, bEandcEevents. For bEandcE the raw rate at a given lu
minosity is multiplied by the online trigger efficiency discussedin Section4.4 for that component.
For example, Rbb’ = 0bb x 2 x 4bE, whereebS = 10 tzb and eb = 1/8 note that, as dis
cussedin Section4.4, the trigger efficiency for thosefi-Mesonsthat are acceptedby the spectrometeris
much larger. We assumeth!t the charm crosssection,ccE, is 10% of the total inelastic crosssection,
or 5 mb. In Section 4.4, 4cc is shown to be 1/100.
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Figure 5: The momentumdistributionof the lowest momentumtrackfrom the decay B -.

Dn,r,r with D -. l3°,r and13° -. This decayis further discussedin
Chapt. 7.
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For the much larger total or minimumbias eventrate, we considerseparatelythoseeventswhich
are alonein a bunchcrossingn = I, and thosefor which thereare multiple n> I interactions1in a
crossingpileup. The n = 1 and n> I minimum bias ratesare given by the bunchcrossingrate 1/3.8
psecmultiplied by the correspondingbunchoccupancyprobability of the Poissondistribution.

In the pileup casewith 2 or moreinteractionsin a crossingn > I in Fig. 8, it is not unlikely2 to
find 2 verticesclose enoughto satisfy the trigger conditionsdiscussedin Chapter4. For this reason,
Section 4.4 alsocontainsthe resultsof a simulationof the effect of the triggeralgorithm on such n >

The averagenumber, i, of inelastic interactionsper crossing is given by: a t, wherei is the luminosity, a is the ine
lasticcross. sectionandta the time interval betweenbunchcrossings. 3.8 sec. The number distribution or interactionsper
crossing n Is Poisson: Pnji ii" e- f n!

For example. M. Albrow hascalculated that, with luminosities or 2x10’° and 4x1030, the ratesbr bunch crossings which
contain 2 or more Interactions, whoseverticesareseparatedby less than I cm are 440 lIz and 2100 lIz, respectively.
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I events.A trigger efficiency, cn > I = 1/60, is found. For non-pileupeventsthe efficiency is found
to he cn1 = 1/500.

Fig. 8 ;ummarizesthe resultsof thesecalculationsas well as the summedrate of all components
in the trigger. We see that, at the higher luminosity of 4x l0°, the pileup componentovertakesthe
others and dominatesthe event samplewhich passesthrough the online Level-I filter. Two points arc
to be noted, however. First, thesepileup eventscan be disposedof offline. Second,the averagelumi
nosity for datataking is likely to be considerablylower. For example,if the SppS-Collideris run 5x j0

secondsduring the year, it takesan averageluminosity of only 2x I0° to reach 10 pb integratedlu
minosity.

We concludethat, evenwith a running luminosity of 4x1030,the total Level-I trigger rate will not
be larger than about 1 kHz. At this rate, two options are available for further data handling. The
eventscan be passedinto a parallel processorsystemfor further analysisand selection or stored on a
systemof 8 nun Video cartridges,as discussedin Chapter6.
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4. TRIGGER & SIMULA TION

Since the effectivenessof the trigger in suppressingthe minimum bias backgroundeventsis such
an important aspect of our proposedexperiment, we have studied the problem in some detail. As
summarizedin Appendix A, we have comparedour minimum-biaseventgeneratorwith UAS results
in order to be certainof its reliability. We havedonea full simulationof the silicon detectorresponse
for theseevents and have createdand tuned a trigger algorithm which hasthe desired propertiesa
minimum-biassuppressionof in the trigger with good efficiency for retaining the desiredB events.
The implementationof the triggeralgorithm in hardwareis discussedin Chapter6.

The overall strategyof the trigger is to useonly the silicon information to searchfor eventswhich
are inconsistentwith having a single vertex. Before opting for this strategy,we looked for other prop
erties of Beauty eventswhich would allow a more rapid and easier-to-implementtrigger, such as in-
creasedtransversemomentum,higher mass in the forward direction or the presenceof a high trans
verse momentum electron. We were unable to find any such cut which does not also entail an
unacceptableloss in efficiency for Beauty events.

Requiring that an event be inconsistentwith having a single vertex is clearly much weakerthan
requiring the presenceof a secondaryvertex nearbyto the primary vertex. However, as shown below,
this strategyresultsin a sufficiently large suppressionof the minimum bias backgroundto allow clii-
dent transferof acceptedeventseither to a massstoragemedium or to a processorfarm wherea more
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elaborateanalysiscan be applied. The algorithm sketchedbelow is sufficiently conciseas to allow easy
implementationin the data.drivenprocessordescribedin Chapter6.

4.1 Silicon Micro- vertex Detector

The needto minimize the extrapolationdistancefrom measuredtrack points in the silicon to the
interaction vertex has led us to a detectordesignin which the silicon planesare distributed along the
intersectionregion as shown in Fig. 9a. For the simulation, we havechosena configurationconsist
ing of 11 detectorplanesspaced6 cm apart,so that all tracks which enter the spectrometerapertureof
600 mrad passthrough at least two silicon planes.
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Figure 9: Silicon VertexDetectorGeometry



This choice of detector spacinginvolves a compromisebetweensimultaneouslyminimizing the
errorsin extrapolatingthe tracksto an event vertex and the secondaryinteractionsand photonconver
sionsin the materialof the detector. With 6 cm spacing, the extrapolationerrors are dominatedby the
strip pitch of 25 pm for tracks with momentaabove about I GeV/c. The combination of detector
spacingand strip pitch is still under discussionand dependsto some extent on manufacturingcon
straints.

With the II planes shown, the detectoris sensitiveto eventswhich haveprimary vertices within
±18 cm of the centerof the interactionregion. This entails a 19% acceptanceloss. The addition of
two more planesat ±36 cm would reducethis loss to about 5%.

Eachplane of the detectoris divided into four independent7 x 7 cm2 silicon squaresas shown in
Fig. 9b. Eachsilicon squareis assumedto be a double-sided25 pm pitch strip detectorwith 250 pm
thickness,althoughtwo single sided detectorseach with 150 pm thickness,which are presently avail
able, would probably function as well. As is discussedbelow, in order to achievefaster readoutspeed
of the silicon detectors,we do not plan to makeuse of the amplitude information in the signals, but
only to use digital readout. We have opted for a strip geometry since it is not possible to readout a
pad detectorbetweenbeamcrossingswith presenttechnology.

The 4 mm gap ±2 mm betweenthe upper and lower detectorhalvesallows for the passageof
the beam.This is substantiallylarger than the machineapertureand should be adequate.New moni
toring electronicsfor the currentsin the low-beta quadrupolemagnetsand elsewherewill be necessary
in order to dump the circulating beamsin less than one turn should it be necessaryfor the protection
of the silicon.

The setsof II upper and II lower detectorsare each mounted on rigid but moveablesupports
which can be retractedduringperiodsof machinefilling 5 cm is said to be sufficient, andcan be pre
cisely positionedat ±2mm from the beamfor data-taking. The mechanicsof the support system will
makesomeuse of the Romanpot technologywhich has beendevelopedat the SPS. Fig. 10 shows a
preliminary design sketch of one possiblescheme.There is a double bello ‘s systemwhich allows the
movementof the horizontalplateoutsidethe vacuumtank to be coupledto the inner box.

From the experienceof the Pisa group of Bellcttini et al.[7J, there are three problemswith the
use of silicon in vacuum. These are: I deteriorationof the machine vacuumbecauseof the use of
unsuitablematerials,2 liP pickupin the silicon dueto the passagesof the beambunchesand 3 ex
tractingthe signals from the vacuumpipe. An elegantsolution to thesethreeproblems has beensug
gested by llartmuth WahI of the SPSvacuum group. The idea is to encloseeachsilicon plane in a
thin inner Beryllium envelope,as sketchedin Fig. 10. The Beryllium servesnot only as an RF shield
but also as a meansof isolating the ultra-high vacuum of the SPS from the effects of outgassingof
materialsin the silicon detectorandalso easesthe requirementsfor the fecdthroughs.

4.2 Silicon Data Simulation and DetectorResponse

In order to understandthe propertiesof the silicon system,we havegeneratedMonte Carlo event
samplesof different types discussedbelow using the Lund program, PYTHIA 4.8, imbeddedin the
CERN detector simulation Monte Carlo program, GEANT[I]. We have comparedkinematicaldis
tributionsof PYTIIIA generatedeventswith the correspondingdistributions from UAS dataandhave
found reasonableagreement,as is summarizedin AppendixA.

Silicon responsedata for the various classesof Monte Carlo eventsare simulated in lEANT.
We haveincluded the following effects into the generation:

* Multiple Scattering: We havetried both Gaussianand Moliere scattering. The Gaussianform
resultsin a somewhatmote pessimisticestimateof the trigger suppressionfor minimum bias
eventsand we use it for the resultspresentedbelow.



19

* Nuclear Interactions: We have tried both the Tatina and Geisha packages[I]but sec little
difference betweenthe two. The samplesdiscussedbelow were generatedwith the Tatina
package.

* ,r° decays: ,r°s areallowed to decayinto either yy or ye’e.

* y -‘ e+e conversionsin the detector: Here,as above,the electronsare addedto the track list
andare followed through the detectoras far as theygo.

* 6-rays: Chargedparticles traversingthe detector are allowed to generateelectronswith ener
giesabove 10 keV, which are subsequentlytrackeduntil they stop.

The first step in generatingthe silicon responseis to assigna quantity representingthe amountof
energy deposited in the detectorby each chargedtrack in an event. For example, Fig. II shows the
distribution of energygeneratedfor tracks with momentagreater than 10 6eV which impinge on the
detectorat normal incidence. The energydepositedby delta rays associatedwith the tracks is included.

‘I

08 AM

Figure JO: Sketchof the VacuumChamberand Silicon PositioningMechanism
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The energyis divided betweenstrips basedon the path length spent in the depletionlayerof each
strip. Next, the numberof electron/holepairs is calculatedassuming270 pairs per KeV of deposited
energy. Detector noise is accountedfor by generatinga normally distributedrandom number with a
width a of 1000 electronsandaddingit to the signal. The resultingtotal chargeis then comparedto a
thresholdof 4000 electrons,anda yes/noresponseis generatedfor eachstrip. We havedecidednot to
make use of pulse height information, since it is currently impossibleto read out such information
from a real detectorat a high enoughrate to satisfy the requirementsof our on line trigger calculations
seeChapter6. This algorithm resultsin a detectorwhich is essentiallyfully efficient for tracks imp
inging at anglesless thanabout 500 mrad, but rapidly losesefficiency for largerangletracks.

4.3 Trigger Algorithm and Simulation

Fig. 12 showsthe flow diagram of the proposedtrigger. We describeeachstepof the algorithm in
detail. We refer to a coordinatesystemin which z is along the beamdirection,with x horizontal and
y vertical perpendicularto z.

* POINT FINDHG:

First, the raw silicon hit information is transformedinto points independentlyin the xz and yt
planes. The problemhereis to disposeof the clusterscontiguoushit strips. Fig. 13a is the distri
bution of the numberof contiguoushit strips generatedin the Monte Carlo simulation. The average
cluster width is 1.6 strips. A point is definedas the geometricalcenterof a cluster. A comparisonof
the pointsfound in this way with the original track coordinatesshowsthat theyhavearesolution of 16
pm full width half maximum as demonstratedin figure 13c.

The distribution of the numberof points per silicon detectori.e. one quadrantof one plane is
shown in Fig. 13b. Although the chargedtrack multiplicity is high seeAppendix A, one quadrant
seeson average,less than 1/8 of the total, resultingin the rathermodestmeanmultiplicity of 2.5 points
per quadrant.

40 50 60 70 80 90 100
Energy Key

Figure II: EnergyDepositionin 200pm ofSilicon

* TRACK FINDING:
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Figure /2: The Trigger Algorithm

Next, straight lines in both hemispheres,which traverseat least threeplanesof silicon, are found
independentlyin their xz and yz projections. We demandthat the points be collinear to better than
±25 pm. This ratherstringentcut correspondsto the multiple scatteringof a 2 3eV/c trackand thus
tends to reject tracks with lower momentumwhich could degradethe vertex algorithm. Figure 14a
showsthe numberof tracks found in the n vs. yz projectionsusingthis procedure. The correlationis
clear, although mainly becauseof the loss of lowestmomentumtracks, there is a smearing. On aver
age, the algorithm finds about 13 tracks in each view. Fig. 14b is a histogram of the numbcrof par
ticles which have traversedat least 3 detectorplanesminus the number of tracksfound perevent. As
can be seen from this figure, the algorithm usually finds fewer tracks than are actually presentthe
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overall efficiency is about 80% becauseof the loss discussedabove of tracks with momentumless
than2 6eV which fail the collinearity test.

* ESTIMATE PR/MARY VERTEX:

We usethe tracksfound aboveto estimatethe position of the vertex. As shown below, this stepis
mainly neededto define the subsetof found trackswhose origins are nearthe primary vertex.

We histogram togetherin 5 mm bins the z intercept of all found tracks in both the xz and yz
views. We use only the two hits closestto the beamto estimatethe track parameters.A z-intercept
histogram of a typical event from the minimum bias sample is shown in Fig. 15a. Part b of this
figure containsa histogramfrom a typical B event. For both events,most tracks are containedin two
bins. There is seen to be vety little difference on this scale betweenminimum bias events and B
events.

We next loop overthe histogrambins andfind the two adjacentbins which containthe most hits.
For our first estimateof the event vertex, we assumethat the z coordinateis the averageposition of

0 4 80 4 8

-40 -20 0 20 40
microns

Figure /3: Pointfinding details
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these 2 bins, weighted by the numberof hits in each bin, and that xy0. Using this method, the
vertexis locatedwith a precisionof I mm along the z axis.

* EXGLUDE TR4GKS WITH IMPACT PARAMETERS> / mm:

This cut servesthe dual purposeof discardingtracks which comeneither from the primary vertex
nor a B decayvertex such as strangeparticle decay productsor spurioustracks and as a basisfor re
jection of pileup multiple interactionsin a bunchcrossingas is discussedbelow and earlier in Section
3.2.

We definethe impact parameteras the distancebetweenthe point on the trackat the z of the first
vertex estimateandthe z axis. Fig. 16 showsthe impact parameterdistributions for various classesof
tracks. Fig. 16a is for tracks from the primary vertex only. Most of thesetracks are in two 200 tim
bins. Very few are actually outside the I mm cut. On the other hand, Fig. 16b shows that tracks
from K° and A decay have a considerablybroaderdistribution. Roughly half of all K° and A decay
tracks are thrown out by this cut. The impact parameterdistribution for tracks from B decays is
somewhatbroaderthan that of primary vertex tracks as can be seen in Fig. 16d. On averagethe I
mm cut discardsabout I more trackfrom 13 eventsthan from minimum bias events.

* REJECTEVENTIFMORETHAN/OTRACXSHAVEb>1mm:

This cut is aimed at pileup suppression.Fig. 16c shows the impact parameterdistribution ob
tainedfrom Monte-Carlogenerateddoubleeventstwo minimumbias eventsin one bunchcrossing.
Except for the broad tail, the distribution is very similar to Fig. 16a. The histogramingmethodused
to find the first vertex estimateusually picks out oneor the other vertex when two eventsoccur at the
sametime. The tracks from the found vertex are mainly in the b= 0 peak, while the tracks from the
secondvertex form a broad background,also centeredat b 0.
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Fig. 17 shows the number of tracks per event whose impact parametersexceed 1 mm for three
classesof events.Demandingthat fewer than ten tracks he excludedresultsin a loss of a few percentof
B eventswhile suppressingpileup by a factor of ten.

* VERTEXFINDING BY x2 MINIMIZATION:

Eventswhich passthe above track cut proceedto
vertexestimateby minimization of the x2 given by:

the next phasewhich consistsof refining the

N, 2

+>:p
isi

This equationcontainsindependentsumsover x andy view tracks. b byi is the impact parameter
of the i’th track in the x y view. 1-lerc, the impact parameteris the distancebetweenthe point on the
track at the z of the vertex and the vertex point which is no longer constrained to be at x = y = 0.
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Track parametersare estimatedusing the two measuredpoints closestto the first vertex estimate. A
weight, °xi or °yi’ is assignedto each impact parameterbased on the track’s slope which gives a very
rough indication of the track’s momentumand the extrapolationdistancebetweenthe vertex and the
closestmeasuredpoint on the track.

Fig. 18 showsthe x2IDOF Degreeof Freedomdistribution obtainedfrom a sampleof minimum
biasevents.The distribution is far from the ideal x2/DOF distribution. It peaks at f/DOF = 4 and
has a tail extendingto very high values.This is due in part to the presenceof non-vertextracks in the
sum and to the rathercrudeestimateof track momentumthat is usedin evaluatingthe weight.
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The f-distribution shown in Fig. 18 with its very long tail not shown is insufficient to obtain
the required suppressionof minimum bias events without simultaneouslyrejecting an unacceptably
large portion of the B events. I lowever, we find that if we discardthe trackwith the largestcontribu
tion to the 2 and refit, we can obtain substantiallygreaterminimum bias suppressionwith acceptable
additional losses of B events. The procedureis optimized by iterating and discardingup to 3 tracks.
The resultsof applying this procedureto minimum bias, bE and cc event samplesare shown in the
next section.

Additional suppressionof minimum bias eventsrelative to B events can be obtained by using
only the tracks which point in the hemisphereoppositethe spectrometerand forming a X2onp The
basic rationale behind this is the observationthat if a B meson is producedand decaysinto he spcc
trometer, the accompanyingIT mesonis very likely to be in the samehemisphereand thereforeX2opp
should be small. However,a minimumbias eventwhich happensto havea largef is equally likely to
have its largest contributionsfrom tracks in either hemisphere.Thus,an additional factor of two sup
pression should be obtainableby requiring that X2opp is small. Moreover, since two superimposed
pileup events with a large x2/DOF are likely to havea mix of tracks from both events going into
both hemispheres,a cut will yield a similar suppressionhereas well. Thus, for eventswhich
have a x2 larger than the cut value and which haveat least 2 opposite-armtracks in each view, we
makeone more iteration of the vertex minimization procedure,usingonly thosetracks.

4.4 Trigger Performance

For each of the Monte Carlo data samples,minimum bias, bE and c Figs. l9a-c show the
trigger efficiency as a function of x2 cut for eachof the four iterationsand for the final 1opp cut. By
selectingeventswith x2/DOF larger than about 30, we see that we can achievesuppressionsof 1/500,
I/S and 1/100. for the three data samples,respectively. Thcseare the valuesassumedin the rate esti
matesgiven in Chapter3.

We note that the ot line minimumbias suppressionis only 1/500 out of a required 1/5000. how
ever, from a Monte Carlo sampleof 4000 minimum bias events,8 eventssurvive the trigger cuts de
scribed in this chapter. None of theseevents was found to contain a secondaryvertex. We conclude
that minimum bias backgroundcan be suppressedto the requiredlevel.

Although the trigger efficiency for the bE sampleis 1/8 or about 12%, the effective efficiency for
eventsin which a fl-meson is acceptedby the spectrometeris actuallymuch larger since an acceptedB
meson usually has highermomentum and thereforea longer flight path than the average’ 13 meson
and also since acceptedevents are unlikely to have 13 decay productsin the hemisphereopposite the
spectrometerand thus have a low probability to fail the X2onp cut. This is demonstratedin Fig. 20
which showsthe sametrigger efficiency plot usinga sampleof’ a specific decaymode from Chapter7 in
which all the final state tracks are included in the spectrometeracceptance.We see that the triggeref
ficiency for theseeventsis almost 50%, considerablylarger than the 12% obtainedfor the entire bE
sample. This is true in generalfor all modeswhich axe actually acceptedby the spectrometeralthough
the level of acceptancedependson decaymultiplicity as well as whetheror not a ID mesonis produced
in the decay. More will be said on this point in chapter8, where severalspecific decaymodesare dis
cussed.

Finally we considerthe effect of the trigger algorithm on pileup events.To accomplishthis, we
combine two eventsrandomly from the minimumbias sampleand passthe combined"event’ through
the trigger simulationsoftware.Fig. 21 showsthe results. First, we see that the zeroethorder f cor
respondsto an efficiency of about 10%. This is due to the approximately 1/10 suppressionfrom re
jecting eventsin which more than 10 tracks are discardedbecausetheir impact parametersare larger
than I mm. Second,discardingthe three worst tracks and imposing the cut introducesan addi
tional 1/6 suppressionbringing the total suppressionto 1/60. This the is vdlue used in the rate esti
matesgiven in Chapter3.
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5. SPECTROMETERS

The spectrometerlayouts are shown in Figure 22 and Figure 23. The angular acceptanceof
SpectrometerI is from 100 to 600 mr, and for Spectrometer2 is from 10 to 100 mr. The fractional
solid angle MI/4,r are 8.3% and 0.25%; for 13ff pairs producedwithin the 600 mr cone, the fraction
of chargeddecayproductscontainedin the detectoris equalto 43% and 57% respectivelyfor the two
spectrometers.The fractionsof e±, p±, i±, K±, and p± from accepted13 decaysare 6.2%, 6-2%,
68.1%, 19.1%, and 0.4% respectively.The charge multiplicity in hadronic decays of B mesons is
6.0±0.3and in semileptonicdecaysis 3.8±0.4 hencefor a fully containedhadronicdecayof a BIT pair
we expect 12 chargedparticlesand 10.5 gammasin the spectrometerin addition to the tracks from the
underlyingevent. In spectrometersI and 2 about 95% of the pions are above0.5 GeV/c and S% are
above45 GeV/c, while for the kaonsthe momentuminterval is between1.5 3eV/c and55 6eV/c.

S.! Vacuum Pipe

The vacuumpipecontainstwo thin windows, one at z 30 cm and one at 475 cm, which corre
spond to the aperturesof the two spectrometersegmentsshownin Fig. 7. A conical sectionwith an
angle of 100 mr connectsthe windows. The last vacuum pipesectionafter z 475 cm is also a coni
cal section,but with an angleof 10 mr, correspondingto the minimum angle of the secondspectrom
eter aperture. Constructionof the vacuum chamberfrom aluminum or carbon fibre or both will
limit multiple scatteringof the particles and reduce interactions of particles with material nearthe
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beam. Both of thesematerials have beenusedsuccessfullyat CERN for constructionof beam pipes.
Recent improvementsin aluminum welding techniquesused at CERN make aluminum an attractive,
cost effective material for the constructionof theseparts wherethe amountof material must be mini
mized. Although carbon fibre is more expensive,it could provide additional immunity to secondary
interactionsin critical areassuch as near the window of the last spectrometerwhere the beam pipe
reachesits minimum diameter5 cm in the spectrometer.

5.2 Magnets

The first spectrometermagnet,shownin Fig 22, is a normal conductingquadrupolemagnet of 2
m radiusand L1 = 2m magneticlength 3m overall length with a pole tip field of 1.2 T anda gradient
of 0.6 T/m. Severalyears ago, T. Taylor of the LEP division suggestedto us the use of such a
large aperture quadrupolemagnetas an alternativeto the large dipole spectrometermagnetswith sep
tum plateswhich hc hadpreviously designedfor our experimentsR603 and R608 at the ISR. A qua
drupolemagnethasthe advantagesthat thereis no materialnearthe beamand, furthermore,that there
is negligible field near the beam. This latter point is extremelyimportant for us, in that we wish to
havestraight lines in our silicon detector, thus minimizing the complexity of the online trigger. The
lack of material near the beani is extremelyimportant to avoid interactionsof outgoingparticles.

The average J81d1 seen by a charged particle produced at the origin at polar angle 0 is
<ilL>1 81’L1z1tanO/cosfl wherez1 is the middle ‘z location of the quadrupole. The momentum
resolution is given by c1 = kp2, wherek = cg,b/O.JC ilL> , and °ob is the error in the bendingangle
o which, for equal errors a9 on the incident and outgoing tracks, is given by g b = ,,j2cg. For this
quadrupole,z13m, L12m, B’=0.6 Tim. Hence ki=eob-cosfl/l.08-tano.11e aperturecovered
by this quadrupoleis ‘600 mr if a track sensitivedetectoris instrumentedat the pole position r = 2m
to detect particleswhich are deflectedinto the pole.

In the secondspectrometer,covering 100 nix, as shown in Fig 23, a normally conductingdipole is
chosen with magnetic length L2 = 2m geometricallength 3m and uniform magnetic field of 1.5 T.
l’he average CBL> 2 = 3.0 Tm. The correspondingmagnet constantis given by k2 = aobcosO/O9-
The sides of the dipole will be ‘instrumented with a track sensitivedetector in order to measurelow
momentumparticleswhich are deflectedby the magneticfield into the iron side wall. -

5.3 Pixel Detectors

Three x-y pixel devicesare included in the spectrometerto match the two views in the silicon
tracks and to provided a middle measurementfor use in matchingtracks found by the vertex detector
to thosemeasuredby the spectrometers.Two such detectorsareneededto petform thesefunctionsfor
the second spectrometersince extrapolationsover the Sm to the window of the secondsecondspec
trometerwould result in large errors.Simulation showsthat approximately8% of all trackslie within I
cm of anothertrack at the first spectrometerwindow, and about 4% at the window of the second
spectrometer.This ‘indicates that in order to effectively matchtracks,the pixel resolution should be less
than lxl mm2

The first drift chamberin the first spectrometer100 mr <0 <600 mr, shown schematicallyin Fig
22, is a pixel drift chamberPDC in which the two dimensionalpositionof the track traversingthe 20
mm thick gap is measuredwithout ambiguity. The sensewires of the PDC are strung in an approxi
mately radial r direction parallel to the outgoing tracks. The detectoris approximatedby an annulus
of inner radius4 cm and outer radius32 cm seeFigure 24. The annulusis in turn approximatedby
an octagonwith the sensewire array in the x direction asdefinedin the Ilgure. Eachwire planeis ISO
mm wide with 75 wires at 2mm spacingfor a total of 600 wires, Two sucharraysare neededper oc
tant, to resolveambiguities,for a total of 1200 channels. Outgoingtracks parallel to the sensewires z
will produceionization chargein the drift gapwhich will drift and,neglectingdiffusion, trigger onewire
only. The drift time t = y/v and wire addressx provide the unambiguouscoordinatesx,y of the



track at the drift gap plane- Choosing3 p5cc as the maximumallowabledrift time and a relatively fast
vd = 5.4 cm/psecbut low diffusion gas °e= °t = l8opm/,Jcmestablishesthe maximum drift dis
tance D= VdXtmax 16 cm. With wire spacings=2 mm and 8-bit TDCs, the spatial resolution is
o= 580 pm and a ISO pm without diffusion. With diffusion, averagingover the 16 em long drift
distance,the pixel size increasesto a 750 pm by 07= 500 Mm.

A similar detectorforms the first elementof the secondspectrometerseefigure 23, with a larger
cylindrical radiusof 48 cm. To keep the simple drift geometryof fig 24 will require 22 cm drift in 3ps
or a drift velocity of 8cm/ps.Methane with about 10% ethaneor isobutanecan give the requiredve
locity with somewhatincreaseddiffusion °e= °= 200pm/Icm.The x resolution,without diffusion,
is o= 550pm but °y = 210pmbecauseof the increaseddrift velocity. The resolution,with diffusion
averagedover the 22 cm drift distance,is °x= 850pmand °y 680pm, sufficient to resolveambiguities
in track matching. The two arraysof wires in this detectortotal to 1700 channels,with unambiguous
reconstruction.The total for the two PDCsis therefore2900 sensewires-

Another pixel device will be used to matchSYD tracks in the 0 interval 10 to 100 mr- This will
be a disk shapedSilicon Pad Detectorlocatedinside the beampipe, at a distanceof 35 cm from the
averageinteractionpoint. It will allow couplingthe track projectionsprovided by the SVD and hence
facilitating the matchwith the track segmentsreconstructedby the elementsof the secondspectrome
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ter, which are 5 m or more from the interactionpoint. The SPD disk will be divided into four sectors,
each covering approximatelyff12 rad in . The upper and lower halves will be mounted on the re
spectivevertex detectorpositioning mechanismsso theywill also be removedduring beamfilling. The
pixel size will be lxl mni2 for a total of 11300 channels.The detectorwill have the shapeof a disk
with 6cm radius,250 pm thick.

Both track segmentsfrom the silicon detectorsand from the spectrometerwill be projectedoiilo
the pixel D.C. with spatial resolutionbetter than 1 mm, in each projection, for momentalarger than 5
GeV/c.

5.4 Wire C/rwnbers

Jet-typedrift cells will be usedto measurethe position and direction of chargedtracks before and
after each magnet. Eachchamberwill be divided into 8 modulesmeasuringthe tracks in 3 or 4 dif
fcrent views, and furthersubdividedinto ±2 cm drift cells containing 16 or 10 samplesper module.

Drill Cell Structure

The drift cell geometryis shown in Fig. 25. The sensewires and equipotentialwires are strungin
planes which include the intersectionregion centerx = y = z = 0. Thus, the averageparticle direction
is perperidicularto the drift direction in all cells implying a Jet-typegeometry,so that isochronous
chargecollection will result. The wires wilt be staggeredby 100 pm for unambiguousdrift distancere
construction. The maximumdrift distancewill be 2 cm.

We intend to use 70% Helium and 30% DM13 becauseof the long radiation length of this mix
ture 667 m comparedto that of CO2 197m, while the diffusion characteristicsand drift velocity are
similar. This mixture resultsin an unsaturateddrift velocity of IOpm/nsecin an electric field of 2 kV/
cm with a diffusion coefficient of -‘80 pm/,Jcm. The correspondingmaximumdrift time is 2 pscc for
±2 cm cells. At atmosphericpressurethis mixture will produce 21 primary electrons/ cm. The wire
spacingwill be 6.25 nun, correspondingto 13 primary electronsper hit.

In order to estimatethe resolution achieyeablewith thesechambers,we note that the techniques
proposedhereare similar to thoseuscd by the NA-34 [kilos experiment[8] at CERN and the SLI
central drift chamber[9] at SLAC. The Hellos chambershave a similar Jet-cellgeometry and they
used a CO2 and 10% cthanegas mixture which gives a similar drift velocity to the 1Ie/DME mixture
we proposeto use. In order to optimize track separationand reduce space-charge,field wires were
used to limit the length of the chargesegmentcollectedby a sensewire, obtaininga more isochronous
chargecollection. Their electronicsmadeuse of pulseclipping and shaping,andmultihit I’DCs. In a
test beam,the chamberwas found to have a resolutionof 6Opmaveragedover the 2cm drift distance,
and a 600pmtwo track separation.

The SLD collaborationused 92% CO2 and 8% isobutaneanda cell geometrywhich collected 16
primary electronsper sample.Their averagedrift distanceresolutionis 55pm in ±2.5 cm cells.

A drift distance resolution similar to those measuredby these two experiments should be
aehieveable.However, sinceour chamberswill havesubstantiallylarger dimensionsand will operatein
a nonuniform magneticfield, we infer a final accuracyof 100pmaveragedover the drift distance,and a
two track separationof 3mm. In order to reachsuch a precision, a laseralignment and calibration
systemwill be used,togetherwith a completemonitoringsystemof gastemperatureand pressure,drift
velocity, and electric field.

Geometryof the Chambers

Figures 22 and 23 shows the position and dimensionof the four chambersused to measurethe
particle momenta. The four chambersall have a similar cellularstructure. Chamber I and 2 in Spec-



trometer I are organizedas a successionof 8 moduleswith 10 track sampleseach. Four different wire
orientationsare used,namely0°, ±45°, and90°. The sequenceis repeatedtwice, endingup with a total
of 80 measurementsalongeach track. In Spectrometer2 the chambers3 and 4 are formedby 8 mod
ules, each with 16 track samples,oriented as 0°, 45°, 0°, and -45° from the vertical repeatedtwice,
for a total of 128 measurements,equivalentto 96 measurementsin the bendingplane. Table 3 gives a
generaloverview of the propertiesof the chambers.
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Figure 25: A Jetdrjfl cell in onemoduleof Chamber/ atO = 350 mr. The circlesaresense
wires, crossesareequipotentialwires, andsquaresare field shapingwires.

Electronics

A low noise preamplifier is mounteddirectly on the chamberframe. Ten meters away a two
stage amplifier is usedwherea 2 nsecclipping and integration lit cancellationis performed. A dis
criminater with threshold set at 2 electronson the sensewire drives an 8-bit TDC with multihit
readout. No pulse amplitudeanalysisis performed.

Momentum Measurement

The error in the trackdirection, 0, is given by the relation

Co .J[frxIL212N/M+ lN+2 + 067x.0l5/p2LIX0]
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Table3: ChamberProperties

ChamberI Chamber2 Chamber3 Chamber4
Diamelerx Lengthm2 3x0.5 4x0.5 l.6x0.8 2x0.8
Sensewires 7000 9600 5700 7100
Orientation x,y,u,v x,y,u,v x,u,x,v x,u,x,v
Samplesper Track 80 80 128 128
Drift Distance ±2cm ±2cm ±2cm ±2cm
S.W. Staggering 100pm 100pm 100pm 100pm
Drift Velocity lOpm/nsec lopm/nsce IOpm/nsee IOpm/nsec
Drift Field 2kv/cm 2k V/cm 2k V/cm 2kv/cm
Gas He/DME He/DME IIe/DME He/DME

where cx is the accuracy of a single drift cell measurementand L is the distance over whichthe uni
forrnly distributed N+ I measurementsare madeand X0667 m for the I-le/DME mixture. In the
dipole field Spectrometer2 we have 96 measurementsin the bending plane over 80 em of track
lengthwith a single hit accuracyof 100pm. With this geometrywe obtain

= 44pr.j I + Pz2/P2

where P2 9 0eV/c is the momentumbelow which multiple scatteringdominates.The error on the
bending angle ao,b= J2xa0 and the error on the momentummeasurementis given by the dipole
magnet constantkz=a/p2=6.9x105cosO]l+p22/p2 for the 3 Tm magnet. where we have used
the expressionfor from Section 5.2 For SpectrometerI we have40 measurementsover 50 cm with
100 pm precision in the bending plane. I-lence, a lO7pr,jl + p11Jp1with p = 2.6 GeVJc. The
quadrupolemagnetconstantis then k1 op/p2= 1.4x lO4cosOII + p12/p2/tanU.

A Monte Carlo simulationhasbeenperformedto evaluatethe invariant massdistribution of the
reconstructedB’s usingthe propertiesof the spectrometerdescribedbefore. The resultsfor somedecay
channelsof the beautyparticlesare describedin Chapter7.

5.5 Ring Imaging CherenkovRICH Counters

Description

The RICH detectorsfor the spectrometersare designedto identify all the hadronsfrom B decays
50 0eV/c as well as mostof the leptonsl0 0eV/c. Above 10 0eV/c, lepton identification will
be guaranteedby the electromagneticcalorimeter. Each of the two spectrometershasa C6F14 freon
liquid radiator of 10mm thicknessand a C5F12 freon gas radiator of 750 mm pathlength. In the sec
ond spectrometerwe haveleft 1200 mm free for a higher thresholdCF4 freon gas radiator,althoughit
is not yet clear that this should be implemented. The two gasvolumesare separatedby a 3 mm thick
fused quartzwindow and both ring images are detectedat the focal planelocated 1950 mm upstream
from the sphericalreflecting mirror.

The liquid and gas radiator geometryis shownin Fig. 22 and 23 andthe proposedRICH detector
geometryis shownin Fig. 26. The liquid radiator is containedby a 3 nun thick fused quartzwindow
followed by a 25 cm Helium-filled flight path to the RICE! liquid imagedetector. This is immediately
followed by the RICH gas image detector.Eachdetectorconsistsof a 3 mm thick fusedquartzwin-
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dow whose inner surface is coatedwith a 20 to 30 Angstrom thick tungstenfilm which is UV trans
parentand servesas an equipotentialsurfaceV0. A photonconversiongapof thicknesst is definedby
a first wire mesh planeat potentialV1. The thicknessof the conversiongap is t = 20 mm which is
equal to threeabsorptionlengthstph = 6.7 mm when the photosensitivegas is TMAE at 40°C. This
will require the entire detectorand radiator ensemblebe maintainedat 45°C to preventTMAE con
densationin the detector.The conversiongapis followed by a 4 mm thick parallel amplification gap, a
30 mm thick transfergap and a final 4 mm thick amplification gap. All gaps are separatedby electro
formed high transmittivity mesheson which areapplied the appropriatepotentialsV1, V2, V, to ob
tain electric fields of about I KV/cm in the conversionC andtransferT gaps and up to 10 KV/cm
on the amplification A gaps.The gas filling is a mixture of Helium 90% and Hexane10% and
TMAE 1.7 torr at 1 atmospheretotal pressure.The conversiongap has an approximatelytriangular
quantumresponsebetween5.6 and 7.1 eV with the upper edgecontrolledby the transmissionlimit of
Ilexane. A total signal of about SxlO5 electronsper incident photon is collectedon one or more 3x3
mm2 metallic padswhich comprise the downstreamcathodeV4 of the secondamplification gap.
Each of thesepads is readwith a fast digital VLSI chip RICHIV II which is now in the middle
stagesof design. The total thicknessof the RICH detectoris 65 mm including quartzwindow and the
detectorbody.

The RICH detectorsurfaceareais 0.9 m2 in SpectrometerI and 1.! m2 in Spectrometer2, for a
total of 2.0 m2 correspondingto 2.2x10’ pads3x3 mm2 and pad readoutchannels.The use of the
multistepavalancheamplification structure severelysuppressesphoton feedbackeffects and eliminates
binning effects due to wires. The transverseradiusof a single electron avalancheis expectedto be
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about 0.6 mm. Hence it covers a surfacearea of 1.1 mm2 comparedto the 9 mm2 surfaceareaof a
pad and results in an average of 2 pad hits per detectedphotoelectron. The readout electronics
RICHIP has a fast 25 ns analoguechain Preamplifier,Amplifier, Discriminater, Delay + Memory
followed by a fast two dimensionaldigital shift registerwith priority encodingcapableof readoutof
2x27 padsin less than3is.

Re.soluiionand ParticleSeparationRanges

The chromaticerror egcE in the determinationof the Cherenlcovangle8 may be expressedas

°Oc6= O0/0ndn/dEcE.

For the C6F14 liquid radiator refractive index n = 1.278 at E= 6.5 eV and dispersion dn/
dE = 9.28x 10 3eV -‘ the proximity focusedimageis characterizedby seeAppendixC:

0cc/On= ntancc- In2fl2cosO/u.

The first factor is the canonical factor obtainedfrom the Chercnkovrelation nftcosoc= 1, the second
factor n2?2 is due to refraction at the liquid surfaceand the last factor cosO/adependson the particle
incidence angleO with respectto the normal to the radiator plane.a dependson the Cherenkovazi
muthal angle #c via the relation: -

= coso1,- sinOptanOccos.c.

Therefore,this last factor is unity for normal incidenceandaveragesto 0.9 at 20°. The energyer
ror °E of a triangular responsedetector is AE/,j24 where AE is the baseenergy width. Combining
thesefactorsgives

uoE= 1/ l.02 l.63.99.28xl0 3 I .5/124= 4.1 mr.

At the chosendistancebetweenthe liquid radiator and detector250 mm the angularerror c’ due to
a radiator of thickness10 mm is about o= 2.9 mr when averagedover the acceptedazimuthal angles
-

With pad dimensions of 3x3 mm2 the measurementerrors on the photon conversion point
x1,y1,z1 are

=
= .9 mm and 07 ‘1ph 6.7 mm and contribute to the angularerror °Oc by

the amount of 1.2 mr, 0.6 ms and 5.4 mr respectively.The image is approximatelyparabolicwhen
O*0. I lence, even for equalerrors °x1 and °y2’ their respectivecontributionsto °Qc are not equal.
Multiple scatteringin the liquid radiator andquartzwindow contribute2.8 mr/p to °Oc and finally the
contributiondue to the incident particledirection is small, i.e. 0.7 mr for °th = I mr. Summing, in
quadrature,the aboveerrors gives a total angularerror = 7.5 mr per detectedphoton.

The allowableaveragemagneticfield inside a RICH radiator is

B <n/2ogctot112p/.3L

to insure that particledeflection inside the radiator doesnot causeadditionalsmearingof the image. In
the liquid radiator,ooctot = 7.5 mr and L= I cm. Hence,Bc 8.7T at p I GeV/c, which is clearly
satisfied.The relevantderivativesare given in AppendixC andsummarizedin Table 4.

The momentump at which particles of mass m1 and m2 are discriminatedat the level of n0
standarddeviationsis given by the formula:

p2 = m22- mi2/2n0k

where

k = nagc/.JN0L.



Table 4: RICE! Resolution

Measured LIQUID RICH I + 2
variable

V1 0vi aocmr ovi

z mm 2.9 2.9 216.5

xmm 1.0

z1mm 6.7 5.4 6.7

0.5

I. I 8x 10

y1mm

E eV

TOTAL

0.9

0.31

0.6

4.1

0.7

C5F22GAS RICH I C5F12GAS RICh 2

ogcmr 00cmr

0.3 216.5 0.3

0.016 1.0 0.016

0.26 6.7 0.10

0.5

I.85x10’ 9.88x106

0.9 0.8!

1L25

0.35

0.9 0.31

0.25

0.35

Experimentswith the DELPHI barrel RICH prototype [123 have demonstratedring images with 25
photoelectronsper liquid imageL 1 cm, correspondingto N0 = 65 cm for the detectorband base
width 8E=7.l-5.6eV. Taking 00c1.Smr, N06Scm, L 1cm andn 1.278 gives the Cher
enkov constantk I. Ifix 10’. I-Ience, there is particle discrimination n0> 3 up to momenta
p 1.25 GeV/c for ep, 1.65 6eV/c for en, 1.1 0eV/c for nr, 5.6 for irK and9.4 0eV/c for Kp.

‘The gas radiator in the first spectrometerconsistsof atmosphericpressureC5F12 which has a
Cherenkovthresholdy = 17 correspondingto momentumthresholdsof 24, 8.4 and 15.9 6eV/c for
pions, kaons and protons respectively. These thresholdsoverlapwith the upper discrimination limits
of the liquid radiatorthus assuringcompletecoveragefor particle identification in the low energy re
gion.

The upper limits for particle separationin the gas radiatorare determinedby the Cherenkovan
gular resolution 9c attainable.The relevant variablesvi are the photon emissionpoint z,x,0, the
photondetectionpointz1,x1,y1, the photonenergyH and the particle direction relative to the de
tector normal.The relevantderivativesare given ‘in AppendixC. At zeroimpact parameterx relative
to the center of curvature of the mirror, the derivative c/& varies between 0.2 pr/mm and 1.3
zr/mm for photondetectionat the focal planeor 10 mm off the focal planerespectively.Since the er
ror o in photonemission point is large i.e. 01= 750/112,the error crocz varies between0.043 and
0-28 mr. For x50 mm cocZ is 0.30 mr. The chromaticerror oocE is i5 ms for this radiator
gas and detector. The impact parameterderivative t3OcIOX is 16 sr/n-un for x50 mm. hence,for
or 1 mm, the error oox is 16 pr, which is negligible. The correspondingderivativesfor the de
tectedpointsare for x 0:

x 1mm 0.9 1.2 0.9 0.81 0.9

Omr l.0

0.31

0.31 0.31

kc

7-5 1.29 0.69
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OOc/8zisinOc/2f
ÔOcIOXI cosOecos#c/f
50c/8Ys= cosocsin#c/f

Thus for detectionpoint errors c = °y = 0.9 mm andc = 6.7 mm we fmd correspondingangular
errors

cecXi= °Ocyi = 0.81 n, cocZi = 0.26 nu

in Gas Rich I. The particle direction error is °oc8p= 0.35 mr for cg,= 0.5 mr. Summing,in quad
rature, all these sevenerror sourcesgives cgctot= 1.29 mr. Multiple scatteringin the C,F12 radiator
gascontributesa term oOcm.s.= 1.55 mr/p which is negligableat momentaabovethresholdp, = 2.4
6eV/c. The correspondingCherenkovconstant1e= naoc/,JN0L is equalto I .85x 10-i for N0 = 65
cm -‘, L = 75 cm, n I and°Oc = 1.29 mr. We then can calculatethe 3c momentumlimits for particle
identification as 10 0eV/c for ep, 13 GeV/c for en, 9 0eV/c for pit, 45 GeV/c for irK and 76 6eV/c
for Kp. This easily coversthe rangeof particlemomentafrom I decaysin the first spectrometer95%
of the n/K’s are lessthan 12/15 6eV/c andalmostcoversthe rangein the secondspectrometer95%
of the n/K’s are less than 45/55 6eV/c. The longer focal length N 1.95 m in the secondspectrom
eter’s RICh! reducesthe detection point errors to eocX1 cocy = 0.31 mr and cocZi 0.10 mr
giving a total error cotot = 0.69 mr. This translatesto kc 9.88i< 10-6 andparticle identification lim
its of 13, IS, 12, 60, 101 6eV/c for ep, en, pit, irK, Kp respectively. The averagemagneticfield allo
wable in RICH I is B < 312 gaussx p, or 0.09T at 3 6eV/c just above it thresholdand 0.3T at 10
6eV/c. The shielding of thE quadrupolefield at the position of RICh I 0.5m to l.25m from the
quadrupoleentranceplane appearsfeasible, since the field direction is azimuthaland can be easily
channeledby iron platesmountedon the outer part of the RICh gas box. In RICh 2, with its better
resolution,onjy 0.OST and 0.161 areallowableat 3 6eV/c and ID 6eV/c, respectively.However, it is
further away from the entranceplaneof the dipole 2.0 m to 2.8 m i.e. 2.0 to 2.8 half gaps. However,
the field direction is more difficult to shield and some loss of resolution seemslikely at low momenta,
where it is acceptable,sincemanyc’s n0> 10 are availablefor particlediscrimination.

The momentumresolution of the RIO! detectors is given by the relation, c kp3/m1fl,
where kc is the Cherenkovfactor calculatedabove. For example,Cp I00 MeV at p 4.7 6eV/c and
PK 11.0 6eV/c in the first spectrometerandc

100 McV at p, S.8 6eV/c and PK 13.5
6eV/c in the secondspectrometer.It appearsthat for the heavierparticlesK,p, the momentumres
olution of the RICH detectorscan be useful.

6. PA TA-DRIVEN TRIGGER PROCESSOR& DETECTOR READOUT

The demandsmade on the readoutsystemand trigger processorby the proposedexperimentare
particularly severe.The lack of an effective fast trigger critcrion onethat can be calculatedin less than
the bunchcrossingtime meansthat all detectorinformation must be readout betweenbunchcross
ings, and storeduntil a more time consuming calculation can be completed. Moreover, the large
numberof computationsneededfor the triggerdecisionmust be madein the shortestpossibletime, in
order to minimize the numberof eventswhich must be stored,andby the fewestnumberof processors
in order to minimize the complexity of the channelused to distribute the datafrom the detectorsto
the processors.Clearly, the obviousapproachof usinga farm of commercialpProcessorsto makethe
trigger calculationfails both these criteria: a complicatednetwork is necessaryto route the data from
the detectorsto the ph’s; and the millisecondsof processingtime would require that thousandsof
eventsbe storedwhile waiting for the trigger calculationto be made.

We proposeto solve theseproblemsby building both the readoutsystemand the trigger proces
sor with a pipelinedstructure.Data read from the detectorsis transferredto FIFO memoriesin a very
high speeddata transportcrate system.Meanwhilethe silicon vertex detectorhit dataare enteredinto
the first stageof a datadriven processor.The data driven processor,which will be describedin the fol
lowing section, is itself a pipeline. Dataentering the first stageis quickly processedand sent on to the



following processorsegment.This freesthe startingset of processormodulesfor the subsequentevent.
The results of the trigger calculationare used to direct the transferof data through the transport sys
tem. Eventsemerging from the transport destination modules are sent to a VME or Fastbusbased
dataacquisitionsystem for possiblefurtherprocessingas well as datamonitoringand recording.

6.1 TIle Data Driven Trigger Processor

The on-line searchof the silicon datafor evidenceof a secondaryvertex requiresthe executionof
some lO instructionsper event.Theseinstructionsmust be performedat the averagerate of one event
per bunchcrossing 4 jzsec. This implies the prodigiousprocessingrate of 2.SxI0 instructionsper
second,which is beyond the capability of even the most advancedgeneral purposesupercomputers.
however,such a rate is within the capability of a data-drivenprocessorof the type used by Knapp et
al. [2,3] and by the UCLA groupfor experimentUAS[4].

Data-drivenprocessorsdiffer fundamentallyfrom the traditional Von Neumanprocessorin num
ber of different respects.

* A Von Neumanmachine is a general purpose machine,capableof performing at least in
principal any calculationwithout the needfor reconfiguringthe hardware.A data-drivenpro
cessoris built to perform a particular calculation. A changein the algorithm necessitatesa
changein the hardware.

* A Von Neumanmachineis capableof performing only one calculation at a time, whereasa
data.drivcnprocessorcan easilybe configured parallelizedto perform a large numberof cal
culationssimultaneously.

* In a data-drivenprocessor,instructionexecutionis initiated by the arrival of the necessaryop
erands.This contrastswith the Von Neumanarchitectureswherea predeterminedsequenceof
instructions a program is followed. Thus, an aliorithm written for a data.driven processor
doesnot contain explicit information on the sequenceof operations,but only specifiesthe de
pendenceof the intermediateand fmal resultson the input dataand on the resultsof interme
diatecalculations.

A problemnot resolvedby Von Neumancomputing is that of how to parallelizea computation.
The basic problemis to find for every operation,the set of all prerequisitestepswhich must be per
formedand then to distribute the various operationsamongthe availableprocessingelements. In data
flow processing,the problemof division of the algorithm and distribution of the tasks amongprocess
ing elementsis implicit in the algorithm. Thus,once the algorithm is written, the sequenceof opera
tions and the degreeof parallelismbecomesobvious.

Datadriven processorsmay in fact exhibit anydegreeof parallelismfrom a single multifunctional
processorwith tablesdescribinghow quantitiesare combined, to one in which each of the modules
which make up the processorexecutesa uniquefunction and is interconnectedwith the other func
tional building blocks by dedicateddatapathsas necessitatedby the algorithm. It is the latter caseof
maximal parallelism which will be used in the processorfor the proposedexperiment. This imple
mentation has several advantagesfor use in triggering High Energy Physicsexperiments. Foremost
amongtheseadvantagesis the existenceof many independentdata paths.Theseallow the rapid trans
fer of large amountsof data while eliminating contentionfor a commonbus and data transfer bottle
necks. Since intermediateresultsare not stored, thereis no needfor global memoriesand the usual
problemsof multiple access.

The UAS trigger processordescribedin detail in Appendix B, developedby the UCLA group, is
a simple exampleof a datadriven processorwhich neverthelessillustratesthe power of data driven ar
chitectures. This processoruses40 examplesof a single moduleto calculatethe momentumand in
terceptpositionof fast protons traversingthe UAS romanpot spectrometers.This calculationand the
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final trigger decisionare madein lessthan 1.5 Msec of which only z600 nsecis used for the actual cal
culation. A programmedmachinewould have to executesome 2xlO’ instructionsper secondto equal
this computationalperformance,evenwith heavy utilization of table lookup techniques.Also, the usc
of a programmableprocessorwould require an additional interface to the chamberreadoutsystem
which would furthercomplicatematters.

The processorfor the proposedexperimentwill differ from the UA8 trigger processorin two ma
jor respects.The first of theseis that all of the functional units will operateon variable length lists of
data,and producelists of results. Examplesof lists which will be usedin a trigger processorare lists of
hits found in a vertex detector,and lists of found line parameters. The list operatorswhich may be
delmedinclude vector arithmetic and booleanfunctionse.g. elementby elementaddition, multiplica
tion, AND, OR, etc..., and more specializedlist processingfunctionssort, append,elementextrac
tion, etc.... Conceptually,a list processoris little different from the basic processorused for UAS, al
though it greatly improves the flexibility of the architecturewhile reducingthe numberof functional
elementsneededfor a given algorithm. This generalizationrequiresthat the interconnectprotocol be
enhancedto accommodatemultiple elements. To accomplishthis, the list is sent over a single synch
ronousdatachannelone elementat a time. An end-of-data flag included in the interconnectindi
cateswhen all the list elementshave been transferred. Vectorizationhasthe additional advantagethat
the functional units may be internally pipelinedto perform different parts of the calculationon differ
ent elementsconcurrently.

The secondenhancementis the longitudinal segmentationof the processorto allow the simulta
neousprocessingof different parts of severalevents. By dividing the processinginto severalsegments,
the time that an eventoccupiesany single part of the processoris proportionallyreduced. This in turn
reducesthe minimum delay betweensuccessiveeventswhich is the effective processingtime and in
creasesthe utilization of individual functional units. The segmentationof the processoris sketchedin
Fig. 27. The silicon detectordata are readinto the first segmentof the pipeline, which performsa sct
of operationson the data, and then passesthe intermediateresultsto the next unit in the pipeline.
The segmentationwill be madefme enoughthat the averageprocessingfor a single eventdone by any
segmenttakesless than the time between successivebunch crossings. hus, a constant,unrestricted
flow of eventscan be maintainedthrough the processorwhile fully utilizing all the constituentelements
of the processor. The segmentswill be decoupled from one anotherby pipeline registers FlFOs
which store the result vectors from a given segmentuntil the following segmenthas finished with the
previousevent.

Detailed designof a processorfor the collider beauty experimentcan not proceeduntil a careful
functional simulation of the vertex finding procedurehas been performed. Functional simulation in
volvesthe calculationfrom Monte Carlo eventsof the quantitieswhich will eventually be calculatedby
the processorin the mannerused by the processor.This will provideinformation about the numbers
and types of functional units which will be necessary,the size of the lists which may be expectedat
each step of the process,and therefore the calculation speed necessaryfor a processorsegment to
completework on a given eventbeforethe 3.SMsecdeadline.

Some considerationsare already evident. For example, given a clock time of the order of
10-2Onsec,only 150- 300 element list may be processed.On the other hand, for finding lines in a
vertex detector,a list of all valid pairs of hits in two planesmust be generated. Since the numberof
paingoesas the squareof the numberof hits, an eventwith 20 hits in eachplanewould require a list
of 400 elementsalthoughless than 20 would correspondto valid tracks. It is clear, therefore,that the
processormust be able to perform the generationof thesecombinationsin a way which would mini
rnize the list size.

One modulethat could be used to solve this problemwould be the Limited CombinationGener
ator LCG. This modulehas two sortedlists as inputs. The first list is used to calculate the two limits
in which a numberfrom the secondlist must fall in order to form a valid pair. For eachentry in the
first list, the LCG modulecalculatesthe limits and thensearchesthe secondlist for an entry which falls
within the limits. The search starts with the first entry which passedthe previouscomparison,and
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proceedsuntil a element in the secondlist exceedsthe current upper limit. A list of valid index pairs is
producedat the output of the module.

Figure 28 showshow such a modulecould be used to find straight lines in threeplanesof a vertex
detector.In addition to the LCG module, four othertypes of modulesare needed:

* Add +: The Add module addsits two input lists elementby element.

* Linear a: The Linear module multiplies each elementof its input list by a constantand
addsa secondconstant.

* fir! L: Thesemoduleshave two inputs. The first input is an arbitrary list. The secondis a
list of indicesinto the first list. The output of the list unit is the elementsof the first list in the
orderspecifiedby the indicesin the second.

* Sorter SORT: This module returns a list of indices which would sort the input list in
ascendingorder.

The line finder works in the following way. Lists of hits in the first andsecondplanesof the vertexare
fed into the two lists of an LCG module. The limits calculatedfrom the first list give the rangeof po
sitions in plane 2 which could be reachedby a track which originates in the dispersedinteractionre
gion andpassesthroughthe hit in the first plane. The index pairs are usedto generatealist of plane3
predictionsby first usinga list module to give lists of the first and secondplanepositionsof the valid

Figure 27: A Block Diagram of the Level-i Filter System. The silicon datais read into the
systemof Pipelined Data-DrivenProcessors.The entire detectoris readout on each bunch
crossinginto a large buffer memorywherethe dataremainuntil the trigger decision is made.

Eventsthat passthe Level-I Filter are transferredto the l2veI-2 Processorsystem.



45

combinations,followed by a and Add modules to extrapolatethe line to the third plane. The pre
dictions are sorted and sent to a second LCG module which matchesthe predictedvalues to the
measuredhits. Finally, lists of the line slopesand interceptsarc producedby the list units controlledby
the LCG.

Although the principlesare similar to thoseof the Nevis Processor[2,3],a precision of 32-bits is
neededfor our vertex calculations. We also have a changein emphasisfrom optimizationof the total
speedto one of minimization of vector lengths at any given point in the processor. This new opti
mizationcriterion resultsfrom the requirementthat the processingbe segmentedinto units which may
be executedin a few microseconds. Finally, the greatadvancesin technologywhich have takenplace
in the last few years, particularly in the fields of Very Large Scale Integration VLSI, and comput
er-aideddesignof Application Specific IntegratedCircuits should allow the specificationof some much
more complex building blocks which will result in fewer systemlevel interconnections,easierpro
grammingandlower overall cost.

Our program for developingthis system proceedsalong the following lines. A systememulator
will aid us in evaluatingproposedmodulesand the performanceof the overall systemwhen used as a
trigger. It will also provide an exact cycle by cycle descriptionof the hardwarefor module design
studies. This will allow the specification of the set of 20 or so processormoduleswhich arc necessary

Figure 28: Block diagram of I/ic data driven line finder



to solve the statedproblem. A system level design will be made in parallel with this study and the
format of the module interconnectionsincluding the data cablesand a bus for diagnosticsand table
loading will be defined.

Diagnosticsoftware will be necessaryto insure the properoperationof the processorand readout
systems. Fromour experiencewith a data-drivenprocessorin experimentUAS[4J, the following types
of diagnosticprogramswill be necessary:

* A detailedtest programfor each typeof module.

* A programto verify the interconnectionsbetweenmodules.

* A data monitor.

6.2 Detector ReadoutSystem

Table S summarizesthe quantity of data that will be read from each detector in a typical bE
event. Thesenumbersindicate the magnitudeof the task faced by the readoutsystem. Even assuming
that the averageoccupancyper bunch crossingis one fourth of the typical B event sizes given below,
the readoutchannelsmust sustainan averagerateof l.4x 10 bytes/secfrom the detectors. To achieve
this total data transferrate, many parallel datachannelsare employed. Detectordigitizations are read
out using sparsedata scanningand zeros are suppressedwhere appropriate by the readoutcontrol
electronics.- High speed 50 MHz FIFOs are used in most readoutchains to averageover bursts of
data. Compactedand encodeddata are sentfrom the experimentto the countingroom over lGbit/sec
optical fiber links.

Table 5 Detector Data Lengths

Detector Elements Occupation Noise Bytes

Silicon Vertex 264000 200 200 800
TrackingChambers 29400 6240 500 13500
RICH 220000 1400 1000 5000
Pixel Drift Chambers 2900 50 50 400
Si Pixel Ietector 11300 30 20 100

iota! 19800

Datafrom the detectorsis enteredinto digital pipelinesFIFO buffers for storageuntil the trigger
processorhas completedits calculation. The FIFOs are imbedded in a synchronousdata transport
systemwhich mergesthe many data streamsfrom the individual detectorsand fans out the resulting
event block streamto consumers.Consumermodulesin the Transportsystemmakeeventdata blocks
availableto the secondlevel trigger, dataacquisition,and detectormonitoringsubsystems.

Ictectorreadoutand other componentswill be built from Application Specific VLSI when pos
sible in order to minimize the systemcost and complexity. As is discussedin the following paragraphs.
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the developmentof VLSI readoutelectronicsfor the RICH and Silicon is alreadywell underway. In
addition to thesechips, I - 8 ChamberTDC channelscould be integratedinto an IC. Also, the exten
sive utilization of high speedFIFOs in the readoutand datatransportsystem makesthe integrationof
such units an attractivepossibility.

Silicon: The silicon detectorswill be readout using a high density 128 channelsper IC VLSI
chip which employssparsedata scanningto minimize the number of cycles neededto read the data.
The Berkeley SVX chip[ 13], which was developedfor the CDF silicon-strip vertex detector,would be
well suited to this application,but the cUrrent version doesnot seem to be fast enough. It is hoped
that this problemwill be resolvedin a future versionof the SVX. The successof the presentSVX, and
other [14] chipsgives usconfidencethat an IC which will meet our needscan be built within the time
scaleof this experiment.

The data readoutfrom eachplanewill be controlled by a module which will also cluster the raw
hits. This minimizesthe numberof hits which must be manipulatedby the trigger processor.

Chambers: The chamberhit times will be encodedand recordedusing a 8-bit, 10 nsecbin, mul
tiple hit TDC system. In this system,each sensewire signal is testedevery 10 nsec. If a wire has
turnedon in the last clock period,the time codeis saved in oneof two 4 word x 8-bit 100 MIIz FILO
stacks. At the end of the 3.8 psecinter-bunchperiod, the datafrom the first stackare read backwhile
hits from the next bunchcrossingare beingrecordedin the secondstack. }Iit datafrom each chamber
in the first spectrometerwill be transferredover 20 parallel datastreams,and those from the chambers
of the secondspectrometerwill be sent over 32 other channels. Each of thesechannelswill carry hit
data from 4 wires of each cell in a given module. This division of dataguaranteesthat each stream will
carry approximatelythe sameamountof data from every event.

RICH: The RICH photons will be detectedon pad detectorswhich are segmentedinto 27
groupsof 64 row x 128 columns for the purposesof readout. The detectorsignalswill be amplified
and shapedby a 16 channelVLSI chip currently under development. The discriminatedsignals pro
duced by thesechips are latched into a 50 Mhz shift register. Data readoutproceedsby shifting out
the hits a row at a time at a rate of 50MHz into a 128-bit row latch. Words which containat leastone
set bit are latchedin a secondword from which the hit coordinatesare encoded.The row number is
given by countingthe number of rows which havebeenshiftedout, and the column numberis deter
mined by priority encoding. One hit is recordedand erasedfrom the encodingregisterevery 20 nsec
until it is empty. Shifting of rows continuesin parallel to the hit encodingunlessa secondnon - zero
row is found while encodingof a previousrow is still in progress. Oneor more additional row buffers
may be addedto decreasethe likelihood of stoppingthe row shifting process.

Pixel Detectors: The Pixel Drift Chamberswill be readout with the same sort of modulesas are
used for the tracking chambers.The silicon pixel detectorwill be readout with the sameelectronicsas
the silicon vertex detector.

Data TransportSystem: The data transport systemis a crate oriented,200 Mbyte/secsynchro
nousbackplanethrough which all acceptedeventsare passed.The extremelyhigh throughputof this
systemallows the transferof all acceptedevent data over a single channel,facilitating the dispersalof
eventdatato acquisition,monitor, and high level filter processors.Modules connectedto a backplane
can be either data sourcesor data sinks. Each sourcemodule in turn transfersall the data for one
event in a broadcastmode. Any sink modules which are enabledfor the eventmay save the same
eventsimultaneously. Multiple transport cratescan be linked togetherin a tree structurefor merging
datafrom an arbitrarynumberof input sourcesor fanningout the data to an arbitrary numberof des
tinations. A minimal programabilitywill makeit possible to configurethe destinationmodulesto se
lect a subsetof events.



6.3 Event Recording

Given a maximum event rate of I KHz passing the level I data driven processorfilter and as
suming a 25% overheadin eventsize, the maximum data rate is 25 Mbytes/second.All eventscan
thereforebe written out to highbandwidth,high densitydigital video tapes.

Severalsuch units are currently available including a low cost, low bandwidth -250 Kbyte/see
drive from Exabyte which writes 2 Gbytesof data on a cartridge,and a much higher bandwidth -4
Mbyte/seedrive producedby Honeywellwhich writesa 5 Gbytecartridge.

While it is possibleto store dataat this rate, the sheerquantity of data as well as the enormous
offline computingdemandsthey represent,makesucha solution unappealing.

An alternativesolution would be to use a farm of high performancemicroprocessorsto perform
complete track reconstructionand to reject someof the more common false trigger sourcessuch as
some classesof pileup or strangeparticle decays. The secondlevel event selectioncriterion would in
volve a tradeoffbetweenthe desire to keepas many eventsas possibleto maintain good efficiencyand
to limit the difficulty in correctingfor this stage of filtering, and the practical necessityof minimizing
the total event sample. We expectthat by using relatively simple selectioncriterion, which would re
ject > 50% of the triggers coming from pileup and minimum bias events,we will be able to reducethe
1khz level I trigger rate to the level of 300 I-li.

Becauseof the jet-cell structureof the tracking chambers,and multiple bendingviews through the
magnet,track reconstructionof even high multiplicity 30-40 track eventsis relatively simple. We es
timate that full track reconstructionof an average event can be completed in less than 100 mscc of
CPU time. An additional -60-100msecequivalentto I secondVAX CPU time is available to select
from completelyreconstructedevents.

The level 2 processorswould be organizedinto ‘-8 farms, eachcontainingof order 20 processors.
Decision of the processorto be used and thereforethe exact numberneededwill dependon the prog
ress in a rapidly changing field, but we expect that by the time the experimentis approved,we will
havea choiceof 10-20 MIPS RISC architectureprocessors.Eachfarm would be locatedin an stan
dard bus e.g. Fastbusor VME which transfersevent data at a rate of at least 10 Mbyte/sec. The
farms are fed by interfacemodulesfrom the transportsystem.

7. RECONSTRUCTIONOF B-EVENTS & BACKGROUND

In order to understandthe problems of B-mesonreconstruction,we have written software to
searchfor the following decaymodes:

B° -. D*_irfn+n_ K+giCq+irtfn+n I
B° -. DOn+t-. -. K+n_,r_n+ir+n_ 2
B° -, -. eeirir 3
B° -. ppn-: 4
B° -. xn 5

We generateevent samplescontainingB° mesonsusing PYTHIA in the context of the CERN pro
gram GEANT, as describedin section 4.2. In addition to the decay tracks from the B and B states,
Pythia generatesan underlyingevent which is similar in structureto a minimum biasevent. In order
to estimatethe eombinatoricbackgroundsunderthe signals, we usethe bE MonteCarlo eventsamples
describedin Section 4.2. in which the B andK mesonsdecayinclusively.

In the generationof the exclusivedecaymodes,eventsare retainedonly if all the decayproducts
of the B° mesonare inside the spectrometerapertureof 600 mrad. These events are then passed
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through the simulatedonline filter, as described in Chapter4. Those events which survive are then
used in the reconstructionanalysis.

Before proceedingto the vertex-findingand event reconstruction,we first generatetrack parame
ters. Unit vectorsdescribingtrack direction andposition arederivedeither directly Irom the full silicon
detectorsimulation, for tracks which leaveat least two hits in the silicon, or are simulatedby random
izing the generatedMonte Carlo tracksin accordancewith the assumedspectrometerresolutions.Mo
mentum measurementerrorsare simulatedby randomly varying the generatedMonte Carlo momen
tum, also in accordancewith assumedspectrometerresolutions. We assumethat the RICh counters
correctly identify all tracks and that x/y view matchingas well as track matchingbetween the spec
trometerand silicon detectoris donewithout error.

The vertex-findingalgorithm consistsof the repeatedapplicationof a vertexsearch amongtracks
that do not come from previously found vertices. First, a vertex is found usingall availabletracks. If
the vertex x2/DOF .is unacceptablylarge, the track with the worst contribution is removedand the
processis repeateduntil either the x2/DOF becomesacceptableor only one track is left. If a vertex is
found with this procedure,tracks which are used in the vertex are flaggedand removed from further
consideration.This vertex finding procedureis repeateduntil either no new vertex is found or the
numberof unusedtracks is lessthan two.

The vertex-findingprocedureis commonto the analysisof all of the above final states.After the
vertices havebeen found, each individual final state is handledseparately.By way of illustTation, VC

describein detail the procedureusedto isolateB°-..D°nir-.K,r,rir4it4ir.

We startby calculatingthe invariant massfor each it - n’r4 track combinationwhich is con
sistent with havinga commonvertex. For combinationswith a massnearto that of the IY, we loop
over the remaining iv + iv - pairs in the event which have a common vertex which is at least Sea M
downstreamof the primary vertex but no further downstreamthan the 13° vertex. Finally, we recon
struct the momentumvectorsof the 13° and 15° and require that the 15° momentumvectorbe collincar
with the line connectingthe B° and 15° verticesand that the 13° momentumvector be collinear with
the line connectingthe 130 vertex with the primary vertex. For theseevents, the IS°n ir - invariant
mass is calculated.

Fig. 29 shows the Knnn4 and 1304C ‘invariant mass spectra. In both Figs. 29a,b, the
unshadedhistogramsshow all possible track combinationswith no cuts on vertex topology. l’he
shadedhistogramsshow the effects of imposingthe vertex topology and momentumconservationcuts
referredto in the precedingparagraph.It is important to note that the Monte Carlo event sampleon
this figure containsonly B° mesonswhich decayedaccordingto Reaction2 so that the figure doesnot
reflect the true backgroundlevel. We explain this further with referenceto Table 6, which containsin-
formation relevant to the generationandacceptanceof all five Reactions1 - 5.

For each decay modeentry in Table 6, we show the numberof generatedevents1000 that have
all decaytracks acceptedin a spectrometeraperture.The numberin the precedingrow is the number
of generatedgluon-gluonfusion eventsof that type which lead to 1000 acceptedeventsthe 32% ac
ceptancecorrespondsto the entriesin Table 2 in Chapter3. The top row in eacheaseis the number
of generatedbE events for the assumedbranchingratio from B°. For example, in the Dint case,
4.1xl 06 bE eventswould result in 2969 fl0

- eventsover the full solid angle Of these, 1000 events
34% haveall decaytracks accepted. Continuingdown the column, we see that 40% of theseevents
or 405 passthe Level- I selection’and ‘71 eventsappearin the signal in Fig. 29 if a cut with am = 50
MeV is used.

l60 of the 595 events which are lost here are cut because their primary vertSs are outside of ±18 cm from the center of
the intersection. The true Level-I efficiency is 50% for this mode.



The chief sourceof backgroundunder these signalswill be from the vast majority of bE events
which decayvia modesotherthan the one under study. We estimatethe backgroundfrom this source
by using the same reconstructionsoftwareon the general bE sample.In this way, we obtain an esti
mateof 3 backgroundeventsunderthe signal from Reaction2.

For the analysisof Reaction I, we startby looping over all K"e’iCn masscombinationsin an
event and form their invariant masses.For eachsuch combination which has a massnearto the 0°
mass,we loop over all remaining iv - tracksin the spectrometerandform the invariant massof the re
sulting irK,ririr + combination. In fig 30a we show the distribution of the massdifference be
tween thesetwo combinations. The peak is from real instancesof D mesons. For combinations
which are consistentwith being from the decayof a D -. we searchfor instancesof B° mesonsde
cayingaccordingto reaction I. The resulting w - K + irit + ir + it + iv - massdistributionis shownin
Fig. 30b. In addition to demandingthat the D0’/D° massdifferencebe small, we use the samemo
mentum conservationcut as was usedfor Reaction2, but a somewhatlessstringentcut on event to
pology. We believe that the D - 13° massconstraint is sufficiently powerful that we should be
able to further loosen these selection criteria and thus obtain a larger sample of B° mesonswhile
maintaininga good signal to backgroundratio. This is currentlyunderstudy.

The mass plots resulting from the algorithms developedto search for B° mesonsdecayingac
cordingto Reactions3. 4 and S are shownin Figs. 31 and32a,b,respectively. The signal and back
ground levels for the modesare summarizedin Table 6. With the exceptionof the irr mode, the
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Table 6: 8° Signaland BackgroundEstimates’

130 Decay Mode D*+nmr_,r+ D0n+ir ppir+ir

K4ir K3n

No. bEevents 3.4x106 4.lxlO’ 3.3xlO’ l.lxIO’ 6.5xlO’

AssumedBRO’ 2.4xJV3 L8x103 2.3x105 6.0x104 l.0xlV4

No. this modeC 3230 2969 3001 2537 2599

No. acceptedd 1000 1000 1000 1000 1000

PassLevel-I 472 405 156 220 139

Signal Evts. 169 71 61 70 27

Backgrounde <30 <3 C 13 < 14 <83

a The acceptancenumbersassumea two-spectrometersystem. However, the percentages
of acceptedevents which passthe Level-I trigger and survive reconstructioncuts are inde
pendentof whetherthereare 1 or 2 spectrometers.
b Thesebranchingratiosalso include the appropriateD, D or ./# sub-branchingratios.

In :olumns 2 and 5, the values areonly guesses.
c This numberof PY11IIA eventsare generatedin order to fmd the 1000 eventsin each

casewhich haveall decaytracks within a 600 rnrad spectrometeracceptance.
d Theseeventshaveall decaytracks within a 600 m.rad spectrometeraperture.
e This is the combinatoricbackgroundfrom all B decaymodes,someof which haveam

biguousvertex assignmentsof tracks.

yield of reconstructedeventsper 1000 acceptedevents are similar to the yield obtainedfor the Dirt
decay mode. However, the backgroundlevelsdiffer widely. The Dun decaymode is considerablyless
susceptibleto backgroundthan either the pnw mode or the irn mode since the assumedbranching
ratio is higher and the presenceof the D mesonprovidesan additional constraint.

No vertex cuts have been applied to the eventsin Fig. 31 since the signal is alreadyclean. The
backgroundestimatefor the J/#K° provided in the table is limited by statisticsandwe believethat it is
a considerableoverestimate.

All of the signal and backgroundestimatesin the table should be regardedas approximations
which will improveas we increasethe level of sophisticationof the reconstructionalgorithmsand op
timize use of the silicon vertex detector.
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8. ESTIMA TES OF B YIELDS

8.! Total B Yields

In estimatingthe total B yield of our proposedexperiment,we assumethat there are spectrome
ters on both outgoing arms and that it0 and y detectioncapabilitiesare available. This gives the true
potential yield of this type of experiment. The strategiesof what to constructand on what time scale
are discusssedbelow in Chapter9 on Time Scale& Costs.

The following overall rate factorsenterinto estimatesof all yields.

* Integrated Luminosity: We baseall estimateson an integratedluminosity J2dt = 10 pbarrr’
or 10" cm2. Since the SPS-Colliderproduced3 pbartr’ during the 1988 run, it seems
quite reasonableto assumethat, during the coming 3-4 years, improvementsin p yields.
beam lifetimes and overall system reliability should make 10 pbam’ a realistic annual inte
gratedluminosity.

* bFCrossSection: We take a value of 10 pbam for the total bEcrosssection. Measurements
by the UAI collaboration[16] and QCD parton-pai-tonfusion calculationsby Ellis et al.[ 17]
are in essentialagreementwith this value in pp collisions with .js = 630 3eV. With f2dt =

10 pbarn-‘, this yields an annualbE productionsampleof lO events.

* GeometricAcceptance:As discussedabove in Chapter3, 600 mradianapertureson both out-
* going arms acceptall the decayproductsof the B or II mesonfor 34% of all bE producedwe
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ignore herethe productionof Ab’s. 22% of the time the B and not the if is accepted,22% of
the time the IT and not the B is acceptedand 10% of the time both are accepted.This is the
purely geometricacceptanceand does not considerthe lossesdue to very low momentum
tracks, which we discussin Chapter7 for Dnn mode. Thus, there are the following total
numbersof B and B rnesonsproducedwith all their decay productsincluded inside the 600
mradapertures.

All B 3.2x10’ Events
All if 3.2x07 Events
B and if Overlap I .Ox 10 Events

If we assumethat the probabilitiesof a b quark combiningwith i1 Wor quarksare in the ratios
40:40:20%,respectively,we have the following numbersof eachtypeaccepted:

l.28x107 Events
L28x tO
0.6440
l.2840

B° I.2840
B5° * 0.64xlO

To proceedfurther in the yield estimateof total reconstructableevents,we note that the ARGUS
collaboration[l8] has already presentedevidence for 16 different exclusivechannels,which together
representabout 24% of the total decay rate for 13° mesonsand about 10% for B mesons. Table 7
showsthe ARGUS B branchingfractionsas well as the numbersof eventsof each typethat we should
obtain with and without it0 and y detectioncapability. In constructingTable 7, we havemadeuse of
the known D decaybranchingratios[19]. shownin Table 8. In order to obtain the expectedyields
from our experiment, we have assumedbased on the discusion in the previouschapter that the
productof our trigger efficiency and reconstructionefficiency is 7% for all decay modesexceptthose
involving a chargedD’, for which the efficiency is 17%. In addition,thereis a 32% overall loss dueto
pileup inefficiencies, as discussedin Chapter3. We also allow for a 98% track finding efficiency per
track andthusan additional Q.98T1 efficiency for an n-trackevent.

We see in Table 7 that without it0 and y detection we can expect about 47,000 reconstructed
events in a two-spectrometersystem,while with good electromagneticcapability the expectationis
z280,000events. Moreover, becauseour silicon micro-vertexdetectorcompletely alters the character
of B eventreconstructionas comparedwith the existinge+ e- experiments,thereis little doubt that we
will find many additional decaymodesnot yet detected. For example, existing data suggeststhat the
inclusivebranchingratio of B -. D*+ + X is about35%, while only a little over 6% of this hasac
tually beenreconstructedexclusively in if° and B’ decay. The fact that the branchingratio for 11° -.

Dnit is seento grow with the numberof pions suggeststhat D5n and possibly higher multiplicity
statesas well will be large and should be reconstructableby us. It should also be possiblefor us to
reconstructexclusivefinal statescontaining05’s and As’s, which have inclusive branchingfractions of
17.5% and8%, respectively.

8.2 Sensitivity to Bif Mixing Studies

As was mentionedin chapter2, oneof the most interestingeffectsthat can be studiedin the pro
posedexperimentis that of 110 B° oscillations.The goal hereis to directly measurethe time evolu
tion of the B° or IJ° componentsfrom an initially pure state,and to do so both for 110d and B°5 We
first show that the measurementresolution on the B flight path is adequate.With the reconstruction
simulationdescribedin Chapter7, we obtaina resolutionon the B-mesonflight path of 200 ym. This
is shown in Fig. 33, which displaysa distribution in the B flight pathdifferencebetweenthe generated



Table 7: Yields ofObserved and B - Decay Modesb [/8]

B Total BranchingFractions ObservedEvents
Final Branching Only With Only With
State Fraction Charged Neutrals Charged Neutrals

.s l0 * lO * 10’

go . 35 31 128 413 1,705
200 0 732 0 9,748

Dt,rirn 430 378 1574 5,034 20,96!
33 48 73 263 400

230 0 506 0 2,775
33 15 IS 82 99

700 616 2562 8,203 34,118
700 616 2562 8,203 34,118

D4r,r 60 53 220 706 2,930
D’r,rn° 560 0 2050 0 27,300

2! 38 109 208 598
29 42 64 230 351

J/#K 7 5 5 27 27
J/i4’Kn,C II 8 8 44 44

22 2 2 ii II
D°p 210 0 1088 0 5,966

TOTALS 46,848 282,302

a Totalsinclude 30 and B +

b Yields assumetwo spectrometers

Table8: ObservedI & Dt Branching Fractionsin ChargedandNeutrals[ /9]

Only ChargedTracks Including n° & y Modes

0.180 0.518
0.144 0.220

0.088 0.366
0 0.518

a only chargeddecaymodeof I°’s arecounted
b we use the following D final states:

-. D°n49%, D4n°34%, DyI7%
D°n°52%, D°y48%
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and reconstructedevents. The a of this distribution is our measurementresolution of the B flight
path. For a mean B-meson momentumof about 35 6eV/c, a 200 pm resolution correspondsto a
resolution in B proper time of I0’ s, compared with the B-meson life time of 13x10’3 s or so.
Even for the slowest B-mesonsreconstructedby our detectorseeFig. 6 of about 20 6eV/c, our res
olution is not larger than about I .7x 10-13 a, which is more than adequateto detect the rapid oscil
lationsexpectedfor B.

We now estimatethe statistical significanceof the measurement. In order to do this we discuss
the tagging strate’; that is, which techniquewe use to determinethe state the decayingparticle was
in at productiontime t = 0. We considerthe following possibilitiesfor tagging:

study.
a The determinationof the chargeof the B or B- producedtogetherwith the B° IT° under

b The chargeof the lepton in the semileptonicdecayof the secondB.

e the chargeof the 9"± or g"±, if the B°B° under studyoriginatedin the decayB’± ._. ir±B
the B*± is mentionedbecausethe B’ - B° massdifferencemaywell be lessthanma.

These and other techniquesrequire a careful analysisthat we havenot yet completed.For the
momentwe makethe conservativeassumptionthat completereconstructionof the secondB is neces
sary for good tagging,and that only eventsof the type
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can be used for precisemeasurementsof oscillations. Then,under the assumptionsof Section 8.1 that
is, only the decaymodesof the chargedB seen by ARGUS are takeninto accountand using the re
sults of Table 7, we arrive at the following eventestimate. In one year, 207,848 B° and ff arc recon
structed,Of these,31% or 64,433 haveaccompanyingacceptedB’s, of which 40% or 25,773 are B±.
What fraction of theseare reconstructable?We take the summedbranchingfraction for B - in Table
7 of 3.55% with neutrals,the avengereconstructionefficiency of 28.7% in Table 6 and an average
event loss due to track finding inefficiency of 90%. This yields an averageefficiency of 0.92% or 237
events in which the 8° or ff° and its accompanying8± are both reconstnicted. For the following
reasons,this very small numberof eventsis unnecessarilypessimistic.

* More decaymodeswill be found. There is at least a factor of 2.5 gain from the unobserved
D’° decaymodesaloneseeTable8.

* The trigger efficiency is larger thanassumed.The observedincreasein trigger efficiency in Ta
ble 6 with charged multiplicity guaranteesthat the extra tracks of the B± will incrcase the
trigger efficiency by as muchas a factor of two.

* It is probably not necessaryto only use fully reconstructedB decays. The topology of the B
decaysis frequently uniqueand extra-ordinary.

* The experimentwill run for more than a single year.

It seemsvery unlikely that oscillation measurementswill be possiblewithout the use of it0, de
tection. On the other hand, given such a capability, it should be possibleto carry out the necessary
measurementswith a sampleof as many as 10,000 eventsafter a runningperiod of about threeyears.

9. TIME SCALE& COSTS

We believe that the presentcollaborationhasthe strengthto constructone chargedparticle spec
trometerwith the proposedtrigger processorsystem. However, we probably would require additional
strength to build the electromagneticcalorimeters.Becauseof the obvious benefits of having good
electromagneticcalorimetry, as demonstratedin Chapter8, we plan to actively seek additional collab
orators,either from within our institutionsor with the addition of new institutions. In any case,‘be
causeof the importanceof proceedingimmediatelywith the trigger processordesign, we will not wait
for thesedevelopments.

As for a secondspectrometer,certainly a potential factor of two increasein statisticsshould not
be discarded.It would be especiallyvaluable in the searchfor rare decay modes.Thus, if additional
groupsjoin our collaboration,we shall planthe constructionof a seconddetector,perhapswith modi
fied design parameters.This latter possibility might allow us to improve the efficiency for certainrare
modes.However, we will wait until additional groupsexpressinterest in joining before worrying about
this seconddetector.

Assumingeventualapprovalof tWs proposalby summer 1989, we would attempt to have the ex
perimentdesigned,built, tested,and in place by the summerof 1992. We realiie that this will be very
chaUenging,but it seemsfeasible.

The major items which we considerhere are I The silicon vertex detector, 2 The tracking
system wire and pixel drift chambers,3 RICH, 4 Magnets,5 Trigger Processors,6 Readoutsys
tem, 7 Other computingneeds,and8 Mechanicaldevicesfor transportand support.

The first silicon microvertexdetectortests havealready begun in a UA8 Roman Pot, 13 meters
from the interactioncenter. Although we find that the halobackgroundrate 10 - 12 a beamwidths
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Table 9: ExperimentCost Estimatesin SF

Device Quantity Unit Cost Total kSF

Silicon Vertex DetectorSystem

Si Detectors 50 10000 500
Readoutelectronics 2.5xl03 2 500
MechanicalSupport 250
VLSI Development 100

Subtotal 1350

Wire ChambersTracking& Pixel

Mechanical 3.3x l0 30 990
Electronic Preanip 3.3x104 10 330
Multihit TDC 3.3x10 40 1320
Cables,Housing, Power 3.3x j94 10 330
EaserAlignment 130
GasTransport - 50

Subtotal 3150

RICH System

QuartzWindows 7 m2 30/m2 210
Detectors 2 m2 50k/rn2 100
GasSystem 50
Liquid transport& cleaning 50

Mirrors 20
Thermal Regulation 50
MechanicalMounts 50
Liquids & Gasses 50
Electronics 2.2x105 5/ch 1100

Subtotal 1680

Magnets

Quadrupole#4mx2m 2000
Dipole 2x2x2m3 1000

Subtotal 3000

Data-DrivenTriggerProcessor

ComputationalModules 500 1000 500
Control, Power,and Housing 500 300 ISO
Development 250

Subtotal 900



Table 9: ExperimentCost Estimatesin SF,

Device Quantity Unit Cost Total kSF

Rcadout System

DetectorEncoding 200 1000 200
Data Buffering/Transport 200 1000 200
Housing& Power 30 4000 120

Subtotal 520

Other Computing

Online Host Computer 100
Monitoring/Selection,1P Farm 1000
Video TapeStorage 4 50000 200
Tapes 3xl04 8 240

Subtotal 2540

Mechanical

Supports £00
Transport 100

Subtotal 200

Contingencies 12.3x10 20% 2460

Grand Total 14800

from the beamis sufficiently small to causeno problemto our proposedexperiment,we would like to
requestthat we be allowed to perform similar testsat the interactioncenterz = 0 at the earliestpos
sible time. Available readoutchips will be evaluatedandtestedrelative to our specific needs. If a new
VLSI designshouldbe required,we must ascertainthis as soonas possible.The estimatedcosts for the
silicon system are shownin table 9 and include silicon detector, readoutelectronics,mechanics,and
possiblechip developmentcosts.

The wire drift chamberscontain about 30000 sensewires with building costs estimatedat 30 SF1
wire. The electronicscosts add an additional 60 SF/wire giving a total of 90 SF/wire. The pixel drift
chambers,which haveabout 3000 wires, will use the sameelectronicsand havethe samecost per wire.
The total electronicand mechanicalcosts are thus estimatedto be 2970 kSF. An additional 180 kSF
will be neededfor a laseralignmentsystemanda gas delivery systemfor a systemtotal of 3150 ICSP.

The RICH detectorscontainabout 7 m2 of quartzcosting210 kSF. Mechanicalconstructionof
the 2.0 m2 of RICH detectoris estimatedat 100 kSF, The gas systemat 50 kSF, liquid transportand
cleaningsystem50 kSF and mirrors 20 ICSF. Other itemsinclude thermal regulation, Freonliquids and
gasses,and mechanicalmounts. The largest item is the readoutelectronicsfor 2.2xLos channelswhich
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is estimatedto cost 5 SF/channelfor the RICHIP. Developmentof this chip is currently beingpursued
and first modelsare expectedat the endof summer1989. Pad detectorshaverecently beentestedand
work as expected.A full scaleoperatingdetectoris scheduledfor september1989, and full scale test of
the combinedradiator anddetectorsystemwill be availableearly in 1990. Design and constructionand
testing during the ensuingtwo years appearseminently feasible.The total cost of the RICII system is
estimatedto be 1680 ICSF.

The magnetcosts havebeenestimatedby T. Taylor of lIP division as shown in table 9. We es
timateconstructiontime to be 3 years.

Generaldesign of the trigger processorwill be completedby the middle of summer £989. We es
timate that 500 modules will be required to provide the processingpower necessaryto perform the
level-i filter algorithm. An averageprice of I kSF/moduleis assumed.An additional cost of 300 SF
per module is added for power, control and housing. The total developmentcosts for the system
about 30 different modules including VLSI integration of some of the more commonfunctions is
25OkSF.

We would like to requestthat CERN provide at least the following items: magnet power, vac
uum chamber,civil engineeringneeds,silicon support structureand positioning mechanism,and all
supportsfor detectorsclose to the beam.



APPENDIX A - Comparisonof PYTHIA 4.8 Minimum Bias Eventswith UA5 Results

We have verified that the PYTHIA generateddistributions faithfully reproducethe measured
physicsdistributionsat the collider. In particular,we comparedseveralimportantdistributionswith the
correspondingUA5 [20] measurements.Figure 34 shows the generatedand measuredrapidity distri
butions for all events in a and, in b, the ilk for several multiplicity bins. Figure 35a shows the
multiplicity distributions for all events.Figure 35b showsthe rapidity distributionsof K°5s. Finally.
Figures36 and 37 show the comparisonsof the K and A° invariant crosssections,respectively.

5
t Pythia 4.8

4. *UA5

R 3.S -

Charged Particle

io2 I
t Pythia 4.8

*LJA5

Charged Particlei;

Figure 34: Comparisonofchargedpankle rapidity distributions. Part a showsthe charged
particle rapidity distributionsmeasuredby UA5 pointsand thosegenerated
by PYTHIA 4.8 histogramfor all events.b showsthe samerapidity
distributions for different total multiplicity ranges.From top to bottomthese
are: Nch 10, 12 Nch 20,42 50, and72 Nch 80.
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Figure 35: Parta showsthe chargedparticle multiplicity distributionsmeasuredby UA S
points and thosegeneratedby PYTHIA 4.8 histogramfor all events.b showsthe

rapidity distributions for Is.

As can be seenfrom thesefigures, PYTI-I!A generateddistributionsagreereasonablywell with the
UA5 measurementsof multiplicity, angulardistribution, and frequencyof occurrenceof strangeparti
cles.
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TEST OF A DATA-DR IVEN TRIGGER PROCESSORFOR EXPERIMENT UA8

J.G. ZWEIZIG, 3.5. CHEZE ", 1. ELLEn. S. ERHAN. It JACKSON. M. MEDINNIS.
P.E. SCHLEIN and J. ZSEMBERY
University of Cli/oi’nia . Los Angela California 90024. USA
‘ Centre dt,ude, Nucleaires-Saclay. Saclay. France

A fast trigger, based on piinciples of data-driven processing, has been designed and tested for CERN SPS-Collider experiment
UAS. The electronics calculates the momentum vector of a track traversing the UM Roman pot spectrometer in 500 in. When
imbedded in the chamber TDC readout system. the total time between signal arrival in the counting room and result is 1.2 is. The
calculations are performed by successive table look-ups and arithmetic operations executed by several examples of a single type of
module configured in a data-driven architecture. The operation of the system is monitored with a package of control and diagnostic
software. The trigger processor has been successfully tested at the SF5-Collider.

I. Introduction

UAS is an experiment at the SPS-Collider to study
hard scatterinj effects in events produced by p colli
sions with js 630 GeV which have an emerging
quasi-elastic proton or antiproton in the final state.
The final state proton is measured in a Roman pot
spectrometer: the hard scattering is observed in the
UA2 detector.

Such events, produced via inelastic diffraction,

-. pX + charge conjcgate.

result from the interaction of one beam particle with a
soft xr <0.1 color-singlet system called the Pomeron
in the other beam particle.

Evidence of hard scattering observed in the final
states of such processes would signal the occurrence of
low order QCD processes between the partons in one
beam particle with partons in a Pomeron of the other
beam particle 1J. Ultimately, with sufficient data, the
detailed study of such events should lead to an under
standing of the internal structure and nature of the
Pomeron. which plays a major role in high energy
hadron scattering.

In the interaction region of U/U LSS4, we installed
a spectrometer on the outgoing proton arm shown in
fig. 1. to measure recoil quasi-elastic protons, and inter
faced the readout of this spectrometer to the existing
UA2 data acquisition system.

The search for jet structure in the diffractive system.
X of reaction 1. requires a trigger consisting of coinci
dence between a recoil proton signature in the Roman

Supported by U.S. National Science Foundation Eant
PHYSS-09175.

pot spectrometer and total transverse energy in the UA2
calorimeter system. EE1. above some required thres
hold. This trigger is logically ORed with all other UA2
triggers and initiates a readout of the UA2 detector and
our spectrometers to the UA2 data tapes. Preliminary
results from test data taken during the 1985 Collider
run were presented at the 1986 Berkeley conference 2].

Our 1985 test run demonstrated that the use of
scintillators alone to provide the recoil proton signature
for the trigger leads to trigger rates several orders-of-
magnitude larger than the desired physics. Partially this

0 is because the rate of reaction 1 with .rr dominates
the more interesting events with smaller xr and larger
mass of X. However, false triggers also result from
other sources: i different low momentum particles
traversing each of the Roman pots and creating unde
sirable coincidences: ii beam halo particles with the
beam momentum traversing the spectrometer. These
sources of uninteresting triggers must be eliminated in
order to meet the rate requirements imposed by dead-
time considerations.

To eliminate these sources of bad triggers. we pro
posed 31 to calculate in real time the momentum of a

ci. Ch ci. ci.
2 3 4

n-I I’° i-Foil 110 I-I oil
22m 25o. 33...

Fig. I. The UAS apparatus. Recoil protons from difFractive
reactions are detected in four Roman pot spectrometers. There
are four wire chambers above and four chambers below the
beam tine in each arm only one arm is shown here. The
machine quadrupoles are used for momentum analysis. Hard
scattering effects are studied in the UA2 detector at the center.
Distances shown are measured from the bunch-crossing center.
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particle seen by the Roman pots and also to demand
that its initial direction be consistent with having come
from the interaction region. The data-driven 4
processor system described in this article satisfies the
above requirements and was tested successfully during
the 1986 SPS-Collider run.

In a larger multiparticle spectrometer experiment, a
more elaborate version of this type of processor 5 will
serve as a "front end" in our VIRTUS parallel processor
system f6J. VIRTUS is a system of programmable paral
lel processors in FASTBUS intended for complete on
line processing of events.

1.1. The 1/48 minidrift chamber system

Each chamber in the Roman pot spectrometer shown
in fig. 1 comprises 6 MWPC wire planes with 2 mm
spacing between wires. The system is operated with a
TDC on each wire "minidrift" and yields a spatial
resolution of a - 130 pm per plane. There are 2 planes
with horizontal wires y and y’. respectively shifted
half a cell from one another to solve the intrinsic
left/tight ambiguities. There are two planes u and u’
with +70 stereo and two planes v and a" with -7°
stereo. The six planes together provide about 55 pm
point resolution in the vertical bending plane.

2. Momentum algorithm and implementation with data
flow architecture

Fig. 2 shows a sketch of a track traversing an SPS
quadrupole magnet with chambers at positions 1. 2
and 3.

2.. Momentum algorithm

The starting point for the momentum calculation is
the equation * for the vertical y position of a track
propagating along a beam line from position i to posi
tion f:
v1- R,3y, + R,,y1’ +4T3%y, + Tyj.

where 4 is the fractional momentum difference from a
central value e.g.. the beam momentum po’ y and y’
are the starting y position and slope. i. is the final y
position, and the coefficients R,3, RM. 7’,, and T

The notation used hen is that used by the TRANSPORT
beam optics program 7].

are calculated from the SPS magnet parameters in LSS4
for a particle of momentum Po’

We solve this equation for 4 using the pot 2 position
for the track’s initial position. pots 2 and 3 to determine
the slope, and the pot I position for its final position
the equation is invariant to reversals of the direction of
the particle and find the following result:

4_p-po -

p T3y2+Ty 3

Using the fact that 4 -ci and that e3 a I + 4. we
rewrite the equation as:

4.’ ln1 + 8

-In7’
+ T3M - R,,y2 + T - R,jy

+ Ty

-ln{y1 +T- R33y2+T -Rjvfl

-ln{T,36y2+ T,,y}. 4

Since y’ is a linear combination of the measured y
positions in chambers 2 and 3, eq. 4 may berewritten
as:

8-lny, +oy2+by3-lncy2+dy3. 5

where a. b. c and d are known constants. The calcula
tion of 4 may thus be reduced to a set of four calcula
tions, each of which is the sum of two single variable
functions:

4 -ay2+bv,.
B - 02 +

C-y, +4

4-lnC-lnB.

6

2.2. Calculation of y-intercept at she bunch crossing center

To calculate the y-intercept at the center of the
beam-beam crossing region. r0. we use the thin lens
approximation. This approximation uses the two track
y positions measured after the magnet y:’ i’, tO de

2 termine a point at the center of the magnetic field ,vm.
which is then used with the hit position in the first pot

y1 to approximate the initial track trajectory. Specifi
cally.

Ym :;Y2+ ys.

O-.:.... Ym.
m t m 1

7

0uodoles4

Fig. 2. Tracking of a proton through three Roman pots and an Sfl quadrupole pair.

Vt. SIGNAL PROCESSING
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Eqs. 7 ate of the same simple type as eqs. 6.

2.3. Implementation

Each line of eqs. 6 and 7 can be executed with the
use of a module that has 2 independent digital inputs, a
table look-up for each followed by a summation of the
two table outputs. Moreover, since the calculations of A
and B in eqs. 6 may be performed simultaneously, the
entire calculation can be made in 3 module delays. A
module with these properties called DIMSUM. for
Dual Input Memory-Look-up and Summation has been
designed and built and is described in section 3.

Eqs. 1 can also be evaluated using DIMSUM mod
ules. This requires only 2 additional modules which
function in parallel with the above momentum calcula
tion, therefore taking no additional time.

A second new type of module called EDSEL for
Event Data Selector is also needed to interface the raw
wire chamber hit information wire numbers and drift
times from y and y’ planes to a DIMSUM module
which rinds the accurate y coordinate. The technical
implementation of these modules 8.91 is discussed in
the following sections.

Symbolically, the algorithm for momentum calcula
tion and selection is executed as shown in fig. 3. which
is a data-driven type of computer architecture 4J. The
track p coordinates in the three chambers serve as input
by way of the EDSEL modules to the first of four
layers of DIMSUM modules, the last of which produces
the 4 of eq. 6. This quantity is input to one final
DIMSUM module which selects 4 in some desired
range. Since, as discussed below, the time spent in one
DIMSUM module is approximately 100 ns. the total
time from EDSEL module output to trigger availability
is about 500 ns.

3. Dual input memory-look-up and summation module
DIM SUM

3.!- Physical description

The DIMSUM module is housed in a single width
CAMAC module. The modules are interconnected with
standard 26-connector flat cables via the front pan
el. thus allowing arbitrarily complex calculations to be
made in a multilayered configuration. Input cable ter
mination resistors are installed in sockets and are conse
quently easily removed to allow connection of a single
output to more than one input.

Ch. 1 Ch. 2 Ch. 3
yy

EDSL1 J EDSEL2

Timel JAddress Iw

C

I EDSEL3J

ill

3.2. Functional description

The basic features of the DIMSUM module are
shown in fig. 4 The DIMSUM module has two oper
ational modes. In the first of these, the on-line mode,
each 12’bit input word serves to address a 4096 x 14 bit
RAM. The first 12 bits of the contents of each ad
dressed word are summed and the result is output on a
12 bit bus. In the second mode, the test mode, the RAM
addresses are supplied by a single CAMAC controlled
address register. and data can be entered to,or read
from either table over the CAMAC interface.

A

Trigger

Fig. 3. UAS trigger processor block diagram. Fig. 4. Block diagram of DIMSUM module.
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Module operation is switched between the two modes
through the CAMAC interface. Mode changes may be
accomplished either by setting a bit in the control
register. or by setting or clearing the test mode bit using
CAMAC enable and disable functions F26- A2 and
F24 A2 respectively. A back panel paired output
LEMO is set by this test mode status and may be
daisy-chained with other modules to indicate that the
system is not ready for use.

3.2.1. On.!ine operations
In on-line mode, the output values are computed

from the data on the two input cables as described
above. All numeric data are transmitted as flL com
patible dc levels and therefore propagate asynchronously
through the system.

Each interconnect cable contains a data valid flag in
addition to the numeric data. This flag is originally set
by each EDSEL module when data from an event has
been latched. Each DIMSUM module asserts the data
valid flag on its output cable approximately 100 ns after
the data valid flags on both of the input cables have
been asserted. l’his delay is adjustable for each module
by setting a potentiometer which is accessible through
the front panel. The data valid signal is therefore tuned
to propagate through the processor at the same rate as
the calculation results. Presence of the flag at the output
of the final module indicates that the calculation is
complete.

The module contains parity and overflow checking
circuitry for detection of hardware faults and illegal
input data. The parity error and overflow signals are
each available as open collector TTL levels on a pair of
LEMO connectors at the back of the module. The
paired outputs enable daisy-chaining all the modules in
the system to obtain a single system-wide error signal.

3.2.2. Test mode functions
The DIMSUM module is loaded, tested and moni

tored through CAMAC by way of a simple CAMAC
interface on the board which is functionally compatible
with both the CAMAC and the CERN REMUS stan
dards. Control and loading of the module are accom
plished through four registers accessed via CAMAC.
Each register is assigned a unique CAMAC subaddress
for write access. However, since REMUS allows reading
from only one CAMAC subaddress, a jumper option
allows the internal address field of the control register
to specify the register to be read in a CAMAC read
operation.

In standard CAMAC, the data may be read or
written either with single action calls, or, in the case of
the memory data, with repeat mode block transfers.
Since the Q response for valid commands is always 1.
any such block transfer has to rely on LAM synchroni
zation or a word count to end the transfer. ROMU

LUS/REMUS block transfers may be made using the
LAM synchronized repeat mode. In accordance with
the usuat ROMULUS procedure, a LAM is set by the
enable function fF26 and cleared after a successful
read of the status or address register, or when an
address overflow occurs on a read of one of the cable
memories. LAM response may be disabled by clearing
the LAM mask bit in the control register with a F24 . M
or by writing a zero to bit 14 of the control register.

Software utilities exist for emulating a DIMSUM
system as well as loading testing, and facilitating the
repair of such a system. These are described below in
section 5.

4. Technical Implementation of chamber readout and
trigger

Fig. S shows a block diagram of the TDC readout
and trigger system in the configuration used for the
on-line calculations in VAS.

4.!. The TDC readout system

The trigger im,lemented for UA8 works in three
stages. First, a signal synchronized with the bunch
crossing RI’ generates a gate for the chamber TDC
system and all CAMAC instrumentation. ECL logic
signals from each "struck" wire of the chamber system
which arrive at the inputs of the 32-channel TDC
modules while the gate is asserted cause a 4-bit Gray-
code clock signal to be latched. This constitutes the time
digitization.

One 32-channel TDC receives the signals from one
wire plane. All six TDCs for a given chamber are placed
in a single crate such that the y ad y’ plane TDCs are
read out first. Each crate also contains a readout mod
ule. which sends the gate and clock signals to the TDC
modules over the crate backplane. and controls the
sequential readout of the hit data into a memory mod
ule. Alt TDC crates are read out in paraLlel.

The second stage of the trigger starts 80 ns after the
arrival of RF. when all signals from the minidrift cham
ben have been time-digitized. At this time, the parallel
readout from the TDC crates is started, causing all
chamber hit data to be transferred to the memory
modules at a rate of 75 ns per hit. During this readout
process, the hit data from the y and y’ planes are
picked up and latched by the EDSEL modules in the
EDSEL-DIMSUM crate shown in fig. 5.

There is one memory module per chamber crate.
which can store up to 31 16-bit hit words. All the
memory modules are located in a single central memory
crate. The data in the memory modules are accessible
by the UAS on-line computer for diagnostic and con
trol functions via a control module located in the
memory crate.

VI. SIGNAL PROCESSING
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Ot4UNE COMPUItR
lot diagnostics and control

Fig. 5. TDC readout system with DMSIJM processor attached. The dashed lines show the connections of the new EDSEL-DIM.
SUM crate to the pre.existing UCLA TDC system.

The final stage of the trigger logic is provided by the
chamber hit consistency check and momentum catcula
lion of the EDSEL’-DIMSUM system, as described in
the following section.

Transfer of data to tl!e UA2 on-line computer takes
place through a so-called TBRC module 101 which
resides in the memory crate and interfaces the crate bus
to a CERN standard ROMULUS VBUS. Upon receipt
of a prepare and go signal over the ROMULUS VBUS,
the TBRC scans through all the memory modules and
transfers the hit data over the VBUS under internal
control.

4.2. EDSEL-DIMSUM operation

The final stage of the trigger commences when the
three EDSEL data latch modules determine that the hit
pattern in the selected planes 7.,’ is consistent with
having resulted from the passage of a single track
through each chamber. When this occurs, data valid
signals are set at the outputs of the EDSEL, and the hit
information and accompanying validity indicator begin
to propagate through the DIMSUM-based computing
structure.

The precise y and y’ coordinates for each chamber
are determined by one EDSEL module followed by a
DIMSUM module. As shown in fig. 5, the EDSEL
module connects to the cable which runs from the TDC

readout module for a given chamber to the memory
module. During the readout from TDC crates to mem.
ory crate, an EDSEL module counts the number of hits
with valid drift times in the y and y’ planes and
latches the hit address and time code for one of the hits
from each of these planes. A data valid signal is gener
ated only for events with one or two adjacent hits in
both the y and .v’ planes. In the case that either of
these planes contains two hits, the information from the
hit with the lesser time code is stored, and the other hit
is ignored.

The latched hit addresses, time codes, and ambiguity
variable which indicates the drift direction are sent
over two cables to a DIMSUM module for calculation
of the y coordinate for the chamber. The first of these
cables carries the address of the hit y-plane wire. This
is convened to a y position by table look-up in the
DIMSUM board. The other cable contains the time
codes and ambiguity variable from which is computed a
signed drift distance. The sum of these two quantities -
which is the y coordinate - appears on the output of
the DIMSUM module.

4.3. Limit comparison and final trigger calculation

A single trigger signal is derived from the results of
the DIMSUM calculations by comparing the momen
tum variable and the y intercept position to one or

TDC
GATE
Rfl

FROM CHAMBERS
ECL logic signals

DIMSUM lIlyy
r- Ill

ii
U

RF delayed

TRIGGER EDSEL

MEMORY CMTE

ROMULUS VBUS for readout by Ufl
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more sets of limits * and logically combining the results
of these comparisons. This step is implemented using a
further DIMSUM module. In this scheme, the y inter
cept position calculated using eqs. 1 as described in
section 2, and the momentum variable are each sent to
one input of a DIMSUM module. Each of the multiple
triggers are assigned a pair of adjacent bits in the
DIMSUM data word. The tables are set such that the
low order bit of each trigger pair is set on for all input
values which are valid for the associated trigger. The
paired bits at the output of the adder then contain the
logical AND and exclusive OR of the two range selec
tions. One or both of these logical combinations are
used by the trigger electronics to indicate the existence
of a valid track.

S. Diagnostic software

5.1. The system definition files

All modules and interconnections are specified in an

on-line definition tile which is used by the following
software packages: 1 table loader/verifier: 2 connec
tion verification routine; 3 module diagnostics: and
41 system emulator.

5.2. On-line definition files

This file discribes the processor completely. Fixed
format records describe the CAMAC address of each
EDSEL or DIMSUM module, the contents of the DIM-
SUM tables and all interconnections between the
EDSEL and DIMSUM modules. It therefore provides a
functional description of the system which can be com
pared with the system itself.

5.3. The table loader/verifier program

The table loader and verifier program fills the DIM-
SUM tables and then reads them back to verify that
they were properly loaded. All DIMSUM modules listed
in the configuration file are loaded and verified in turn.
The table is built up in memory based on the table
description in the configuration file and loaded into the
DIMSUM with a single DMA transfer, The contents of
the tables are then read back and compared to the
originaL If any errors arc found, an error message is
printed and the program terminates.

* Several sets of momentum limits are foreseen to provide
separate triggers which are individually selectable by the
fast electronics for elastic scattering, inclusive diffraction.
high mass diffraction and double.Pomeron exchange.

5.4. Connection verifier

The connection verifier insures that all interconnec
tions between EDSEL and DIMSUM modules are
installed correctly. The program sets each EDSEL mod
ule to produce an alternating I/O bit pattern and then
follows the pattern through all DIMSUM modules
downstream of the EDSEL. It then reverses the pattern
and repeats the verification procedure to insure that all
signals in each of the cables are making good contact.
Any bad connections are reported by the program.

£5. Module diagnostics

A diagnostic routine exists for testing any DIMSUM
or EDSEL module inside the system. All functional
units and data paths in the modules are tested. If an
error is detected, it is reported to the operator and the
program optionally enters a loop repeating the failing
test to allow the repair of the module.

5.6. System emulation

A library of routines exists for facilitating the emula
tion of the system. Fortran callable routines are availa
ble to I build the system configuration database. 2
locate functional elemen’s using symbolic names, and
3 emulate a DIMSUM module.

The following routines are also planned: I cycle
hits through an EDSEL module: and 2 examine the
contents of an arbitrary cable.

6. Results of test run - May 1986

The last two weeks of the Spring 1986 collider run
afforded us our only opportunity to test the trigger
system before the ACOL startup scheduled for the Fall
of 1987. The UA2 detector had by this time already
been removed so that it was not possible to trigger
simultaneously with the trigger processor and the trans
verse energy deposition in the UA2 central calorimeter.
Nonetheless, we were able to test she trigger processor
and study backgrounds under conditions very similar to
those we will encounter during the data taking stage.

Detectors were installed in the four pots above the
outgoing proton beam as well as the four pots below the
outgoing arm. At that time, we had enough DIMSUM
and EDSEL modules available for one of the four pot
spectronleten. We chose to equip the outgoing proton
arm with the processor since the background from beam
halo is more severe in this arm and is therefore closer to
what we expect starting in 1987.

Our first level trigger consisted of a three-fold coinci
dence of the scintillators in the first three pots of the
proton arm and a veto formed from the scintillators in

VI. SIGNAL PROCESSING
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Fig. 6. y-coordinate of track at z - 0. The measured track
extrapolated to the bunch-crossin1 center at z a 0 separates
those arising from beam-beam interactions from background

tracks.

the arm. The timing of the veto was set to cut out
protons in the beam halo which traverse the arm
spectrometer in the opposite direction from tracks from
valid interactions and are then focussed into the proton
arm spectrometer.

A second level trigger was formed by the EDSEL
modules and demanded valid hit combinations in the
first three of the chambers of the proton arm spec
trometer. as described in section 4. The detector in pot
4 served mainly to provide redundant information for
the off-line analysis and was not used either in the
trigger or in the analysis presented here.

Data from events satisfying the second level trigger
were written on tape and further analyzed ott-line. In
addition to the raw chamber information, each event
record also included the output data from every DIM-
SUM module, including the momentum estimate and
DIMSUM trigger decision although this was not used
in the on-line trigger.

Fig. 6 shows the distribution of the vertical coordi
nate y0 of reconstructed tracks projected to the
bunch-crossing center. The tracks with Yo greater than
zero are mainly from proton beam halo which escaped
the halo veto. The narrow peak centered at -0.15cm is
from valid interactions. Although we did not calculate

Yo on-line during the Spring run, such a calculation
could be made by the method described in section 2.
Thus, we wilt be able to considerably improve our halo
veto by rejecting those tracks not originating from the
interaction region.

The DIMSUM momentum spectrum for those tracks
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in the peak of fig- 6 is shown in fig. la. This spectrum
was also available on-line except for the y0 cut where
it served as a powerful diagnostic tool. Fig- lb shows
the momentum spectrum from tracks reconstructed of 1-
line from the same events used for fig. la. The peak in
fig. 7a is broader than that in fig. lb and also displaced
from the nominal beam momemtum of 315 0eV. This is
because the correct geometry constants were not known
at the time of the test run. We expect the on-line
resolution to be nearly as good as the off-line estimate
when the correct constants are loaded into the DIM-
SUM tables. Nevertheless, the on-line resolution for the
test run would already have been adequate for trigger
ing purposes.

When the data of fig. lb were recorded, the processor
was set to trigger on tracks with momentum larger than
265 0eV/c even though the processor trigger was
ignored during the test run, its status was written into
the event record. The shaded region of fig. 7b is the
spectrum of those events which satisfied the processor
trigger. Except for a small region near the momentum
cut, there is no trigger inefficiency and furthermore.
there are no events in which the off-line and on-line
momentum estimates grossly disagree.
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APPENDIX C - Rich Resolution
CI - liquid Radiator
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Figure 38: Liquid Radiator Geotnesry.

The xz plane is defmed to containthe radiatornormaFzand the particle momentumvector 5
as shown in Fig. 38 The photon emission point I along the particle direction varies between - L/2
cosO c I C + L/2 cosOandis unmeasurable.Henceae L/..j12 cos8,.The photonenergyis also
unmeasurableand has an energy width AB determined by the detector response, in this case
0}3= AE/.J24=it eV. The photons are detectedat points z11x1,y1 in the detector volume with
r.m.s. errors and °y - The Cherenkovangle 0CR may be reconstructedfrom the measured
quantitiesz,x11y11O0,1= </> 0, n Cn> = 1.278 with the formulas valid for vanishingly thin
window and radiator

cosBp= sinOfnx1/r1 + cos8/n,J[n2- x12 +

tan#CR= y1/{x1oth - sin8jn2r12 -
- y2]

The derivativesof thesereconstructionformulas allow calculationof the angularerror at a given #c via
the relation°0c 50c/th’ °vi The derivativesare:
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= /?JK/zs[Kcos.#c/a- sinoptanocsin2lic/PZJ

00c/0Yt = fi /zisincbc[ l//I2 -cosOn2- 1/u]

= - K/ziacoseptanoc+ sinOpcos#c

=
- cos#c

.3Oj81 = tan9IKIziTh[P2KIa2l - sin2Opsir12c+ sin29sin2]

ntan9c- ‘n2fl2 cos9/u

with aacosop_sineptanOccos#cand K I-n2 +a/f1.

Cl - GasRadiator

The u planeis definedsuchthat the z axis is the radial line parallel to the particle directionand
the x axis is along the line connectingthe point of closestapproachto the mirror centerof curvature
C. The particle trajectory thus lies in the xz planeas shown in Fig. 39 - The emissionpoint z,x,0 is
mcasurcdin the particle referenceframe PQR while the detectedpoint z1,x1,y1 is measuredin the
detector referenceframe ZXY. The general defining equationsthin window approximation are
with r1z2+x2andri=]ziZ+112+y52

= 12- sin’rsinfl/r1 - 2sixr trsino/r

cosII1 = z2 + xx1/rr1]eosO+ [zx1 - xz1/rr1]sin6

cosfi = zcosOc+xsinOccos#c/r

The relevant derivatives OOc/Ovi for the variablesv = z,x,z1,x1,y1,Oare obtained from the above
equationsand areof the form

oOc/3v1= [rsinflA - KØ/ I + Jrcosfl- B]/l

with I = zsinOcxcosOccos4cand Jr12-r2sin2Q u/2_2ram_r1sinhf2 1/2
The quantitiesK, A1, l3 are summarizedin the following table for eachvariable v1

K1 Ai

z JzsinCu/r zr1cosf]1-z’,r/r2r1sint21 zcosf2/r cosOc

x Jxsinfl/r xr1cosfl1 - x’1r/r2r1sinfl1 xcosfl/r - sinOccos#c

- z1G zrcosfl1- z’r1/rr12sinfl5 0

-x1G x1rcosfl1-x’r2/rr52sinfl1 0

-y1G y1eosfl1/r12sinfl1 0

0 asinO- bcosO/sinQ1 0



Figure 39: Gas Radiator Geometry.

with G = rsintu/[r12r12_rZsin2flh/2], a zz1 + xx1/rr1 and b =

z’1,x’1 is relatedto the vector z1*x1 by a fmite rotation through angle
rotation through angle

-
O. The chromaticerror is, as before,ogcE

oO/On= ntanec-‘, dn/dEthe radiatordispersionand the energyerror.
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APPENDIX D

PossibleLiquid Xenon ElectromagneticCalorimeter

We plan to have as the final elementin each spectrometer,a fine-grainedhigh-resolutionelectro
magneticcaorirneterwhich will aSkwus to reconstruct and 0 decayswith one ,r° or more 2 in
the final state- The use of liquid Xenon in the calorimeteris dictated by the needfor the best energy
and spacepoint resolution attainable.

Liquid Xenon is a very fast andefficient scintillaterwhich yields one photonof 7.3 eV per 50 eV
energyloss with a 3 as lifetime. The proposedcalorimeterwill simultaneouslydetect ionization charge
and scintillation light via locally depositedin situ organicphotocathodes.It hasbeenestablishedby
Dokeet al.[21] that thereexistsan anticorrelationbetweenfluctuationsin ionization chargeand scin
tillation light in noble liquids. Hence a suitable linear combination of the two signals should give
much betterenergyresolution thaneither alone.

Such organicphotocathodeshavebeenrecently developedby Peskov,Charpak,Séguinot,Ypsi
lantis et al.[22]. The quantumefficiency for 7.3 eV photonswill be high 50% resulting in a signal
from light of l0 electronsper MeV of energydeposition The tight signal will provide a fast trigger
signal tlO ns which is the start for a clock which measuresthe arrival time of the ionization charge
signal. maximumdrift tjme 3ps. The time andhit wire of this ionizationcharge signal establishthe
core of the electromagneticshowerwith a precisionof about 300 jim.

Energy resolution of this detectoris estimatedto be °E = 0.005 .JE E in GeV. Becausethe
calorimeteris totally active, its sensitivity will extenddown to 10 MeV. Other advantagesof noble
liquid scintillaters are: I its light and chargesignalsare proportional to energy loss even for heavy
ions with up to l0 minimum ionization; 2 the detectoris highly radiation resistantbecausethe liq
uid can be continuouslycirculatedandcleaned.

The basic cell structurebeingdesignedhas20x20 mm2 transversedimensionsand 56 mm longi
tudinal 2X0. Thus, a tower structure10 cells in depth has 20X0 containmentof the electromagnetic
shower.

The calorimeter in the first spectrometercovers 17.3 m2 of areaand the second4.5 m2 for a total
of 22 m2. Since each cell hasan area of 400 mm2, we require 5.Sx JQ4 cells per layer; ten layers in
depth give a total of 5.SxlO’ cells. The readout of the cells is via wave form samplingcircuits which
allow current division to pinpoint the collection time and hit wires. Two such circuits are used per 10
cells for a total of l.lx 10g. In addition,the fast cathodesignalsare readout for each tower 10 cells in
depthwhich will require 5.5x104additional readoutsfor a total of t.65xl05 for the calorimeter.

The calorimeterdepthis 0.6 m 20X0 and its surfacearea is 22 m2. Hence its volume is 13 m3
and its weight is 40 tons. At a price of 300 SF/Kg the total Xenoncost is about 12 Msf. However,the
Xenon can be reusedafter this nperisnentand thus representsa capital investmenton which interest
tb %/yr would be paid. This R & D project, directed by T. Ypsilantis and J.Séguinot,hasbeen
recentlyfunded by the LAA collaborationat CERN.



References

[1] R. Irun, F. Bruyant, M. Make, AC. McPherson, P. Zanarini Geant3’ CERN report
DD/EE/84- I, September1987.

[2] W. Sippach,G. Bcnenson,B. Knapp, IEEE Trans.Nucl. Sci., NS-27, 578 1980; H. Cunitz,
V. Ilsiung. B. Knapp,W. Sippach, Data-DrivenProcessin,in Proceedingsof the Interna
tional Conferenceon Instrumentationfor Colliding BeamPhysics,SLAC Report250, June
1982.

[3] For large-scaleapplicationsof thesemethods,see: 1. Borten et at, A Data-Driven Parallel
Pipelined Hardware ReconstructionProcessoCpage 45 and D.M. Kaplan, SA Parallel,
PipelinedEvent Processorfor Fermilab Experiment60Y page31; Proceedingsof the Sym
posium on Recent Developmentsin Computing, Processorand Software Researchfor
High-EnergyPhysicsGuanajuato,Mexico, May 8-lI, 1984.

[4] J.G. Zweizig et al.UA8 Collaboration;NucI. Instruments& MethodsA263 1988188.
[5] H.-U. Bengtsson,G. Ingelman, Comput. Phys Commun.34 1985 251; 11.-U. Bengtsson,

T. Sjostrand,Comput. Phys Commun.46 1987 43.
[6] P. Chauvatet al., Phys. Rev. Lett. 1990 1987 304.
[73 C. Bellettini, private communication1988.
[8] D. Bettoni et al.,NuclearInstrumentsand MethodsA252 1986 272.
[9] C. Younget al., IEEE NS36 1986.
[10] W. Zimmermanet at., NuclearInstrumentsand MethodsA243 1986 86.
[II] J.Seguinotand T.Ypsilantis , Proposalto LAA for the developmentof a fast ring-imaging

CherenkovDetectorwith local readoutfor use on a hadroncollider, 24 september1987.
[12] R.Arnold et al., NIM A270, 255 and 288 1988.
[13] S. Kleinfelder et at., A Flexible 128 Channel 550 InstrumentationIntegratedCircuit with

SparseData Readout,Proceedingsof IEEE NSS ConferenceOctober1987 San Francisco.
[14] A. Seidenprivate communicationabout Univ. of California, SantaCrut chip. 1. Lutz et

a!., Nuclear Instrumentsand MethodsA263 1988 163. J. T. Walker et al., Nuclear Instru
mentsand Methods226 1984 200.

[15] J. EIlctt, VIRTUS: A Multi-ProcessorEvent Selector Using FASTBUS, Proceedingsof the
1983 DPF Workshopon Collider DetectorsLBL-l5973, p. 185; J. Ellett et al, WIRTUS,
A Multi-ProcessorSystem in FASTBUr, Computingin High Energy PhysicsEd., L.O.
Hertzbergerand W. Hoogland,North Holland- 1986,page 235.

[16] UAI Collaboration,Presentedat pp Workshopat FermilabJune 1988.
[17] K. Ellis, Talk at pp Workshopat FermilabJune 1988.
[18] 1-1. Schroeder,RapporteurTalk at XXIV InternationalConferencein High Energy Physics,

August 1988 - Munich, FRG and DESY 88-101 1988.
[19 D. Hitlin, Proceedingsof the Electron PhotonConference,DESY 1987.
[20] 63. Amer et al. UA5 Collaboration,PhysicsReports 154 1987 247.
[21] T. Doke et aL, Mud. Instruments& Methods A235 1985 136; 1-1.3. Crawford, NucI. In

struments& MethodsA256 1987 47.
[22] V. Peskovet a!.., Nuel. Instruments& MethodsA269 1988 149.



APPENDIX C



/nk tLi’ I- ifb ‘

EUROPEANORGANIZATION FOR NUCLEAR RESEARCH

CERN-SPSC/89-43
SPSC,P23BAdd.I
16 August 1989

Addendum to PropoealP23&

MEASUREMENTOF B3 MIXING

A. Brandt, S. Erhan, D. Lynn, M. Medinnis, P. Schlein’, I. Zweizig
University of California, Los Angeles,USA.

T. Ypsilantis
Collegede France1,Paris,France

C. Borreani
University of FetraraandINFN2, Italy

A. Kaschuk,V. Samsonov,V. Sarantzev,B. Spiridenkov,A. Vorobyov
Institute for NuclearPhysics,Gatchina,Leningrad,U.S.S.R.

M. Calvetti
University of PenigiaandINFN2, Italy

3.B. Cheze,J. Zsembexy
CentredttudesNucleaires-Saclay3,Gif-sur-Yvette, France

R. Dzhelyadin,Y. Cuz, V. Kubic, V. Obraztsov,A. Ostankov
IHEP-Serpukhov,Protvino, U.S.S.R.

C. Biino, R. Cester,A. Migjiori, R. Mussa,S. Palestini
Universityof Torino and INFN2, Italy

ABSIRACT

We report the results of a detailed investigationinto the capability of our proposedforward
B-spectrometerexperimentto observeandmeasurethetime oscillationsin the decayof taggedB5 me-
sons. With the best conceivableelectromagneticcalorimeterresolution 0i%/,JE for Liquid Xenon
and with both outgoing coflider arms instrumented,9000 reconstructedB5 are obtainableper 10
pbanr’ integratedluminosity. Lead-Glasscalorimetrywith 4%/..JE leads to 6000 events. Charged
kaonsare shownto tag 58% of theseeventswith an adequategood tag/all tag ratio of 73%. Using
Lead-Glasscalorimetrywith only one instrumentedann,AM/F would be measuredwith 3000 events,
for values up to 15 or more, with an error of about ±0.1. Our conclusionis that superiormixing
measurementscan be performedwith the proposedapparatus
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1. INTRODUCTION

The ForwardBeautySpectrometerin proposalP238 hasthe following properties:

* Real-timevertex calculationsbasedon silicon micro-vertexdetectordatayield the suppression
of minimumbias backgroundnecessaryfor efficient triggeringon beautyparticles

* The average momentumof detectedandreconstructedB-mesonsis about356ev/candthe B
propertime can be measuredwith a precisionbetterthanat/t 6%. Thesefactsallow excel
lent B-if oscillationstudiesto be made.

* Particleidentification is furnishedoffline with a systemof liquid andgas Ring Imaging Can
kov Counters.

* The forward peakingof heavy flavor particlesshould be even more pronouncedat the higher
energyUNK, LHC and SSCcolliders. Thus,our proposedexperimentwould be a first exam
ple of an important classof future beauty experimentswhich should eventuallyallow an ef
fective searchfor CP violation in B decay.

In documentP238,we presenteddetails of the trigger designand detectorwhich would furnish
more than 2x 10 reconstructed8-Mesons per 10 pbanC’ integratedluminosity at the CERN
SPS-Colliderwith ,Js = 630 6eV.

In the presentAddendumto P238, we examinein detail the suitability of our proposedexperi
ment for a measurementof B5-if5 oscillations.We find a capability which is superior to that of any
other existingor proposedexperiment.

Chapter2 containsa discussionof the relevantmixing formalism. Chapter3 containsa discussion
of the acceptancepropertiesof the proposedapparatus,a performancesummaryof the trigger and the
reconstructionefficienciesfor B5 mesons.The expectedyields are given.

Chapter4 containsthe resultsof a Monte-Carlostudyof flavor tagging proceduresin which it is
shownthat chargedkaons can be usedto tag 58% of all reconstructed11$ mesons.The B Lifetime
measurementis described in Chapter 5. In Chapter 6 we present mixing analysesof simulated
Monte-Carlo data samples,which would result from runswith integratedluminosity of 10 pbarnt,
anddefine the minimumhardwarecapabilitiesnecessaryfor a satisfactorymeasurementwith a reason
able ‘margin of safety.

In Chapter7 we discuss,as bestwe canwith the availableinformation,the apparentcapabilities
of otherexistingor plamiedbeautyexperimentsto measureB3-mixing.

We concludethat superiormixing measurementscanbe performedwith the proposedapparatus
at the SPS-Collidcr.



L THE OBSERVATION OF B3 MIXING

Fourpropertime distributionswill be obtainedfront the reconstructedandtaggedB and fl, me-
Sons:

t 85t 1

t 35t 2

t 55t - 3

r 55t 4

where t and r denote the two chargesof the possible taggingparticlese.g., e, e, p, gr, K,
K. We note that, since a B canbe producedtogetherwith a 5d or , a taggingparticle can
arisefrom any one of these.The latter two statesare themselvessubjectto oscillationand can lead to
the wrong sign tag, referedto in this documentas mistagging’. Other sourcesof mistaggingare, for
example,backgroundunderthe B signal,other physics sourcesof the tagging particles,etc. Tagging
proceduresarediscussedin Chapter4 in somedetail.

In order to arrive at the equationswhich describethe abovefour distributionsignoring thepos
sibility of CP violation, we startby expressingB and 5° asthe usual linear combinationof massci
genstates, andB:

8°> = [I> + 1B2>]/,J2 5

[18> - IBz>1/.12 6

With the B° .-. 5° transitionsallowed by the second-orderweak interaction box diagram,we
haveas the time-evolvedstatefor an initial 8°:

+t = [cMit1’xt/2. 1B1> + -iM2t-r2t,2. IB>1 / .J2 7

Expanding B> and IB> in termsof the observed1W’> and 0°> states,and projectingout their
amplitudes,we haveas the probabilitiesto see 30 and 0°:

1< B°I’Mt>l2 = e’ - El + cosAMt] /2 8

I<5°I.Kt>l2 = e-I’ -El - cosSMt1/ 2 9

We write in8 and 9, F * I’1 = l’s, becauseof the largephasespaceavailablein B decay,andAM
= - M2. As required,the sumof equations8 and9, e’t, describesthe untaggedS decay.

IntegratingEqs. 8 and 9 over time, we find that the ratesfor no-oscillation and oscillation, re
spectively,go as2+x2/l+19 and x2/l+x2, wherex - AM/I’ If we assume,as is reasonable,that
a B5 and its accompanyingB decayindependentlyand that we only measurethe time dependenceof
the B, thenthe correctexpressionsto describethe taggedtime distributionsin Eqs. 1-4 art just Eqs. 8
and 9 multiplied by the appropriatetime-averagedrate. Theseare shownin Table 1 for the four cases
of Eqs. 1-4 andfor thetwo possibleinitial states.

Krawczyk et at DESY 88-16 havepointedout that if datain Reactions2 and 3 or Reactions
1 and4 areaddedtogether,the time dependences,[1 1 cosAMt/l + x21, result. This canbe seento
be the casefrom the relationsin Table 1, independentlyfor each of the two possible initial states.
What we can see in addition, however, is that, if the initial states,BB and BB5 occur with equal
probability, this occurs independentlyfor eachof Reactions14 as shown in column 4 of Table 1.
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Table1: Joint Time-Integrated,Time-DependentRatntT#&ø

Final State Initial State Initial State EqualSum
8g5

t4 B5t 2+ x2 * [I -cos] x2 ‘El +cosj 1 -[1/1 + x2] cos

V B5t x2 1 -cosl 2+12 [1 +cosl I +l/l + x21 cos

t 55t 2+12 1 +cos] x2 * [1 -cosl 1+11/1+ x2] - cos

t !5t x2 -[1 +cosl 2+12 - [l-cosl l_[lf1+x2] - cos

a The B decay which provides the tagging particle is time-integrated.The B decayis
time-dependent.Throughoutthis table, x = AM/F for the tagging B
bWe notethat in a B decay,for example,a gs or a K4 tagrtsultsif the K resultsfrom

the i-’ ctransition.In a tagging B decay,of course,the signsareopposite.
c To simplify the readingof this table,a commonfactore- rt/l + 12 is suppressedin all

termsin columns2 and3, as is the argument,SMt, from all cosinefunctions.

Thus the distributionsfor the four Reactionsmust bepairwise identicalif valencequarksdo not playa
role in modifying the equality of the initial statespresumablythe casefor productionof B5 at small
Feynznan-x.

It remainsto be pointed out, as in Krawczyk et at, that since the accompanyingB or fl,
which providesthe taggingparticle, can be either B, Bd or B, the factor [1/1 + 12 in the relations
in the last column of Table 1 must be weightedoverthe threetypes of tag-producingB’s accordingto
their relativeproduction frequency.In calculatingthe weightedaverageof [[/1 + x9 over 8 40%,

8d 40% andB5 20%, x is takento be 0, 03 and 15, respectively.

The resultingconstant,K 0.67, is essentiallya dilution factor sinceit decreasesthe amplitude
of the oscillation from the value it would have were the flavor of the decayingB always correctlyde
termined.For example, the observeddistribution from, for examplethe t B5t final state,now has
the form: 1 - KcosAMt. Other contributionsto dilution comefrom mistaggingor backgroundthe
taggingproblemis discussedin detail in Chapter4. Forexample,if the tagusedis only 70% efficient
good/all 70%, then K receivesanothermultiplicative contributionof good-bad/all = 0.4. The
effective value of the constant,K, is discussedin Chapter6, wherewe presentthe completeanalysisof
simulateddatasamples.



3. YIELDS OF RECONSTRUCTEDB, AND if, MESONS

Most of the ingredientsfor a realisticestimatefor B yields canbe found in ProposalP238.See,
for example,Section Li page54. Here we list, in Table 2, the various stepswhich result in an esti
mateof 4500 reconstructedB and 4500 reconstructedU mesonsper lOpbarrr1 integratedlurninosi
ty. We notethat thesenumbersrepresentthe ‘ultimate capability’ of the SPS-Collider,namelyif both
outgoing arms areinstrumentedand if the bestconceivableelectromagneticcalorimeteris usedLiq
uid-Xenon.As is discussedbelow, while maximumstatisticsand minimal batkgroundare clearly al
ways desirablefeatures,a propermeasurcmentof B5 mixing can be madewith less thanthis maximum
commitment.The following two sectionsexplain thevariousstepsin arriving at the estimates.

Table 2: R & H, Event Yields

10’ bE Producedfor J2dt 10 pbarn’

2.0 x io B3 2-0 x l0 0 020 B3 Production

6A x 106 6.0 x 106 0.30 2-Arm GeometricalAcceptance

3.0 x 10’ 10 x 10’ 0.05 = BRB5 - D5’ nitt

30 x 10 3.0 x 10’ LOG = BRD5’ - D5y

4.4 x 10’ 4.4 x 10’ 0.15 = BRD3 -. KKir, KK3v,X9C

3.0 x 10’ 10 x 10’ 0.68 = No Other Interactionin Bunch Crossing

2.8 x l0 2.8 x 10’ 0S4 VertexAcceptanceof Silicon pVertex

LIS x 10’ 1.18 x 10’ 0.42 TriggerEfficiency l 3w

LOS x 10’ 105 x 10’ 0.89 = TrackFinding Efficiency

4500 B 45000 0.43 = Event Reconstruction
This assumesbest e.m. calorimetiy.
Seetext for further discussion.

The cutsin this tablearediscussedin Section 3.1
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3.1 GeometricAcceptance,BranclthvgRatios& Trigger Efficiencies

As in P238, we base our yield estimateson an asiusnedintegratedluminosity, f2dt 10
pbarsrt,and a bE total crosssectionof 10 pbarn. Theseassumptionscorrespondto ab&production
sampleof 10’ events.The following lossesandefficienciesaretabulatedin TabLe 2:

* A &-quark is assumedto have a 20% probability of combining with an s-quark to makea
B5-meson.This leads to 2x 10 115 and 2x 10’ 0, macusproduced,with negligible simultane
ousproduction.

* Geometric Acceptance - According to PYTIIIA which assumesbE production via
gluon-gluonfission andquark-quarkfusion, the decayproductsof 30% of all producedB5
mesonsarefisfly containedby a systemof two 600 mrad apertureforward spectrometers.This
leadsto 6.0 x 106 B5 and6.0 x 106 0 producedand fully containedin the aperturethese
numbersareslightly smallerthan the 6.4 x 10’ given on page55 of P238, due to a recalcula
tion of the geometricalacceptancefor the specificB decaymode discussedbelow.

* B BranchingRatios - We assumeBR = 5% for the total of all reactionsof the type:

B5 -. D5 + mit

This leadsto 3.0 * 10’ B5 andthe samenumberof 0 with thesedecaymodes.We notedin
Table 7, page56 of P238 that the observedARGUS BR 6.7% for reactionsof the type 8d
- 1 +nw with n 1,2,3. It seemslikely that we shall also be able to ttconfluct suchfinal
stateswith n > 3 and that, therefore,our effective useful BR will be largerthan the 5% as
sumed.

* D5 BranchingRatio - We assumethat all D5 decayvia the mode:

D3 - D5 1

This hasthe consequencethat an electromagneticcalorimeteris essentialfor this experiment.
The characteristicsof the calorimetry requiredfor the effective reconstructionof theseevents
are discussedin the following section.Note that with such calorimetry, we also acquire the
capability to detectD° - D°y BR = 48% and- additionalefficiency for chargedD’ in
D + - D7 BR = 17%.

* D3t BranchingRatio - We take BR = 15% for all knownchargedfinal statesKKwt,
K’ K 3sr, K’Kt. This reduceseachsampleto 44,250events.

* Pileuploss - As in P238 seepage55 and Section3.2, 68% of all 115 eventshaveno second
inelastic interaction in the samebunch crossingat an avengeluminosity of 2 x lO° cnr2

For purposesof the presentestimates,we assumethat all events in bunchcrossings
which contain more than one inelastic interaction will be lost in practice,however, since
manyof multiple interactionbunchsmay be usable,68% is a conservativeestimateof this ef
ficiency. The B3 sampleis reducedto 30,090events.

* Vertex Acceptancein Silicon - About 6% of events have vertices outside the acceptance
rangein longitudinal coordinate,z, of the silicon micro-vertexdetectorseeAppendixB and
arethereforelost. The samplesarethus reducedto 27,682eventseach.

* Trigger Efficiency - The trigger simulation is discussedin detail in Chapter4 of P238 with
someresultsgiven in Chapter7. For the presentestimates,we havefocussedour attention on
oneparticularfinal state:
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We calculatea trigger efficiency of 42% for this state.This may be comparedwith the results
given in Table 6 page51 of P238of 47% for Bd - Di,nnr 8 tracksand 41% for D°n 6
tracks.The samplesare thus reducedto 11,627each.

* TrackFinding Efficiency - We assumea 98% track finding efficiency and therefore.9811 for
the entire event. For the above 6-track event, this efficiency is 88.6%, which reduceseach
sampleto 10,301 events.

* ReconstructionEfficiency - An efficiency of 43% follows from the analysisdiscussedin the
following sectionwhen an electromagneticcalorimeterwith resolution upJE = 0.5%/.JE is
usedLiquid-Xenon,as discussedin Appendix D of P238.43% is somewhatlargerthan the
36% reportedfor the decay B - D 3w in P238 page51, becauseof someimprovementsin
reconstructionsoftware.For othercalorimetersLead-Glass,etc., the reconstructionefficiency
is smaller, as discussedin the following section.

3.2 8 Reconstruction:Signal& BackgroundEstimates

Chapter7 of the P238 proposaldiscussedthe B-meson reconstructionprocedureand combina
toric backgroundproblem in somedetail. The presentanalysisof the D5 - D5y reactionrequiresthe
introductionof anewfactor, namelythe effect of using electromagneticcalorimeterinformation in the
B5-mesonreconstruction.We havethus studiedthe effect of calorimeterenergyand spatialresolutions
on both the reconstructionyield andthe B5 signal/backgroundratio.

Following the proceduresoutlined in Chapter7 of P238, we constructthe invariant massdiffer
ence,M05 - MD5 for the B5 decayin ReactiontO. We plot the resultingmassdifferencedistribu
tions in Fi& I for 12 combinationsof calorimeterparameters.Calorimeterenergy resolutionsof 0.5%,
1%, 2% and 4% andspatialresolutionsof 0.3 mm, 1.0 mm and 10 mm areconsidered.In construct
ing theseplots, we randomlyvary all chargedtrackandy parametersin accordancewith the expected
energyand angularresolutions.Sincethe purposeof theseplots is to demonstratethe effect of different
calorimeterresolutionson the invariant massresolution,we do not include the combinatoricback
groundresultingfrom all possibletrack combinations- only the correct B5 decaytracksareused.

Although there is very little dependenceof the invariant massdifferenceresolutionon calorimeter
spatial resolutionseenin Fig. 1, there is a very large dependenceon its energy resolution. For the
0.5%/.JEcalorimetere.g.: the Liquid-Xenondevicediscussedin AppendixI of P238,the FWHM is
2 MeV, while for 4%/.JELead-Glass,the FWHM is increasedto about 12 MeV. As will be dan
onstratedbelow, theeffect of this poorerresolution is to allow morecombinatoricbackgroundinto the
signalregion andalso to lose some signal becausesomeof the tails in the MD5-MD5 distribu
tion will be cut off. In addition, a largerfraction of the y’s from D ‘s combinewith other y’s in the
eventto form a mass;theseare thencut out inour selectionprocedure.

Using appropriatemasscuts in Figs. Ito selectmostof the signal peaksleadsto the B5 invariant
massdistributionsshown in Figs. 2 for the saint sets of calorimeter parameters.Although there is a
significant dependenceof the massresolutionon calorimeterparameters,thedependenceis weak,due
to the factthat, in general,they possessesonly a smallpartof the S energyavengey energyis about
1 0eV, comparedwith averageB energyof about35 0eV.

Beforediscussingthematterof how the signal/backgrounddependson calorimeterresolution,we
show in Fig. 3a theexpectedB5 signal for the best calorimetercase0.5%I,jE and 03 mm, with all
combinatoricbackgroundobtainedas describedin Chapter7 of P238. Fig. 3b showsthe expected
D5 signalwith its combinatoricbackground.
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The B5 signal sizeand signal/backgroundhavebeenevaluatedfor all of the 12 setsof calorimeter
resolutionsconsideredwe include the expectedbackgroundfrom the generalB eventsample,in addi
tion to thecombinatoxicbackgroundarisingfrom Reaction10. Figs. 4a,b, respectively,containthese
results. For the 0.5%/fE calorimeter,the eventyield is 9000 total reconstructedB5 and ø eventsand
the signal/backgroundis about 10. The degradationsof both thesequantitieswith worseningcalorime
ter enerv resolutionare clear. In particular,for a 4%LJE calorimeterI.ead-Glass,the event yield
drops to 6000 eventsand the signal/backgroundto about4. The questionof what calorimeterresolu
tion will allow the extractionof our desiredphysics results i deferred to Chapter6 of this document
wherewe give the resultsof maximumlikelihood fits to Monte-Carlodatasamplesof varying sizes and
with varyingbackgrounds.
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II

4. FLA VOR TAGGING

4.1 The Useof Muon Tugs

In order to understandthe tagging possibilities using leptons,we consider two questions,which
we thenattempt to answerwith theuseof the Monte-Carloeventgenerator,PYTIIIA 5.1:

1. For eventsin which a B is detectedin a 600 mrad spectrometer,what are the momentaand
laboratoryanglesof accompanyingleptons?This questionis answeredin Fig 5, which is a
scatterplot of pp vs. for eventscontainingboth an acceptedB and a muon with at least
1.20eVpt.Theexpectedcorrelationbetweenp and B is clearly visible. Most muonsare in
the samehemisphereas the B5 detectedat 0’ and correlatedwithin - 1 unit of rapidity. Fur
thermore,the muonswithin the spectrometerapertureof 34.9’ 600 nuadaxe seento have
much largermomentathan thoseoutsidethe spectrometer.We concludethat, for detectedB5
in the 600 mradspectrometer,there is not much to be gainedby constructingadditionallepton
detectionoutsidethe 600 inradaperture.

2. What is themomentumand directionof B5 mesonsassociatedwith muonsdetectedby a cen
tral muondetector,for examplethe UA1 detectorwhich canidentifS’ muonsin the pseudora
pidity range sj < 2 and transversemomentumrangep > 3 0eV? This question is an
sweredwith referenceto Fig. 6, which is a scatterplot of momentumps vs. laboratoryangle
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SB kr B mesonsassociatedwith muonsin the abovekinematic range. There remains&

strongpolarpreferencefor the direction of the B. ThoseBja with 9B ‘600 ‘ havesub
stantially higher momentathan thoseoutsidethe spectrometeraperture,whose averagemo
mentumis less than 10GeV.Themeanflight - for B inesonsacceptedby the spectrome
ter is - 2.5 mm, comparedto - 0.6 mm for B mesonsoutsidethe spectrometer.Thus, for
optimumtriggering,reconstructionand resolution, the B,’s of choicefor mixing measurements
axe thoseseenby our proposeddetector.

Some propertiesof Figs. 5 and 6 are summarizedin Table 3, for eventsin which a B5 mesonis
fWly acceptedin the 600 mrad aperture.For eachof five different requirementson and Pth’ the
fraction of tagged B5 mesonsis given togetherwith the tagging quality this is the fraction of those
taggedB5 which are taggedby a muon with correctsign. We noteherethat, following the discussion
given in Chapter2 on mistagging,the contributionto the dilution factor, K, which governsthe oscilla
tion amplitude, is given br goodtags - bad tags/afltags.

In the first row of Table 3, there are no restrictionson either and p. Thus, the fraction
tagged22% is nearly equal to the semi-leptonicdecayprobabilitiesof the secondB, both for the
b-c transitionandthe c-s tnnsition " 11.2% + 6.7% the equality is not exactsince more than
onemuonis presentin someevents.The good/allratio is 54% for this classof events,indicating that
no useMlepton taggingcanresult from thecompleteleptonsamplewithout apcut K 0.

CaseB, which hasa relatively modestp cut, tendsto excludeleptonsfrom charmdecay,there
by increasingthe percentageof good tags to 81%, but loses - 2/3 of the leptons.CaseC, which cor
respondsapproximatelyto the UA1 muon trigger,has a very - tagging efficiency, although only
1.4% of the B, mesonsare taggedwe emphni.that in thegenerationof theseevents,we havenot
fluned’ PYfHIA to agreewith UA1 measurements.
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Figure.5: Lab momentumvs. lab angleofmuonsaccompanyingan acceptedB5. In this plot,
the detectedB, is on the 0’ side.Additionally, themuonsare requiredto have
Pt> 1.20eV.
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CaseD, in which thetaggingmuon is requiredto be in the 600 mrad aperture,but in which no
seletiononpismad,isuselesstcethetaggingefflciencyis50%,asincase&Ifthemoded
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Figure6: Lab momentumvs. lab angleofB5 meson:for eventscontainingamuonwith Pt>
3GeVsndtif C 2.

degrees

Table 3: Flavor taggingofAccepted.8

Angular
Range

Meson: with Muons

Pt
Range
0eV

Fraction

A all

Tagged

B

Good/All Comments

all .22

C InI<2

>1.2

.57

.061

> 3.0

D 8<600mrad

Useless

.81

.014

all

B 8<600nnrad

.91

.12

>1.2

UA I-like’ trigger

.56

.047

Useless

by UAI.

.82

‘ All entriesin this tableare calculatedwith PYTHIA 5.1. No attemptwas
madeto tune,for example,the muont distributionwith thatmeasured

Possiblewith P238



1.2 0eV p cut is addedcaseE, the taggingefficiency increasesto an acceptable83%. The disad
vantageof this taggingmethodis that only 4.7% of the acceptedB51s are tagged.

Although this study consideredonly muons,both muonsand electronscould, in principle, be
usedastagLffelecfrontapweresutd.d,thefractionoftAgscouldincreasetoanuppertjnhjtof9.4%
in Case D. However,additional lossesarise from Cerenkovlimitations and various cuts, neededto
minimize the backgroundcoming from sourcessuchaspion decayand Dalitz electrons.We havenot
attemptedto estimatetheselossessince,as discussedin the next section,the use of hon tags looks
morepromisingandwe intendto rely on kaonsratherthan leptonsto tag the B5 flavor.

4.2 The Useof Kaon Tags

We have investigatedthe possibility of using chargedkaonsas tags. Our overall strategyis to as
sign a tag basedon the sign of kaonsfound in the spectrometerand basedon whetheror not the
foundhon tracks,as measuredin the vertex detector,point to the primaryvertex.We considerbelow
various schemesfor handlingthis information. All calculationsare donewith PYTHIA 4.7.

There aretwo majorsourcesof hensin an eventwhich containsa reconstructedB5. They either
come from the accompanyingB mesonor they comefrom the primary vertex. We refer to theseas
‘secondarykaons’,K5, and ‘primary kaons’,K. respectively.In general,thereis a good’ versionand
a ‘bad version of each.This refers to whether their sign correctly tagsthe flavor of the producedB5
mesonor not.

1. Good K5: kaonswhich contain the s-quarkat the end of the b-c--s chain correctly tag the
flavor of the accompanyingB-mesonat decay..Thesekaonswill often be measuredto be in
consistentwith pointing to the primary vertex. However,when the flight pathof the accom
panyingBistooshonforthistobethecasthekaonwillincorrectlybecaliedaprimaiy
hon andwill give a badtag. -

2. Bad K,: kaonsarisingfrom the W± in either the b-c or the c-s transition canhave either
sign. Sincetheywill often be measuredasbeinginconsistentwith pointing to the primary ver
tex, theyproducea backgroundfor the good K5 tagsdiscussedin the first point.

3. Good K0: thesekaons contain the cquarkwhich is created in associationwith the s-quark
containedin the B5 mesonandcan also be usedas tags Note, however,that the sign of these
kaonsis oppositeto thosekaonsin point I. Here a K.0 K implies a mcsoh.These
kaonswill in generalbe producednearbyin rapidity to the reconstructedB5 mesonand canbe
distinguishedfrom the kaonsin point 1 since they are producedat the primary vertex. They
havean advantageover K3ts from the decayof the accompanyingB, in that theysuffer no os
dilation effects.

4. Bad K: hansproducedfrom the sñeain the numeroushadronizationprocessesat the pri
mary vertex are not associatedwith the B3 or B5 mesons.Such kaonscan be of either flavor
andthus dilute the hon tagging. Thesekaons are particularly troublesomefor the tagsdis
cussedin point 3 sincethey are also associatedwith theprimaryvertex.

We havestudiedpossible tagging schemeswith PYTHIA generatedeventswhich contain a B5
mesondecayingaccordingto Reaction 10 in- Section3.1. No requirementsare madeon the hadroniza
tion or decayof the associatedb-quark.As describedin the P238proposal,eventsarepassedthrough
ourtriggersimulationsoftware and the B, is reconstructed.We next sort the kaons,which art accepted
by the spectrometer,accordingto chargeand checkif the hon track is consistentwith pointing to the
primary vertex, using the softwaresimulation packagefor the micro-vertexdetectorand online algor
ithm. Thosekaonswhich areconsistentwith coming from the primaryvertexare K thosewhich are
inconsistentare calledK3.

-
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Table 4 containsthe resultsof a study of 313 reconstructedB mesonsin the form of a matrix.
The top row containseventsin which no correct tag was found. The secondrow containseventsin
which one or more good K3 tag is found. The third row containsevents in which one or more
good 1C tag is found. The bottom row containseventswhich contain both good K5 and 5 tags.
Similarly, the first column containseventsin which no badtags are found. The secondcolumn con
tainseventswith bad K5 tags.The third column containseventswith bad5 tagsand the fourth con
tainseventswith both bad K5 and 5 tags. Note that, sincethe eventgeneratorprogram,PYTHIA,
containsno B oscillation effectsin it, it is possibleto know for eachevent,what constitutesa good tag
or a badtag.

Table 4: NumbersofGoodvs.BadKaonTags in 3/3 B5 Events

Bad tags

none 15 both

none 84 18 22 5
Good -

K5 41 23 12 [21
Tags

Kp 51 1 - 18 [11

both 16 [5] [81 6

Note that eventsin roundbrackets,Q, haveonepair or both of either K54 and K5 -

or K04 and K. Theyprovide no tagginginformation and canbe droppedfrom the table.
Evenisin squarebrackets,[ ], havein addition to suchpairs, also oneor more K5 or 5.Theseeventsthereforeprovideuniquetags andcan be addedto the appropriatetaggedevent
samplesin the first columnor first row.

The reductionof Table 4 is facilitatedby the observationthat severalcategorieshave,asindicated
inthe footnotein the Table,both secondaryK4 and K- or both primary K and K. Thesepairs
obviouslyprovideno tagging information andcan be droppedfrom furtherconsiderationor,if thereis
an additionalK, or in the event, addedto the appropriatefirst column or first row entry. After
thesesteps,we are left with 12 eventsin the category,good K5 and bad K.. and I event in the cat
egory, bad K3 and good 5. For theseevents,a correct tagging statementis clearly madeby giving
priority to the K5.

With the stepsoutlinedin the previousparagraph,we an ableto form Table 5, which is a list of
all uniquely taggedevents.Thereare 3 types, thosewhen the tag is providedby a K or K0, respec
tively, and thosewhereboth both agree.The total numberof taggedeventsis 182 eventswhict is 58%
of the total 313 events.All typeshaveapproximatelythe sametagging efficiency, which is 73% for the
total sample.

In conclusion,we find that we canusehensfound in the spectrometerto tag more thanhalf of
all eventscontaininga reconstructedB meson.This is morethanafactorof five larger than the best



Table5: Koon TaggingEfficiencies

Events Fraction Good Bad Good/All
Tagged Tags Tags

K, 81 .26 61 20 .75

5 80 .26 56 24 .70

K5andK 21 .07 16 5 .76

Total 182 .58 133 49 .73

we canhope for with a lepton tag. The triclC which makesthis possibleis the segregationof primary
vertex kaonsfrom kaonsoriginating from secondaryvertices by using impact parameterinformation
providedby the silicon vertexdetector.Our estimatesof the primarytags dependheavily on PYTIU
A’s hadronizationscheme.Nevertheless,our conclusionremainsthat tagging with kaonsis probably
muchmore efficient thantaggingwith leptons.

5. MEASUREMENT OF B LIFETIME

The meanreconstructedB-mesonmomentumof about 35 3eV/c see Fig. 6 in P238and the
meandistanceof 2 cm betweeneventverticesand first silicon detectorplaneseeAppendix B in this
documentallow rathergood measurementsof properflight time for eachevent.

Fig 7 displays the simulatedproper time distribution in units of B meanlife expectedfor the
9000 eventtotal B3 and fl datasampleobtainablein a 10 pbarxr’ run with a single arm instrumented
and using Lead-Glasscalorimetry. This distribution showsthe fitted curve usedfor maximumlikeli
hood fits describedlathenext chapter.

It is seenin Fig. 7 that we haveexcellentacceptancein t aboveabout onemeanlife. The depar
ture from a pure exponentialin Fig. 7 illustrates the combinedeffect of the geometricalacceptance
apertureandtrigger efficiency.The acceptancefunction,At 4t2/1+ 4t2, approximatelydescribes
the net acceptanceand is usedin the generationof Monte-Carloevents in the analysisdescribedin
Chapter6. This function is multiplied by e41’ and shown superimposedon the data in Fig. 7. In
chapter6, simultaneousfits to the data shownin Fig. 7 and to the subsetwhich is flavor taggedsee
Chapter5 are performedto obtainthe B, meanlife, x ctMfI’ andthe dilution factor, K.

The experimentalresolutionin the measuredproper time is obtainedby comparingthe generated
B, flight pathwith its reconstructedvalueseeChapter7 in P238for a large numberof Monte-Carlo
events.ThisdiffexencequantityisplottedinFig.8andisseentohaveastandarddeviation,a= 180
pm. This is an improvedversionof Fig. 33 on page54 of P238.

The error in propertime, at, is obtainedfrom the relation z - ctp/rnand a = 180 pm. With a
meanp 35GeV/c,we find 0t 6.7 %. For a numberof reasons,theexpectedvaluewill be some
what smallerthanthis. Firstly, the datain Fig. 8 are calculatedusing a distanceof 5 cm betweensili
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Figure 7: Simulatedpropertime distribution in units of B meanlife for 9000 reconstructed
05 events.Thedeparturefrom a pureexponentialillustratesthe acceptanceeffectsof
geometry,triggerandeventreconstruction.The superimposedcurve is the empirical

acceptancefunctionAt = 4t2/l +4t2 multiplied by rt/T This curve is a reasonablygood
fit to the B eventswhich havebeenacceptedby our triggersimulationandreconstruction

programs.

6OWAYOIST. cm
Figure 8: DifferencebetweenMonte-CarlogeneratedandreconstructedB track length.The

width of this distributionstandarddeviation,az - 180 pm gives the uncertaintyin our
measurementof the B track length.As discussedin the text, severalimprovementsin

softwareandhardwarewill result ina actuallybeingsmaller thanthis value.

con detectorplanesusedin theP238silicon configuration.We havesincedecidedto decreasethis dis
tanceto 4 cm seeAppendix B in this document.Secondly,the algorithm usedin the calculationof
thedatain Fig. S canbe further improved.
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6. SIMULATION AND ANAL YSISOF B, MIXING

As discussc4in the previouschapters,we expecta total sampleof at least9000 Mly reconstructed
B5 and B mesonswith measuredproperdecaytime, per lOpbanrt integratedluminosity if both
outgoing arms are instrumentedwith spectrometersand 0.5%/.JE electromagneticcalorimetryis used.
This minimum number assumesthat only the decaymodeslisted in Table 2 are reconstructed.The
observationof additionaldecaymodesobviously increasesthe eventyield. According to the tagging
discussionin Chapter4,58% of theseevents,or about 5000, will be taggedwith chargedKmesons.

Six different observablepropertime distributionscan be formed using theseevents,as shown in
Table 6. The expectednumbersof eventsof each type are also shown, as well as the mathematical
functionwhich is to be fit to each.

Table6: TypesofProper TineDistribu:io,u & SampleSizesAc

Type No. Events Natureof Properlime Distribution

B5untaggtd 1980 At .etIt

if5 untagged 1980 At ‘e’

B5 taggedwith K 1260 At et/t ‘1 - Kcosxt/t]

if taggedwith K 1260 At e/’ -[1 + Kcosxt/r1

B5 taggedwith K 1260 At . et/T -[1 + Kcosxt/t1

B taggedwith K 1260 At et/t -1 - Kcosxt/t]

a The totalnumberof eventsin this table,9000, correspondsto an integratedluminosity of
10 pbarxr’ and two instrumentedarms,as discussedin Chapter3. The tagging fractionsare
discussedin Chapter4. The equationsarederivedin Chapter 2.
bThesignoftheKtagshownineachcaseassumesitisasecondaryK,asexplainedin
Chapter4. 11 it is a primary K, its sign must be oppositeto correspondto the function
shown.
c For the tagged distributions, the actual numbersof eventswill be somewhatdifferent
whenx is small sincethe integralsof thetwo types of functionsarenot equal.

In theseformulae the mixing parameter,x = AM/F and t is the B3 lifetime. Thus, the proper
time, t, appearsin units of this lifetime. K is the dilution factor, explainedin Chapter2, which results
from afl types of xnis-tagging".At is the acceptancefactor which dependson trigger efficiency and
eventreconstructionefficiency, as discussedin the last chapter.
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In order to demonstratethe expectedstatistical significancein the determinationof; r and K
with samplesof this size, arid also to tow how the significance dependson sample size and back
ground,we havegeneratedMonte-Carlodata samplesand subjectedthem to joint maximum likeli
hood fits with x t and K as free parameters.In the generation,the acceptancefunction is takento be
At = 4t2/l + 4t2. As explainedin Chapter4, this curve describesthe simulateddatasufficiently well
for our presentpurposes.

A Monte-Carlodata sample of 9000 events was generatedaccordingto the equationslisted in
Table 6 for eachof the x values,0.7, 5, 10 and 15. The value of K usedin the generationwas fixed at
0.34, which is approximatelythe productof the dilution factorsdiscussedin chapters2 arid 4, but also
includesa factor of 0.95 for Cerenkovmisidentificationandtakes into accountthe fact mentionedin
Chapter4 that oscillationof the taggingparticleis not arelevantconcernfor K tags.

A simultaneousmaximumlikelihood fit was then madeto the entire datasample using, for each
event,the relevantequation.For example,the likelihood function for a B taggedwith a secondary
K is:

At - eI’ ‘El - Kcosxt/r]
2=

JAt - e - t/T
- [1 - Kcosxt/rJdt

The sumof -log 2 for all eventsis minimized usingthe programMINUIT. The resultsareshownin
Figs. 9 for all four valuesof x andthe fitted parametersK andx aregiven in Table 7.

A measureof the uniquenessof the maximafound in the likelihood function is given by plotting,
for eachcase,the value of that function vs. x, with fixed t and K. t can be obtainedindependently
from the time distribution of the entire sampleand the value of K is known reasonablywell from
physicsargumentsand observedbackground.Suchplots areshownin Fig. 10.

The fits shown in Fig. 9 and Table 7 areexcellent.The fluctuationsin the likelihoodfunction vs.
x seenin Fig. 10 are a very small fraction of the convergencepeaks.We can thus concludethat, if our
estimatesaxe correct, a successfulexperimentcould be performedwith far fewer eventsand/ormore
background. -

Thus, we now investigatethe dependenceof the quality of the resultson samplesize and back
ground.This will allow us to finally decideon a whetherto instrumentonly onearm or botharms;
b whetherto constructaLead-Glasscalorimeteror a Liquid-Xenoncalorimeter.

The parameterswhich best indicatethe samplesize requiredfor a good measurementof B5 mix
ing are the error in the mixing parameteros andthe significanceof the oscillationamplitude N0
K divided by theerror in K. We plot thesetwo quantitiesas a functionof the numberof signalevents
in Fig. 11 for a fixed K value of 0.34 and an x value of 15. It can be seenfrom this figure that at the
expected yield of 3000 eventsfor a Lead-Glasscalorimeter and one instrumentedarm, we expect a
highly significant measurement9 standarddeviationsin the oscillation amplitudeandan error of less
than±0.! on the measurementof L

This is further illustratedin Fig 12 which show the resultsof likelihood fits performedon a sam
ple size of 3000 simulatedeventsfor the samex values usedin Fig. 9. In the simulationof this 3000
eventsample,we havealso takeninto accountthe expectedsignal/backgroundratio about4 for the
Lead-Glasscalorimeterillustrated in Fig. 4 of section 3.2. Since the backgroundis mainly associated
with B events,we assumethat it will havean exponentialpropertime dependencewith the samelife
time as the signal.With this assumption,the only effect of the backgroundis to dilute the oscillation
amplitude andthus reduceK. Evenwith this additional dilution, the significanceof the measurementis
still good and the error on xis everywhereless than±0.1.
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Figw-e 9: Propertimedistributions for the two typesof taggedeventsshownin Table 6 a,b
x 0.7, c,d x = 5, ej x 10, g,h x a 5 The Monte-Carlodatapointscorrespond

to a total sampleof 9000 eventsasdiscussedin the text.The curvesresult from simultaneous
maximumlikelihood fits to the datashownand thepropertime distributionof the entire

9000 eventsample.
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Table 7: ParametersObtainedFrom Fttsa

Input x Value

ShownIn Fig. 9

Fitted K Fitted x

0.7
5.0
10.0
15.0

0.27 ± 0.03
0.30 ± 0.02
0.32 ± 0.02
0.33 ± 0.02

0.70 ± 0.05
4.99 ± 0.03
9.96 ± 0.03
14.93 ± 0.03

a For a 9000 eventsample

c. &‘9. X - 614/4’

F:gw’e JO: The log-likelihood functionplottedvs. the mixing parameter,x for four data
samplesgeneratedwith x - 0.7a, 5b, 10c, 154. The valuesoft andK axe Zxedto

their generatedvalues.
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The 3000 eventsampleobtainedwhen we assumeone instrumentedarm and a Lead-Glasscab
risneter,is seento yield an acceptablypreciseand significantmeasurementof the mixing parameterL
We next try to find the minfrnum eventsamplesize which will allow an adequatemeasurementof the
mixing parameter.Referingagainto Fig. 11, we seethat a samplesize of as few as 500 eventswill give
a 4a measurementand an error on xof about 14%. We investigatedtheuniquenessof the solutionby
studyinga in Fig. 10 the log-likelihood function vs. x for several randomlygeneratedsamplesfor
eachtype of samplete. In Fig. 13b, we showa typical exampleof theresultingcurves. In Fig. 13a
a typical badexampleof the result for a 250 eventsampleshows that it is not possibleto obtain re
liable results with such a small sample.For comparison,Figs. l3b,c,d show typical log-likelihood
functionsplottedvs. x for samplesizesof 500, 1000 and 3000 events,respectively.We concludethat a
samplesize of 500 eventsis the smallestsamplesize from which a meaningfulresultcould be obtained.
Thus,ourpredictionof 3000eventsimplies a safetymarginof abouta factorof six.

0.2

0.te

0.12
ax

0.0S

0.04

0. 3

Figure II: a Error on the mixing parameter° vs. the numberof B5 signal events.b
The significancein standarddeviationsof the oscillationamplitudeK vs. thenumberof

B3 signalevents.

Events in Signal thousands
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Fipo-e 12: Propertime distributionsfor the two typesof taggedeventsshownin Table6
a,, x 0.7, c,d z - 5, e,f x - 10, gb x a 15. The Monte-Carlodatapoints

correspondto a total sampleof 3000 eventsas discussedin the text. Thecurvesresult from
simultaneousmaximumlikelihoodfits to the datashownand thepropertime distributionof

the entire3000 eventsample.
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7.0VER VIEW OF OTHER EXPERIMENTS

Wehavebnakdtocomparethisexperiinentwithotherexperimentswhichwilbtakedatain
thenext few years,with regardsto the feasibility of measuringthe B mixing parameter.This is ahard
task since,to our towledge,no detailedanalysisof the type presentedin this addendumto P238 cx-
ins for theother expesisnents.Somework along theselines hasbeendone to evaluatethe impact of
new or upgradedmsrMne5 seefor exampleRoudeau[Selectedtopics in B physics at LEP, LAL
89-UI On B mixing attheluminosity-upgradedLEt’.

Weliinitourselves,therefore,togjveatableofindicatorsI’able 9whichismeantto providea
qualitativeunderstandingofthe relativemeritsof differentexperiments.

The choice ofindicators is basedon the fact that thedeterminationof s requiresa preciseIncas
urernentof the time distributionof B5 and 05 where the particle / antiparticle identity is definedat
t 0. The figuresof merit are:

I. The expectednumberof taggedB Us mesonsselectedby the trigger which haveall the de
cayproductswithin thedetectoracceptance.
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2. The capabilityof fully reconstructingB5 final states,acharacteristicthat dependscrucially on
thequality of particleidentification,especiallyer-K separation.

3. The precision of the reconstructionof the vertexcoordinate.Vertexmeasurementis essential
both as a tool for identifying secondaryvertices,and to measurethe time distribution accu
rately.

We have chosenfour experimentsto representgeneralclassesof experimentsee low cner’
collider, fixed target,etc.. In our opinion the chosenexperimentshave the highestsensitivity to B of
experimentsin their respectiveclasses.We do not considerexperimentsto be done at machinesthat
eitherare in the designstagePSI, SSC,etc.or requiremajorupgradesHigh Intensity LEP, Fermilab
Tevatronwith a newmain injectorsincetheywill takeplace,we trust, on a different time scale.

The estimatesfor the number of eventsfrom the different experimentsis straightforward.The
numberof B5 ÷ fl is equalto

2
- f 2 dt Ob5’ F5 . A

where F5 is the numberof B or per bEevent,and A is the fraction of B5 or eventswith the
decayproductsin the spectrometer.We have usedthe input valuesdescribedin Table 8. Wherede
tailed information is not available,a reasonableupperlimit is used.

Table 8: Estimatesofeventsamples

Experiment CLEO TSS DELPHI 8771 CDF P238
CESR LEP FNAL FNAL

Integrated2 lO’plr’ 150pb’ 250pb’ IOpV1 lopb’

°bb 0.27nb 6.Snb 2Onb 45Mb 10Mb

B3 FractionF5 1.0 0.2 0.2 0.2 0.2

AcceptanceA 1.0 1.0 1.0 1.0 0.295

Number1of B5
in Detector 5.4x 10’ 3.9x 10’ 2x 10’ 1.8x lO l.2x 10’

‘Perrunof 10’ sec.of datataking

We repeatthe last row of Table 8 the estimateof thenumberof B5 eventsin eachdetectorat
the top of Table9. The secondrow of this tablegives theexpectedyield after triggering. For the trigger
efficiency we havetakenarbitrarily t=08 for DELPHI andCLEO. For 8771, the trigger requirestwo
muonsin the final state,and shoulddetecteventswith one J/’ - p’gr, or eventsin which both B’s
decaysemileptonically,The geometricacceptancefor the two muonsis 0.25. We thentake:

= 0.25{BRB-p2 + BRB5-JN-BRJ/’I-.ppJ = 0.251.1242+ Sx 109 = Sx10’.



ForCDFthetriggerstquiresonemuonwithhighpsothetriggeracceptanceis‘t °24ptcut-
Becausethezntn’mump is unhiown,we leave 1.

The numbersin parenthesesin the last line of the table are obtainedby multiplying the number
of eventscollectedby the triggerby the reconstructionfactorobtainedfor our experiment9000/Sx10’

lix l0. In the caseof LEP, this estimateagreeswell with the numberobtainedby scalingdown
Roudeau’sestimateto the nominal LEP luminosity.

Table 9: ComparisonofExistingExperimentswith P238

Low Enerp High Enew FixedTarget p - p This
ee Colliders ee Colliders Colllders Experiment

Experiment CLEO T5S DELPHI E771 CDF
CESK LEP FNAL FNAL

Number’ of B5
in Detector 5.4x 10’ 3.9x10’ 2x 10’ 1.8x ID’ 1.2x tO’

B5+05 Selected
by Trigger 4.3x 10’ 3.lx 10’ l0 2.2x tO’ 5x 106

o1JL >50 .11 .05 .04 <.06

ParticleID Partial Yes Yes? No Yes

Event Sample 7 245558 l8 7 9x 10’

‘Perrunof j37 sec.ofdatataking

We concludethat:

1. CLEO is not competitivein this measurementbecausethedecaypath is measuredvery poorly
and the samplesize is low.

2. CDF is theonly experimentwhich startsout with largestatistics,but reconstructionandposi
tive identification of the B will be madevery difficult by the lack of good quality particle
identification.

3. E77l doesnot havesufficient statisticalpower.

4. DELPHI is the experimentwhich comesclosestto performingan x5 measurement,but it is
still too weak from the statistical point of view. In fact, Roudeauestimatesthat one needs
thirty times the statisticsof a typical run to measurethis effect.



APPENDIX A: Commentson Data-DrivenProcessor

As reportedin our memo to the committeeSPSC/M 443 of 16 May, 1989, we havedecidedto
use the existing Nevis/Universityof Massachusettsprocessordesignto implementthe trigger algorithm
describedin the P238proposal.

We havediscussedthe P238algorithm at somelength with Bruce Knappand haverealizedthat
the problemswe face aresimpler thanthosealreadysolvedby the Nest groupfor their trigger in Fer
milab ExperimentE690.Thereareseveralreasonsfor this

* We look only for straight lines in 3 planes,while they are reconstructing5 point tracks in an
inhomogeneousmagneticfield.

* Our algorithmdoesnot call for matchingtracksbetweenviews. Theirsdoes.

* We do not require track fitting for parameterestimation.They do.

* Unlike E690, we are not attemptingfull efficiency for track finding we would in fact rather
losethe low momentumtrackssincetheyhavepoor impactparameterresolution.

* Since our detectorisdivided into four independentquadrantsand since, at the collider, the
tracks are not folded into the forward direction by a Lorentz boost, we have a substantially
smaller track density and thus a smallernumberof hit combinationsto sort through despite
the increasedtrackmultiplicity at the collider.

Although they do not try to find an eventvertexusing all the found tracks in an event,it appears
we can adaptand extendtechniquestheyusefor track fitting to the vertexfinding problemwith rather
little difficulty.

Fig. 14 is a preliminaryblock diagramof a processorsuitable for the P238 algorithmas described
in Section4.3 of the P238proposal.We divide the processorinto 5 subroutines,which are isolated
from eachother by control buffers. The 3-plane line finder containsmost of the hardware,approxi
mately 160 existingNestmodulesdivided into eight identical ièctions 4 quadrantsx 2 views andis
essentiallya copy of a basicline-finding subroutinedesignedby BruceKnappet aL

The Nest processormodulesarethemselvesquite simple. Eachmodule takesone or two 24 bit
16 data + 8 control input data words,performs some simple operationon them and producesan
output which is passedon to the nextmodule. All modulesin the systemare clockedsynchronously
and the input andoutputdata wordsare latchedinto registersor, eachclock cycle. Carehasalso been
taken to allow accessto all of the input and output registersin the system,either for readingdataor
inserting data.This greatly simplifies the taskof debugginganddiagnosingproblemssince the stateof
the systemcan be determinedand checkedon a cycle by cycle basis.

The rest of the subroutinesfor the P238 algorithm havenot yet beenmappedout in complete
detail but preliminary designwork indicatesthat we will needfewer than 100 modulesfor the rest of
the systemfor a totalof about260 modulescomparedto about700 modulesfor the E690 processor.
We will needto designone module for the Histogranunersubroutinebut can probably use existing
Nevis modules otherwise although perhapssomeminor modifications may be necessary.Detailed
designof the systemawaitsthe completionof the softwareemulatorp2rtnlgedescribedbelow.

The processoremulatoris a softwarepackagedesignedto simulatetheactionof the processoron
a cycle by cycle basis.Eachprocessorboard type of which there arc 47 is simulatedby a separate
subroutine.The simulationextendsnot only to the processingof eventdatabut also communication
with the processorcontrol structure.The emulatorcan thus mimic suchactionsas the loading of U.
bles,the processingof real data,or loadingandreadingtestdatawordsinto anyregisterin the system.
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A processoralgorithmconsistsof alist of boards,the specificationof the contentsof anymemory
elementson thoseboardsand the specificationof how theseboardsare to be cabledtogether.Sucha
list is Imown as a configurationfile. The emulatorreadsthis file in its initi.Iintion phaseand thusde
termines which board subroutinesmust be called. It calls these subroutineswhich in turn reserve
enoughmemoryto hold any tableswhich must be downloadedas well as memorylocations for the
input andoutputrtstets.Storageis also reservedto hold cablecontentsandpointersareset up to the
memorylocations which hold the contentsof the input and output cables.After this mitiabzation
phase,thememorylocationsreservedto hold on-boardtablesare loadedby simulatingthe cycles that
would be executedby theprocessorhardwarein performingthis fbnction.
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Figw-e 14: Prelinrinwy block diagramofP238processor



At this point, the emulatoris readyto processdata.Datais put into the locationsreservedfor in
put cablesandthe board subroutinesare called for eachboard listed in the configuration file. Each
board subroutinechecks for data on the input cables,and if presentperformsits operationand modi
fles the memorylocationsreservedfor its on-boardregistersas well as that reservedfor its output and
possiblyinput cable.This procedurecompletelyemulatesthe processingperformedin oneclock cycle.
It canthenbe repeatedany numberof times to simulatesubsequentcycles,If theprocessis repeateda
su5cientnumberof Sues,the datawill eventuallypropagatethrough the entire ‘pwcessoCassuming
it is correctly designedand start appearingin the locations reservedfor the output control buffers, to
getherwith the processeddata.

Using the emulator,it will be possible to preciselypredictthe operationof a given algorithmon
anyset of simulatedeventdata. For example,the avengenumberof clock cycles per eventcan be eas
ily detentedandproblemsof precisioncanbeinvestigated.

The emulatorwill be usablenot only for the designand evaluationof processorconfigurations
but also for diagnosticssince-thesamedatacan be given to both the emulatorand the real processor
and the resultsof the computationcompared.Theoperationof a singleboardcanthus be evaluatedas
can the operationof an entire subroutine.

We are currently collaboratingwith B. Hartouni of the University of Massachusetts,Amherst to
write this emulation package.Two of us M. Medinnis and It. Dzhelyadin are actively writing new
modulesand debuggingexisting ones.We arealso training a studentD. Lynn and plan that before

the endof August, to haveateamof 4 nearlyFill-time peoplealso incLuding 3. Zweizig working on

softwaredevelopmentat CERN, in addition to E. Hartouni.

Currently,a total of 10 of the required47 softwaremoduleseitherexist or are underdevelopment.
We plan to finish writing the codeby the endof Septemberor early October.Soon thereafter,some of

us will go to Fermilab to work with the E690 collaborationon the installationanddebuggingof their
processor. -

Replicationof the modulesnecessaryfor constructionof the processorshould be completedby

earlyJanuary 1990.The Nevis / University of MassechusettscollaborationE690 hasagreedto lend

usthe rack andcratesnecessaryto housea processorof the sizeweenvision.



APPENDIX B: New Silicon Micro-VertexDetectorConfiguration

In our simulationwork including that presentedin this addendum,we assumea vertexdetector
consistingof 11 parallelplanes,spaced6 cmapart,with eachplanedivided into four 7 x .7 c& silicon
squaresseesection4.1 of theP238proposal.The silicon planesareassumedto be 200 pmthick and
to have25 itm stripson bothsides.

After discussionswith manufacturers,we havecome to realize that such a schemeis not feasible
primarily becausethe 7 x 7 cm2 size is too large to comfortablyfit on the standard4 inch diameter
silicon wafers. We have thus revised our detectordesign. We are now consideringa detectorwhich
consistsof sixteenparallel10 x 10 an2 detectorplanesdivided into four S x 5 cm1 squares,spaced4
cm apart.The detectoris otherwisethesameasthat presentedin the proposal.

This newconfigurationresults in somewhatimprovedimpact parameterresolution for low mo
mentumtracks which will in turn result in a somewhatimprovedminimum bias rejection. We have
not estimatedthe improvementbut we do not expecta dramaticeffect.Anotheradvantageof the new
designis that it extendsthecoverageof the interactionregionfrom jlscm to ±22 cm, thus increasing
the fraction of usableeventsfrom 81% to 94%. The disadvantageof the new schemeis that the
amount of materialin the detectorincreasesby 45%. The resulting increasein multiple scatteringwill
not causeproblemsfor the trigger algorithmsinceonly the two planesclosestto the vertexare usedto
estimatetrack parameters.The effect of increasedphotonconversions,delta ray productionand nucle
at interactionshas not been simulated,but we do not expect the trigger suppressionestimatesto
changesignificantly sincetheseprocesseshad but smalleffecton the original estimates.
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ABSTRACT

We requesta collider run duringthe fall of 1990, in order to test the silicon micro-vertexdetector
proposedin P238.To be certahithat the proposedtriggerwill function correctly, we should verify that
real data,takenin situ underthe sameconditionsof the experimentincluding presentlow-fl machine
configuration,are in essentialagreementwith the Monte Carlo simulationdatausedin the trigger de
sign of P238. Revised conservativeevent yield estimatesand a first analysisof simulated RICH
counterdatafor B axe also given.

‘ Spokesman
‘At this time, commitmentis for silicon testrun
2 Pendingapprovalof the Laboratoryand IN2PJ
3 Pendingapproval of INFN
4 Pendingapprovalof CEN-Saclay
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I. Introduction

In the documents,P238 and P2SSAdd.l,we have proposeda new approachto the study of 13
beautyor bottom physicsat hadroncolliders. Forwarddetectorsinstalledon the outgoinganusof an
interactionregion provide adequateacceptanceof the forward-collimateddecayproductsof B-mesons.
The reconstructionof exclusivefinal statesin B-decaywith minimal backgroundis madepossiblewith
the use of a silicon microvertexdetector,whose elementsare installed perpendicularto the beam, in
side the vacuumpipe and dispersedthroughout± 30 cm of the interaction region- Data acquisitionis
triggeredby the resultsof high speeddigital calculationsbasedon the silicon dataand performedwith
the useof a data-drivenprocessor.

The efficient triggering of’ heavy flavor in hadron machineswas long thought to be next to im
possiblC.However,the successof FermilabExperimentE69I and its successorin obtaininglargeclean
samplesof charmedparticleshaspartly dispelledthis myth. Now, with the severalphysicist-yearsof
Monte Carlo simulationwork reportedin P238, we have demonstratedthat it should be possible to
advanceone step further by triggeringon and obtaining,at the much higher energyhadroncolliders,
relatively cleanandlarge samplesof beautymesons.

While thereare manychallenginghardwarecomponentsin the proposedForward Beauty Detec
tor FED, only the operationof the silicon detectorswithin the SPSvacuumchamberhas intrinsic
uncertaintieswhich could influencethe overall successof the experiment.These majoruncertaintiesare
the amountsof event-unrelatednoise and beamhalo tracks which will be recordedby the silicon de
tectors. Since we have shown, in Appendix A of P238, that the PYTHIA-generatedminimum bias
eventsare in good agreementwith the minimum bias data from ExperimentUA5, it is likely that only
suchunanticipatedevent.unrelatcdnoisCin the silicon could, a priori, presentseriousdifficulties.

In order to determinethe magnitudeof such contributions to the observedsilicon signals, and
thusthe reliability of the proposedtrigger in the completeexperiment,it is essentialto havea prelimi
nary run at the collider with elementsof the silicon microvertexdetectorinstalled in the mannerpro
posedin P238, and‘with the samelow-fl machineconfigurationthat will be requiredby the full exper
intent straight section ± 13 meters. If the silicon data thus obtainedis similar to our Monte Carlo
simulatedsilicon data,the proposedtrigger will work as required.

2. Goals of Coiider Test Run

The collider test will be carriedout with the following goals in mind:

* Write eventson tape, usinga minimum bias trigger beamcrossingsignal in coincidencewith
signals from a modestscintillator hodoscope,to verify and tune offline both our Monte
Carlo simulationand the trigger describedin proposalP238. This will also allow an evaluation
of the effects of backgroundsourcessuch as beamhalo,which are not includedin the sixnula
tion. With this datawe will be able to improvethe presenttrigger algorithm andevaluateand
invent other, possiblymore effective, trigger algorithms.

* it shouldbe possibleto clearly demonstrateevidencefor eventswhich contain B hadronsby
track reconstructionstraightlines in eventswith multiple highmultiplicity secondaryvertices.
We estimatethat 10’ eventson tape will yield approximately 100 eventswith visible B ha
drons. Detailed estimatesaxe beingmadeof the fraction of thesewhich will be distinguishable
from the more abundantcharmedparticleevents.

* Measureradiationdosesto detectorand readoutelectronics.For a numberof reasons,we are
reasonablyconfident that radiationis not a problem:a our silicon detectorswill be retracted
about 10 cm front the beam line when the machine is not in "stable beanC state; b from
measurementsmadeby UAS, the halo rateundernormal operatingconditions is rathersmall;



c the beam-beaminteractionrate is not highenoughto causedifficulties. We will nonetheless
take this opportunityto install dosimetersat variousplaceswithin the detectorvolume.

* Test the precision and reproducibility of the detector positioning mechanismusing recon
stnactedtracks in the silicon. Although suchtestscould be donein a fixed targettest beam,the
completedsilicon mechanicssystemseeSection 4 below is not likely to be availablebefore
the endof the fixed target runin June,1990.

Finally, we note that, in Appendix A of P238Add.l, we described the current status of the
data-drivenprocessor.Developmentof the software package which will allow emulationof the full
trigger processoris in pro&esswith very high priority and productionreplication of the hardware
modulesshouldbe completedearly in 1990. Although the online useof theprocessordoesnot consti
tute an uncertaintyin the sameclass as thosementionedabove, it will nonethelessbe possibleto have
a smaller version of the full processorrunningon-line by the time of the collider run about 30 mod
ules out of the MI set of about 261 modules.This test processorconfiguration would include one of
the eight 3-point line-finding subroutinesof the final processorconfiguration, a duplicate rejection
subroutineanda first vertexestimatorand would be capableof online reconstructionof the tracks and
calculationof the vertex positionusingthe first-vertexestimatedescribedin Section4.3 of P238.

3. Silicon Detectors

The following two paragraphsre from Appendix B of P238Add.1.

In our simulationwork including that presentedin this addendum,we assumea vertex
detectorconsistingof 11 parallel planes,spaced6 cm apart,with eachplanedivided into four 7
x 7 an2 silicon squaresseesection 4.! of the P238 proposal.The silicon planesare assumed
to be 200 gun thick andto have25 gsm strips on both sides.

After discussionswith manufacturers,we have cometo realize that sucha schemeis not
feasible,primarily becausethe 7 x 7 cm2 size is too largeto comfortablyfit on the standard4
inch diametersilicon wafers. We have thus revisedour detectordesign.We axe now consider
ing a detectorwhich consistsof sixteenparallel 10 x 10 cm2 detectorplanesdivided into four
5 x 5 cm2 squares,spaced4 cm apart.The detectoris otherwisethe sameas that presentedin
the proposal. -

In order to keep the detectorfor the test run as simple as possible,consistentwith attaining the
goals listed in Section 2, a subsetof the full 16-planedetector systemwill be used.Fig. 1 showsthe
6-plane system which will be constructed.The planes are perpendicularto the beam line and are
spacedevery 4 cm. Eachdetectorconsistsof independentupperand lower assemblies,eachof which
comprisestwo 5 cm x 5 cm detectorsside by side. The detectorswill only have vertical microstrips.
We canthus saveconsiderablemoneyandeffort while still meetingthe goals of the proposedtest.

With the 6-plane geornctjy of the test detectorsaboutone third of all events will occur in a
roughly 8 cm long region, which will allow reconstructionof tracks with at least threehits in one
hemisphereandtrackswith two hits in the oppositehemisphere.

Since the version of the Berkeley SVX chip intendedfor use in the final experimentwill not be
availableuntil 1991, we will usethe current SVX chip VersionD. This chip is a productionversion
and is now being installed on the CDF microvertexdetector.For the test run, we will readout the
chargeassociatedwith all hit strips.

BecauseVersion 1 of the SVX chip is designedto couple to 50 p pitch silicon detectors,the de
tectorsusedin the test run will have50 micron pitch insteadof the 25 micron pitch of thedetectors‘an
the final experiment.Since the configurationto be usedin the testwill only measurecoordinatesin the
horizontalview, therewill be a total of about24,000channels.
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4. SupportMechanics & RF Shielding

The esseptialrequirementsfor the silicon support mechanicsare discussedon pages 16-18 of
P238.Thesehave beendiscussedwith membersof the SPS vacuum group and various ideas on how
to achieve them have evolved. In particular, }lartmuth Wahl of that group has suggesteda scheme,.
wherebythe silicon detectorsare isolatedfrom the main machinevacuum by a window which would
also provide sufficient shielding against RF pickup by the silicon detectorsdue to the passingbeam
bunches.

It has beensuggestedto us that the Vacuum Group might be able to assist us in someprelimi
nary testsof the RF pickup problemby constructinga model chamberin which one of our presently
runningsilicon detectorsis posItionedcloseto a long wire, through which a currentpulseis passedto
simulatethe passageof a beambunch. Such a test would ve us a first estimateof the amount of
shieldingnecessaryin theconstructionof the full mechanicalsystem.

It is our understandingthat }laitmuth Wahl hascommunicatedto Pierre Darriulat his assessment
that the completesilicon mechanicssystemcould be designedand constructedto be ready for a fall
1990 run in the collider. From our side, we would havethe necessarydetectorstestedand ready for
installationon the mechanicssystemseveralmonthsbefore the run.

b.omt!

0.4 an

5 cm

Figure 1: Proposed6-planesilicon detectorsystemfor collidet test run. Sideview tows the
4 cm spacingbetweenplanes.and the independentupperandlower detectorassemblies.The
beamspassthroughthe 4 mm gapbetweentheseassemblies.The front view showshow the

upperandlower assemblieseachcontaintwo 5 cm x 5 cm silicon detectorsside by side.



S. Preparation Timetablefor Coiider Test Run

Due to the effort madein preparingsilicon detectorsfor a test run in one of the UA8 Romanpot
spectrometersduring the 1989 run of the SPS-Collider,we alreadyhaveall necessarySVX-chip read
out electronicsand relevantsoftwarefully operationalandinterfacedto an online MicroVax computer.
We plan to install this equipmentas a silicon test setup in a fixed target test beamduring the next few
weeks. With this test setup,we will test andcomparesilicon detectorsfrom threesources,The Central
Institute for IndustrialResearch’Oslo, Hamaniatsuand Micron.

We already have Hamamatsuand Micron detectorswith SVX readout chips bonded to them.
They are thus ready to be installedin a test beam.We can bond an existing SYX chip to one of the
Oslo detectorsin a short time and thus be ready to comparethe readoutof all three detector types
with that chip.

We shouldhaveall testscompletedby the endof this year, in time to havecompletedproduction
runs of the necessarydetectorsand SVX chips on the necessarytime scale. We will be ready for the
mechanicalinterfaceof the detectorswith the mechanicalsupportstructuresprovided by the SI’S Di
vision, in time for a fail 1990 Collider run.

6. Thnetablefor CompleteExperiment

If designwork of the other detectorcomponentsmagnets,chambers,:lead-glasscalorimeter and
RICH detectorsis carriedout in parallel with preparationsfor this proposedsilicon test, it should be
possible to go into full productionbefore the end of 1990. With some considerableeffort and help
from CERN, it may be possibleto have a completeddetectorreadyfor use before the end of 1992.

The Oslo sour manufacturescapacitively.coupledstrip detectors with integrated polysilicon bias resistors, which were pio
neered by P. Weilhammer and T.E. Hansen see: M. Cacccis et al.. NIM fl60 871241. The advantage of this approach over
other detectors now in use is the elimination of d.c. offsets which can be caused by channel.dependent leakage currents. Such
detectors have been developed for use in the DELPHI microvertex detector and are found to give reproducible results within
very tight specifications. The possibility of also conveniently reading out the n-side back-side readout is a very promising
aspect which could be very useful for us in the construction of the final complete silicon trigger detector.
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APPENDIXA: REVIEW OF EVENT YIELD ES11MATESIN P23SAdd.I

We have reviewedour estimatesof B5 and eventyields in P238Add.1 and adjustedseveralof
the assumedefficienciesandbranchingratios in an attempt to provide a moreconservativeview of the
situation.Table 1 is a revisedversion of Table 2 in P238Add.I and containsthe new estimates.With
two arms instrumentedand Lead’Glass electromagneticcalorimetry, 1900 reconstructedB5-mesons
should result per 10 pbam’ integratedluminosity with Liquid-Xenon calorimetry, 2800 eventsre
sult. Thus,with one arm instrumentedand Lead-Glasscalorimetry,approximately 1000 eventscould
be obtainedper 10 pbarir’. This should be sufficient for an excellentmeasurementof AM/F, although
theadditional factorof two statisticsavailablewith a secondinstrumentedarm wouldbe comforting.

Table!: RSsedB3 & A, Event Yields

1.5’ 10 bE Producedfor J2dt = 10 pbarn’

x IO B Ii x 10’ 0.12 B8 Production

5.4 x 10’ £4 x 106 0.30 = 2-Arm GeometricalAcceptance

4.9 x 10 4.9 x 10’ 0.09 = BRB5 -. D5, D5 and DK with n,r

4.9 x 10’ 4.9 x 10’ 1.00 = BRD5 -. D5 y

2.4 * 10’ 2.4 x 10 0.05 = BRD5 -. KK,r, KK3ir, K°K

1.7 * 10’ 1.7 x 10’ 0.68 = No Other Interactionin BunchCrossing

1.6 x 10’ 1.6 x 10’ 0.94 = VertexAcceptanceof Silicon pVertex

6.5 x 10’ 6.5 x l0 0.42 = TriggerEfficiency D5’ 3ir

3.3 x 10 3.3 x 10’ 0.50 = Event Efficiency Due to Track Finding thsses

1400 B5 1400 B, 0.43 = Event Reconstruction
AssumesLiquid-Xenon e.m. calorimetry.

950 B 950 0.29 = Event Reconstruction
AssumesLead-Glassem, calorimetry.



The five parametersthat havebeenchangedarediscussedin the following paragraphs.

* We now take the bE total cross sectionto be IS pbarn. The 10 pbarn value previously used
correspondedto a II < 1.5 rapidity cut [K. Ellis, private communication.This yields a bE
productionsampleof 1.S.x 10’ eventsper 10 pbam’.

* We now assumethat a if-quark hasa 12% probability to combinewith an s-quarkto makea
B5-meson.This should allow, for example, for the loss of excited B which can decay into
D+ K [V. Khoze, privatecommunication.

* B3 BranchingRatios - We assumeBR 9% for the total of all reactionsof the type:

Ds* + nv± , D5 + nil’ , Du + Knit

We notedin Table 7, page56 of P238that the observedARGUS BR 6.7% for reactionsof
the type Ba - D’ + nit with a 1,2,3 H. Schroeder,RapporteurTalk at XXIV Interna
tional Conferencein REP August 1988 - Munich, FRG and DESY 88- 1011. Ve also assume
that the D5’ to direct D5 ratio is 3/1 and that the final stateDuKnn contributesat least 0.2
%, ving us the total of 9%. Since it seemslikely that we shall also be able to reconstruct
suchfinal stateswith n > 3, our effectiveuseful BR shouldbe largerthanthis.

* D5± Branching Ratio - We now take BR = 5% for all known chargedfinal states:
KKn±, K1’Kin, KOK± [P. Karchin, RapporteurTalk at SLAC Lepton-PhotonConfer
enceAugust 19891.

* Event Efficiency Due to Track Finding Losses - We now assumea total event finding effi
ciencyof 50% due to all possibletrack losses.This should be a very conservativeassumption.
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APPENDIX B: MONTE CARLO SIMULA11ON AND ANALYSIS OF RICH COUNTER DATA

In all our simulationand reconstructionwork reportedin P238and P238Add.1,we haveassumed
that the RICH countersystemperfectly identifiesall particles.We arenow attemptingto makea more
realistic estimateof the RICH identification efficiencies by simulatingthe RICH counterresponseto
the tracks from B5 decayand to all othertracks in the detectors.ThesesimulatedRICH dataare then
analyzed,in order to extract identificationinformationfor the particles.

In order to obtain an overall efficiency for the RICH identification procedure,we havegenerated
200 B5 events,in which all particlesin the final stateK4K7O see Eq. 10 in P238Add.1 are con
tained in the spectrometeraperture.Fig. 2a shows the momentumdistribution for kaons which
emergefrom thedecayof the B. Fig. 2b showsthe momentumfor kaonsin the spectrometerwhich
are not from the B5 decay they provide the K and K5 tagging sample discussedin Section4.2 of
P238Add.I. Fig. 3 showsthe momentumrangesof uniqueseparationfor the indicated particlesin the
liquid andgas RICH counters.

We havestartedby doing an accuratesimulationof the Liquid RICH counterin the first 100-600
mrad spectrometer.The Liquid RICH countersare themost difficult for the following reasons:

60
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c40
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Figure 2: a Momentumdistributionof Kt which emergefrom 85 - D53,ir decay.Shaded
histogramshowsthosethatenterthe first spectrometer100-600mrad;b Momentum

distributionof Kt in the detector,which do not comefrom the decayof B5. Shaded
histogramis sameas in a.
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* The numberof particleswhich produceCertnkovlight in the liquid RICH is largerthanin the
gas counterspion thresholdis about0.2 GeV/c in the liquid and is about 2.6 3eV/c in the
gas counters.

* The ‘ring? are only rings for particlesat normal incidence.Away from normal incidence,the
light is seenin conic sectionswhich havebeentruncatedby light loss due to total internal te
flection in the liquid radiator.

* The radii of the liquid RICH rrngC axe large. Thus, thereis considerableoverlapof the rings
from different particles.There is also some light loss to the walls of the counter.

To illustrate the enormousdifferencebetweenthe iginis in the detectorplanesof both types of
counters,we show in Figs. 4a,b the detectorplanesfor typical events in, respectively,the liquid and
gasRICH counters.For the gascounter,the signals from nineeventsaxe superimposed.Note also that
the noisecgnsls referredto belowaxe not shownin thesefigures.

Becausethe rings in the gas RICH are much much smaller and relatively well isolated, for the
purposesof this study, we piovisionafly assumethat the Gas RICH counterperfectly identifies all par-

I V//4V// K/p
I___

I
m/K

v//n

___________

e/m

I ,,__._... I - I
10 1 10 io2 GeV/c

Figure 3: MomentumRangesof RICH counterIdentification. For eachindicatedpair of
particles,the barsat lower momentumaxe for the liquid RICH counters;the two barsat

higher momentaaxe for the gasRICH countersin the first and secondspectrometers,
respectively.In all cases,the openbars show the momentumrangebetweenthe thresholds
for the lighter and heavierparticles.The upperlimits for the hatchedbarsin all casesshow
the upperlimit for 3o separationit is higherfor the gas counterof spectrometer2 because

its gas radiatoris somewhatlonger.
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Figure 4: a PhotonImagesfor OneTypical Eventin DetectorPlaneof Liquid RICH; b
PhotonImagesin DetectorPlaneof Gas RICH. The sinials from 9 eventsare superimposed
in the gasRICH figure. Noise signalsreferredto in the text arenot shownin either figure.

tides for which at least4 photonsaxe detected.We are in the processof extendingour modelingto the
entire systemand should soon have a more completeanswer. We first describethe RICH counter
simulation, thenthe reconstructionalgorithmandfinally presentthe resultsof this study.

RICH Data Simulation

Apart from an approximationdescribedin the next paragraph,the Liquid RICH countergeom
etry used for this simulation is identical to that describedin P238.As shown in Figs. 22 and 38 of
P238, the counterconsistsof a 1 cm thick radiatorwhich is followed by a 3mm thick quartzwindow.
Cerenkovphotonswhich areemittedin the radiatorpassthrough the window into a 25 cm long, heli
um-filled volume. Alter traversingthe helium, the photonspassthrough a secondquartzwindow into
a photondetector. As describedin Section5.5 ofthe proposal,this detectorconsistsof a TMAE con
versionlayer followed by two parallel-plateamplification regions,andadetectorwith 3x 3 mm’ pi

For easeof simulation, all windows, detectorsand radiatorswere assumedto have surfacesper
pendicularand parallelto the beamaxis. This differs slightly from the proposedgeometryin which the
normalsto the windows are alongthe averageparticle direction see Fig. 22 of P238. This approxi
mation slightly decreasesthe numberof photonsdetectedin a ring imagebecauseof increasedlosses
due to total internalreflection,but shouldhavelittle effect on the the ring reconstructionproblem. In
fact, the averagenumberof detected’photonsgeneratedby the program20 is very closeto the 214
photonsmeasuredby R. Arnold et aL [CRN/HE 87-08] for a Ø1 track normally incident on a
imiln prototypemodule.



AU physical effects relating to the generationand propagationof the Cerenkovphotons were
carefully simulated. Tracks entering the RICH radiator are multiple-scatteredbetweenemission of
photons.The photonsare propagatedthrough the radiator,the two quartzwindows and the helium
space, taking into account the energy-dependentindex of refractionand absorptionlengths in each
medium. Reflectionprobabilities axe calculatedat each interface betweentwo materialswith differing
indices of refraction and photonswere eliminatedif reflection takesplace. The distanceeachphoton
travels in the detectorbefore absorptionis thencalculated,and the detectedphoton position is digi
tized, assuming3 x 3 mm2 pads.

Cerenkovlight is also generatedby all tracks as they traversethe quartz windows this effect is
expectedto account for the major fraction of noise photons.These photonsare propagatedthrough
the counterto the detectorin the samemannerasthosegeneratedin the radiator. It maybe notedthat
the counterconfigurationused in the presentsimulation perpendicularto the beamaxis, rather than
rotatedas in Fig. 22 of P238overestimatesthe numberof photonsfrom this source,since most pho
tonsfrom tracksnormally incidenton the quartzare internally reflectedin the windows.

Analysis of SimulatedRICH Data

The input to our provisional reconstructionalgorithm is the list of tracks and their trajectories
and momenta,as well as the list of hit RICH detectorpadsproducedby the simulationprogram. As
describedbelow, we assumethat, if a particle’s velocity is above Cerenkovthresholdfor pions in the
gas RICH counter,the gas countergives a correctparticleidentification.

For a given measuredchargedtrack, the analysis is basedon the reconstructionof a Cerenkov
emissionangle, 8c’ for eachdetectedphoton at present,each struck 3 x 3 r2 pad is interpretedas
one photon. A straightforwardray calculation, which includesrefractionat the interfaces, gives two
equationsfor the coordinatesx,y of convertedphotonsin the photondetectoras a function of 0c and
the azimuthalCerenkovemissionangle, For each track, we use theseequationsand standardnu
merical techniquesto give 8c and Pc for eachdetectedphotonif a solutionexists.

The subsequentanalysisis facilitated by the removal of hits in the Liquid RICH detector,which
constitutebackgroundfrom two sources:

* For the relatively few tracks in each event which axe above Cercnkovthresholdin the Gas
RICH, a randomnumber,n, is generatedaccordingto a Poissondistribution, whosemean is
the expected/3-dependentphoto-electronyield 20 for /3 = 1. If n>4, we assumethat the
Gas RICH countercorrectly identifies this track trackswhosemomentaarebetweenpion and
kaon thresholdsin that counter,andwhich haveno light, areassumedto be kaons.We then
remove,from the Liquid RICH bit list, all photonsfrom these trackswhich arewithin 2 stan
dard deviationsof their expected 9c this standarddeviation is discussedin Section 5.5 of
P238.

* Cerenkovphotonsproducedin the quartz detectorwindow axe removedby removing all hits
producedin a 1 cm radiuscircle aboutthe point wherethe particle entersthe photondetector.

Since, as discussedabove,the gas RICH counteris assumedto correctly identify all tracks which
are aboveabout2.6 GeV pion thresholdin that counter,we now investigatewith our detailedsixnu
lation how well the liquid RICH countercan be used to identify tracks with momentumbelow 2.6
0eV. Fig. 5 showsa histogramof the valuesof 0c for an identified kaontrackin a typical B5 eventaf
ter the abovecleanupprocedure..A peakis seenat an anglewhich correspondsto the Cerenkovemis
sion anglefor the trackin question.In general,the situationmaynot be soobvious.

In order to quantify the RICH identification picture, we haveemployed the following algorithm
somewhatarbitrarily. For each track with momentumbelow 26 0eV, and for each possiblemass
identity, we count the numberof the photonswithin a road of width, 2a, where°c is the expected
standarddeviationon °c referredto aboveseeSection £5 of P238.A photoncount thus resultsfor
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eachmassidentity possibility. For the particleto be uniquely identified as a particular type, the algor
ithm requires:

* The photoncount, n.7 > 5, within the road for that particle type.

* For all otherparticletypes,their photoncounts,n./ < n7 -4.
We axe also exploring othermore sophisticatedalgorithmsbut this relatively simple one already

gives rather good results. Table 2 gives the resultsof the analysisfor the sampleof 200 events.The
rows are the iruC identitiesof the tracks and the columnsare the identities deducedusingthe above
algorithm.

We see in Table 2 that 85% of all rear kaons are called kaonsby the RICH counters.On the
otherhand,of all tracks that are called kaonsby the RICH counters,88% of theseare real kadns.As
commentedabove, we are fairly confident that theseefficiencies can be improved,as we use increas
ingly more sophisticatedreconstructionalgorithms.
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Figure 5: Histogramof reconstructedCerenkovemissionanglesfor a typical kaontrackthat
is identified by the liquid RICH counter.The momentumof this kaon is 1.7 0eV/c.
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Table 2: RICH Counter ldent4ficazfonMatrix for 200B, Events

Identificationfrom RICH counters

p K it pKw

p 22 22 26
True’

K 3 372 5 62
ID

it 10 30 1277 673

For simplification,muonsarenot includedhere.Their contributionis small, however.


