
March6, 1995

A Study of Calorimeter
for Futur ee

�
e� Linear Collider

Kouji Ishii

Master’sThesis,
Departmentof Physics,Facultyof Science,KobeUniversity,

Rokkodai,Nada,Kobe657,Japan

Abstract

As a program of R&D for the JLC experiment,we constructedtest modules of
compensatingPb-scintillatorfibercalorimeterfor detectionof electromagneticandhadronic
showers.Usingthesetestmoduleswe performedabeamtestat KEK PS � 2 beamline. We
alsotestedthreetypesof photondetectiondevicesin strongmagneticfield. In this articleI
reportresultsof thesetwo tests.
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1 Intr oduction

Towards21st. century, electron-positronlinear colliders with central massenergies in TeV
regionarebeingplanned.In theseprojects,a rich physicswill beexpectedandwe canstudynot
only theStandardModel but alsonewphysicsbeyondtheStandardModel. JLC is oneof these
projects.I haveparticipatedto this projectandstudiedthecalorimeterwith othercollaborators.
Thecalorimeteris adeviceto detecttotalenergyof showerparticles( seeAppendixA ). It is one
of maindetectorcomponentsin collider experiments.In futureelectron-positronlinearcollider
experiments,it is essentialto havea hermeticdetectorwith superenergyresolution. Fromthis
requirement,the calorimetermust havegood energy resolutionfor both electromagneticand
hadronicshowerprofilesandit is desirableto belocatedinsidesolenoid.Oneof thesolutionsto
achievegoodenergyresolutionis compensatingPb-scintillatorfiber calorimeter( seeAppendix
A.3 ). Weconstructedtestmodulesandmadea beamtestat theKEK PS 
 2 beamline. Wealso
testedthreetypesof photondetectiondevicesin strongmagneticfield in orderto readoutsignals
from thecalorimeterinsidesolenoid. In this article I introducetheJLC experimentsandreport
resultsof thesetwo tests.

2 JLC Experiment

In theJLC-I ( JapanLinearCollider phase1 ) report[1] publishedin 1992,it hasbeenproposed
to constructthe linear collider of centermassenergy 300-500GeV as early as possible. In
this sectionI briefly introducephysicsmotivationsof JLC-I and a detectorproposedfor the
experiment.

2.1 Physics

At thisenergyregionfollowing particles,if theyexist,canbedetectedandstudiedin detail.� top quark( ��
������ � 0 ��� ��� ¯� )� a ( light ) neutralHiggsboson( ��
������ � 0 � 0 )� otherneutralHiggsbosons( ��
������ � 0 � 0 or � 0 � 0 or � 0 � 0 )� chargedHiggsbosons( � 
 � � � � 
 � � )� supersymmetricparticles( � 
 � � � ˜� 
 ˜� � or ˜� 
 ˜� � )

The insideof thebracketis a dominantproductionat theJLC-I experiment.For neutralHiggs
bosons, � 0 meansa particle expectedfrom the StandardModel or the extensionof it and� 0  !� 0  "� 
  and � � meantheparticlescomingout from themodelof Minimal Supersymmetric
extensionof theStandardModel. The ˜�$# and˜� # arethecharginoandsleptonparticle.Thedetail
is mentionedin latersection. Throughthesearchandstudyof the aboveparticles,we cantest
theStandardModel with superprecisionandmaybeableto testsupersymmetry( SUSY).
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Even if the light neutralHiggs bosoncannot be detectedat the JLC-I experiment,we can
get the Higgs massboundthroughthe radiativecorrectionwith superprecisionmeasurement
of the %'& and %)( ( *+%,(.- 1 /0��1 and *.%,& - 2023�41 ) due to superior luminosity (576

5 8 1033 9 %�� 2 : � 9 � 1 ). The absenceof the light Higgs bosonimplies the deathof low
energySUSY andGUT. In this case,we might be able to suggesta new physicsthroughthe
measurementsof anomalouscouplingsin self-interactionsof vectorbosons( ;  � and� ). These
studieswill alsoopenup thepossibilityto getinsightsinto physicsat higherenergyscale.

Besides,we canstudyCPviolation andflavor mixing throughinvestigating< physicson the� pole. The studiesof CPviolation andflavor mixing arenot only to testtheStandardModel
but alsovery importantto probeunderlyingphysicsatvery high energies.Dueto somesuperior
performancesof JLC accelerator( high luminosity, highly polarizedelectronbeam,andnarrow
beam) andlargeproductioncrosssectionof < mesonson the � pole,theJLC-I experimenthas
someadvantagesin comparisonto theotherexperiments.

Thus,a largenumberof physicsareexpected,we might beableto testphysicsof thebeyond
StandardModel. This is the reasonfor us to look forward to early realizationof the JLC-I
experiment.

In thenextsubsections,I giveoutlinesof thephysicsandshowthewayof detectingtopquarks
andHiggsbosons.Bothparticlesaremissingin theStandardModelatpresent,thestudyof them
aremainthemeof theJLC-I experiment.I alsoindicatehow to detectsupersymmetricparticles.

Here,I emphasizethedetectionof thesenewparticleslargely dependson theperformanceof
thedetector.

Theotherargumentsor detailsaredescribedin Ref. [1].

2.1.1 Top Quark

The top quark must exist and is no heavierthan 200 GeV from analysesof the electroweak
radiativecorrections.( Ref. [3] )%)&=->%@?BAC%)(DA 200/0�41

In April 1994,thetheColliderDetectoratFermilab( CDF) groupreportedthefirst ”evidence”
for top quarkproductionat the FermilabTevatroncollider ( E ¯E collisions, F : = 1.8 TeV ) in
Ref. [4]. Theysearchedfor 2-jetsand4-jetseventsassociatedwith electronor muon. Total 12
eventsarefoundwith an integratedluminosityof 19.3pb� 1. Theyestimateda top quarkmass
of 174 G 10 
 13� 12 GeV/c2 andthe � ¯� productioncrosssectionwasmeasuredto be 13.9 
 6 H 1� 4 H 8 pb.
This valueof the top quarkmassis consistentwith the expectedvalue from the electroweak
measurementof LEP experiments( 177 
 11� 11 
 18� 19

1 GeV/c2 Ref. [5] ). But in E ¯E collisions,it is too
difficult to studydetailedfeaturesof thetopquark,andit will befirst performedwith e
 e� linear
collider in detail.

At JLC-I, we caneasilyobserve� ¯� pair production. In that region( 150 IJ%)(KI 200GeV )
thetopquarkdecaysmainly to LM; . The ; bosondecaysinto N ¯NPO or

�
¯Q andthefinal statesof the

top quarkareclassifiedto thefollowing threecases.

1Thesecondaryerrorsarecausedby changingtheHiggsmassfrom 60 GeV to 1 TeV.
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� 6-jets(45 % )� 4-jets+ 1 chargedlepton(44 % )� 2-jets+ 2 chargedleptons(11 % )

As an examplethe first case( 6-jets) is considered.In orderto selectthe top quarkevents
from thebackgrounds,weappliedthefollowing requirements.� conservationof 4-momentum� 6-jetsat thefinal states� two pairsof jetswhosereconstructedinvariantmassequalto %)&� smallthrust( seeAppendixB.1 )

Fig. 1 ( quotedfrom Ref. [3] ) showsthe thrustdistributionsafter the all eventsselections
exclusiveof the thrust cut with the Monte Carlo Simulation. It is clear that the thrust cut is
efficientfor � ¯� selection.In thiscase,adetectionefficiencyis 26% andthesignalto background
ratio exceeds10.

The top quarkwe aregoing to dealwith hasmanyuniquefeatures,comparedto quarksof
otherflavors.This is primarily dueto its largemassandwidth. Thedecayof theheavytopquark
is dominatedby �R� LP; 
 , andit causesthelargewidth dueto themassdifferenceof W andt (%)(TS %,& ). Becauseof it’ s largewidth, the top quarkdecaysbeforethenon-perturbativepart
of thepotentialeffectit. Thus,thelargewidth preventsthispotentialfrom affectingthethreshold
calculation,uncontrollabletheoreticalambiguitiesareabsentfrom the � ¯� system. This implies
that we canperformthe cleartestof perturbativeQCD with measurementof the crosssection
in the whole thresholdregion( thresholdscan). Experimentally, the parametersthat enterthe
thresholdcrosssection; UTV F :W %'(  YX (  YZ$[ V\%]?_^  %]`  !a ` ) may be determinedby the threshold
scan. Fig. 2 ( quotedfrom Ref. [3] ) is an exampleof the energyscanto determine%,( andZ [ Vb% ? ^ .

On the otherhand,the momentumdistributionof the top quark reflectsthe shapeof the � ¯�
potentialthat it probes. The momentumdistributionsprovidesadditionalinformationon %,( ,X ( , and Zc[ V\%]?�^ . Fig. 3 ( quotedfrom Ref. [3] ) is anexampleof the reconstructedmomentum
distributionsat the � ¯� threshold.Themeasurementof the forward-backwardasymmetryis also
usedwith thedeterminationof the X ( and Zc[ Vb%�?_^ .

Besides,thereis anothernew andremarkablepropertyof a heavytop quark; the heavytop
will decaybeforeformingatop-hadron.Thisenableusto measurethehelicitiesof parentquarks
by angularanalysesof their decaydaughters.The helicity measurementwill provideus with
a powerful tool to systematicallyinvestigatethe top quark productionand decayvertices,in
particular, whentheverticesinvolvenewparticlesexpectedin theSUSYscenario.

A lot of studiesaboutthetop quarkareexpectedin JLC-I. We haveto do a intensivetestsof
theStandardModel throughtheaboveprecisionmeasurements.
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2.1.2 Higgs Boson

At thepresent,theHiggsbosonor Higgsmechanismexpectedfrom electroweaktheoryhavenot
beenexperimentallydiscoveredandlowerlimit onthemassof theStandardModelHiggsparticle
is 64.5GeVat95% confidencelevel( Ref.[6] ). TheHiggsbosondoesnothaveastrongconfine
suchasthe top quarkin the StandardModel framework. But assumingthe GUT, Higgs mass
doesnot exceed200GeV( Ref. [1] [2] ), andthe light Higgs bosoncanbe searchedeasilyby
theprocess;�4
$���d� � 0 � 0 at theJLC-I experiment.Especially, a searchof intermediateHiggs
boson V\% ? -3%]e'- 2% ? ^ is importantbecauseit is too difficult to detectsucha intermediate
Higgsbosonat theotherexperiments.TheLEP-II experimentis limited by thecenterof mass
energyandtheLHC experimentor otherhadroncollider do not havea goodobservabledecay
mode. On the otherhand,theheavyHiggs boson V 2%]?f-3% e ^ will be searchedfor usingthe
process;� 0 � � 0 � 0 � 4

�
at futurehadroncolliders( LHC ).

In theMinimal Supersymmetricextensionof theStandardModel( MSSM ), theHiggssector
consistsof two doublets,resultingin five physicalparticles;two CP-evenscalars,i.e. a light
one( � 0) andheavyone( � 0), oneCP-oddscalar( � 0), anda pair of chargedHiggs( � # ). There
are relationsamongthe massesof theseparticles. The % e 0, % ` 0, and %]`Dg canbe given in
termsof %)h 0 andtana , wheretana is the ratio of the two vacuumexpectationvaluesof two
Higgs doublets. The Higgs phenomenologyin the MSSM is eitherthe productionof only the
light Higgs particlewith a crosssectionsimilar to that of the StandardModel Higgs particleV\% hji 150/0�41k^ or thesimultaneousproductionsof � 0  Y� 0  l� 0, and � # ( % h A 150GeV ). In
anycase,we candiscoverat leastoneHiggsparticleat JLC-I if natureis really undertheGUT
condition.

Owing to the masscontributionof coupling to Higgs boson,the decaybranchingratio is
dominatedby � 0 � L ¯L in caseof % e 0 A 140 GeV, while in caseof % e 0 i 140 GeV the� 0 � ;m
c;n� decaymode is dominant. Here, we considerthe main decay mode is L ¯L .
Dependingon the decaymodesof � 0, event topologiesof the process �4
��W�3� � 0 � 0 are
classifiedinto thenextthree.� � 0 � 0 � � 
 � � L ¯L ( I 10% )� � 0 � 0 �oN ¯N�L L̄ ( I 70% )� � 0 � 0 � Q ¯Q L L̄ ( I 20 % )

A typical eventof eachtopologyis shownin Fig. 4 ( quotedfrom Ref. [2] ). Thesignalsof
Higgsbosonwill beobservedasa peakin theinvariantmassdistributionof 2-jets,requiringthe
invariantmassof therestsystem( 2 leptons, 2-jets,andmissingof the4-momentum) consistent
with m? . Themainbackgroundscomefrom thefollowing processes.� ��
$�����o;n;� ��
$����� � 0 � 0� ��
$�����o� Q ;
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Thebackgroundof ;p; and � 0 � 0 havea peakat the forwarddirectionin differentialcross
sections.The ;p; and � Q ; eventsdonot include L -quarksatfinal states.Thus,to selectHiggs
bosonswe requiredof eventsproducedin centralregionwith L -quarks. Fig. 5 ( quotedfrom
Ref. [2] ) showsthereconstructed% e at anintegratedluminosityof 30 fb � 1 ( correspondI 100
daysrunning).

Oncea Higgs particleis discovered,a detailedstudyshouldcomenext. The questionto be
answeredis whethertheHiggssectoris thatof theStandardModelor not. Precisemeasurements
of theproductioncrosssection,thedecaywidth, andthedecaybranchingratioof � 0 will answer
this question.Fig. 6 ( quotedfrom Ref. [2] ) showsthecontoursof thetotal width of theMSSM
Higgsin the % h 0 andtana plane. We canalsoestablishthenon-minimalityof theHiggsboson
by measurementof the total crosssectionof � 
 � � � � 0 � 0 ( Uq? e ) and the branchingratio (<�rsV � 0 �oL ¯Lt^ ). Weshouldcomparethe Uq? e 8]<�ruV � 0 �oL ¯L�^ of themeasurementwith thatof the
StandardModel. It is shownin Fig. 7 ( quotedfrom Ref.[2] ). Thedecaychannelof � 0 � �q� is
alsointeresting.For theStandardModel this branchingratio is I 10� 3, but it canbe I 10� 4 or
muchsmallerfor largetana andrelativelysmall %)h 0 in theMSSM.Whetherwecanachievethis
studyor not muchdependson theperformanceof thecalorimeter. Thegoodenergyresolution
for � ( electromagneticshower) is requiredbecausetheonly calorimetercandetect� directly.

TheHiggsstudiesalsoprovideusa possibility to probehigherenergyscalephysicsthrough
the massratio of the bottomquarkto the tau lepton. At present,largetheoreticalerror on %'v
from L ¯L potentialpreventsus from makinga precisetestof the GUT predictions. However, if
themassof the Higgsbosonis in the regionwherethemaindecaymodeis L L̄ , we canmakea
precisemeasurementof the L -quarkmassby measuringthebranchingratio for � 0 � w ¯w . In any
modelswhich generatethe L -quarkand w leptonmassesfrom thesameHiggsdoublet,theratio
of thebranchingfraction for � 0 � L ¯L and � 0 � w ¯w is completelyfixed up to theambiguitiesin%)v and Zc[ . Fig. 8 ( quotedfrom Ref. [2] ) showscontoursof thebranchingratio for � 0 � w ¯w in
theplaneof %,v and Zc[ .

Thedetectionof oneor moreextra-Higgsbosons;% h 0, % ` 0, and % ` g is thedirectevidence
of thenon-minimalityof theHiggssectorexpectedin theSUSYmodels. Theprocessesof the
productionwerealreadyshown( �4
��W�x� � 0 � 0  "� 0 � 0  Y� 0 � 0  and � 
 � � ). Thedetectionof
the � 0 � 0 processis similar way with thelight Higgsboson.A detailedstudiesof theothersare
reportedin Ref. [1], [2] and [7]. In anycase,thedetectionat theJLC-I is easy.

As we describedabove,wecanperformdiscoveryof theintermediateHiggsboson,if it exist.
In this casewe may be able to test the SUSY with the precisionmeasurementof the Higgs
propertiesor thedirectsearchfor theotherHiggsbosons.

2.1.3 SupesymmetricParticles

TheSUSYpredictstheexistenceof a light neutralHiggsbosonwhosediscoveryat JLC is easy,
asdescribedin the previoussection. Howeverthe discoveryandstudyof the lightestneutral
Higgsbosonaloneis notenoughto provetheSUSY. It is definitelynecessaryto discoverat least
onesupersymmetricparticle. Therearea lot of chancesto discoverat leastonesupersymmetric
particle.

In the framework of Supergravitymodelswith the conditionsof the GUT the following
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the parameters;( % 0
 2 2

 lyz tana ), which determinedthe massspectraandthe interactionsof
supersymmetricparticles,areinvolved( Ref. [8] ). In orderto avoidunnecessarycomplications
we will makethe following simplifying assumption.The R-parity is exactlyconservedwhich
impliesthatsupersymmetricparticlescanonly bepair-producedandtheLightestSupersymmetric
Particle( LSP) is absolutelystable.And theLSPmight bethelight neutralinoto beconsistent
with cosmology. We furtherassumethat thesupersymmetricparticlein questionis the lightest
chargedsupersymmetricparticle.

Under theseassumptions,the lighter charginoor the right-handedsleptonwill be the first
observedsupersymmetricparticleat theJLC-I. Thefollowing decaymodesof thechargino and
sleptonaresomeobservablemodes.Dominantdecaymodesof theseparticlesarelistedbelow.� ˜� 
{� ˜� 0 ;3
� ˜� 
{� Q4| ˜� 0 � 
� ˜� 
 � N ¯N ˜� 0� ˜� # � ˜� 0 � #� ˜� # � � # ˜� 0 � 0

where ˜� 0 is thelightestneutralino( in thiscaseLSP) and
�
canbeanyof � , y , and w .

In anycase,wecanuseamissingtransversemomentumor alargeacoplanarity( seeAppendix
B.2 ). The main backgrounds( example�4
c���}� ;p
�;n� ) areremovedby this acoplanarity
cut.Fig.9 ( quotedfrom Ref.[2] ) showsanexampleof theacoplanaritydistributionfor the2-jets
+ 1 lepton( onecharginodecayshadronicallyandtheotherdecaysleptonically) final statesfrom
thelighter charginopair productionswith theMonteCarlosimulation.Theenergy distributions
of the2-jetssystemsfrom the lighter charginodecaysandof themuonsfrom smuonareshown
in Fig. 10 ( quotedfrom Ref. [2] ) andFig. 11 ( quotedfrom Ref. [2] ), respectively.

Thesefiguresexplicitly showthat we cansearchfor a supersymmetricparticleat the JLC-I
experiment.In orderto detectthemissing ~�( , we requirea goodangularcoverageandwe must
constructthehermeticcalorimeter.

2.2 Detector

In orderto achievethephysicsgoalsof theJLC-I experiments,weneedahermeticdetectorwith
superenergy/momentumresolution,good b-taggingcapability and good lepton identification
capability. We made a conceptionaldesign of the detectortaking accountof the physics
simulationsaswell astheexperienceof previousexperimentsandR&D programs.An apparatus
proposedby the JLC working groupis shownin Fig. 13( quotedfrom Ref. [1] ). Thedetector
is basedon modestextensionsof the presentlyavailabletechnology. The parametersandthe
performancesof eachdetectorcomponentaresummarizedin Table1( quotedfrom Ref. [1] ).
Thesevalueswereassumedin thepreviousphysicssimulations.Exceptmuondetector( MUON
), threedetectors;namelyvertex( VTX ), centraldrift chamber( CDC ), andcalorimeter( CAL
) areplacedinside2 Teslasuperconductingsolenoidto achievea hermeticstructureandgood
energyresolution.
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DETECTOR CONFIGURATION PERFORMANCETYPE

VTX

CDC

CAL

MUON

( Vertex
Detector )

( Central Drift
Chamber )

Silicon CCD

Small-cell
Jet Chamber

Lead + Plastic
Scintillator
Sandwitch

( Compensated )

Pixel Size ; 25 µm

Layer Position ; r=2.5cm & 7.5cm
Thickness ; 500 µm / layer
| cos θ | < 0.95

Position Resolution ; σ = 7.2 µm

Impact Parameter Resolution δ [µm];

δ   = 11.4   + (28.8/p)   / sin   θ2 2 2 3

Radius ; r = 0.3 - 2.3 m

Length ; l = 4.6 m

Number of Sampling = 100

| cos θ | < 0.70 ( full sampling )

Position Resolution ;
σ   = 100 µm ( / axial wire )
σ   = 2 mm ( / stereo wire )

x
z

Momentum Resolution ;
σ    / Pt = 1.1x10    Pt  +  0.1%Pt

-4

EM part ; thickness = 29 Xo
cell size = 10cm x 10cm

HAD part ; thickness = 5.6 λo
cell size = 20cm x 20cm

Si Pad ; pad size = 1cm x 1cm
| cos θ | < 0.99

Energy Resolution ;
σ   / √E = 15% / √E   +   1% ( e & γ )E

σ   / √E = 40% / √E   +   2% (hadron)E

Si Pad Position Resolution ; σ = 3 mm

Si Pad  e/π Rejection = 1/50

Single Cell
Drift Chamber

Number of Superlayers  ;  6

| cos θ | < 0.99

Position Resolution ;  σ = 500 µm

Pt > 3.5 GeV ( barrel )

* All momentum and energy are expressed in   [ GeV ].

Number of Layers ;  2 layers

| cos θ | < 0.95 ( 20 samplings ) σ    / Pt = 5 x10    Pt  +  0.1%Pt
-5

( with vertex constraint )

Table1: Parametersandperformancesof theJLCdetector. ( Thistableis quotedfromRef.[1]. )

2.3 Calorimeter

Thefollowing itemsshowtherequirementsof thecalorimeterat theJLC-I.

1 goodenergy resolutionfor electromagneticshower: U�� ��� 6
15%� F ��� 1%

2 goodenergy resolutionfor hadronicshower: U�� ��� 6
40%� F �C� 2%

3 goodpositionresolutionfor electromagneticshower: U�� ��� 6
severalmm� F E

4 goodidentificationof electronsfrom hadronbackgrounds:a pion rejectionfactorof about
50 for anelectronefficiencyof 90 % (thepion rejectionfactoris definedin section3.3.4)

5 hermeticcalorimeter

whereenergyE is givenin GeV. Thevaluesareexpectedto beachievedby amodestextensionof
currenttechnology. Wecandetectthehighenergyneutralparticlessuchas � 0� s, � sandneutrons
( � ) only by thecalorimeter. 
 0sdecayinto two � s immediatelyaftertheseproduction.� is importantin thecaseof studying � 0 � 2� s ( seesection2.1.2). Thisbranchingratio is I
10� 3 evenif theStandardModel. Themassof Higgsbosonfrom two � s is describedas% 2e 6 % 2�M� 6 2� 1

�
2 V 1 � 9P��:t� ^Y�
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Therefore,theperformanceof theenergy andpositionresolutionfor electromagneticshower
is a mainkey of thatstudy. Theprocessof � 0 � 0 � ��
��W��L L̄ alsoneedgoodenergyandposition
resolutionfor electromagneticshowers.Because� # radiates� by bremsstrahlungin theCDC,
therecoilmassof the � is dependingon theresolution.

A ( hadron) jet containsabout20 % neutralhadrons( � 0� , � ). In orderto calculateinvariant
massof two or severaljets, we alsoneedgoodenergyresolutionfor hadronicshower. As an
example,we showHiggsmassresolutionin thethe ��
c���d� � 0 � 0 process.In Fig. 12 ( quoted
from Ref.[1] ), theresultof asimulationof thedi-jet massresolution,assumingtheperformances
listedin Table1 andsmearedaccordingto theresolution,is presented.Thevalueof U = 4 GeV
is reasonablygoodjet massresolutionandit showsa greatcapabilityto separatereconstructed
Higgsbosonsfrom thebackgrounds( mainly Z particlesin the � 
 � � � � 0 � 0 process) at a few
GeV level.

The electronidentificationis importantin manycases. An exampleis to searchfor events
of � 0 � 0 � � 
 � � L ¯L or of top quarkassociatedwith the electron. The reasonfor necessityof
hermeticcalorimeteris to measuredmissingenergy. In charginoor sleptonpair production,a
LSPis emittedandcarriesnon-negligibleenergy, resultingmissingenergy.

In theTable1, we chosea compensatingPb-scintillatorcalorimeter( sandwichtype ) which
is oneof the solutions. Combinationof Pb andscintillator hasthe potentialfor compensating
calorimeter, which hasgoodenergyresolutionfor hadronicshower( seeAppendixA.3 ). By
the calculationsof R. Wigmans[10], our requirementfor hadronicshowers( 40%� F � ) can
be achievedwith the configurationof Pb=10mmandscintillator=2.5mm.For electromagnetic
showers,it is ableto achieveour requirement(15%� F � ) with the configurationof Pb=4mm
andscintillator=1mmby thesimulationstudiesof Y. Fujii in Ref. [11]. Experimentally, ZEUS
groups[12] havereportedtheperformanceof thecompensatingPb-scintillatorcalorimeter. These
studiesandresultsaresummarizedin AppendixC.1.

On the other hand, the compensatingPb-scintillatorfiber calorimeteris one of the other
solutionsand it has someadvantageousperformancescomparedwith sandwichtype. It is
describedin nextsection.

3 Testsof Prototype Calorimeter
2 To achievethe energyresolutionof JLC calorimeterwe choosecompensatingPb-scintillator
fiber calorimeter. Becauseof the fine samplingfrequency, fiber calorimeterhasbetterenergy
resolution than other Pb-scintillatorcalorimeterssuch as sandwichcalorimetermadeof Pb
plates, scintillator plates,and wave length shifter bars. Moreover, it is possibleto reduce
deadspace,which might be occupiedby wave lengthshiftersin caseof sandwichtype. The
better position resolution can be achievedif the read-outcross section is small. Several
groups[14] [21] [22] [25] [27] havereportedthe excellentperformanceof the Pb-scintillator
fiber calorimeter. Theseperformancesaresummarizedin AppendixC.2.

As aprogramof R&D for theJLCexperiments,weconstructedtestmodulesof Pb-scintillator
fiber calorimeter. We madea beamtestof the modulesat KEK PS 
 2 beamline to test the

2Thecontentof this sectionwill besubmittedasa paper.
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following items.� energyresolutionfor electronsandpions� signalratio of electronsto pions(compensation)� linearity of thesignal� positionresolutionfor electrons� identificationof electronsfrom pions� angulardependenceof bothenergyandpositionresolutionfor electrons

Theangulardependenceof bothenergyandpositionresolutionfor electronsis dueto lateral
showerspread.For Pb-scintillatorfiber calorimeter, thebeamdirectionis almostparallelto the
fiber direction. Becausethe electronshowerspreadsonly a few cm and ratio of active layer
to absorberin the showeris fluctuatedby incidentpositionandangle. Thus,both energyand
positionresolutiondependon theangleandat thesmallangle( ��� 6 0� ) theresolutionmaybe
worse.Therfore,we testtheireffectsexperimentally.

Due to the limit of the beamenergy( 4 GeV ), responseof the modulesonly to low energy
particlecouldbetested.

3.1 TestModules

We constructedtestmodulesof compensatingPb-scintillatorfiber calorimeter. The schematic
view of the testmodulesareshownin Fig. 14. The volume ratio of lead to fiber was setat
approximately4:1 in orderto achievethe compensation.For structuralhardnessthe Pb plates
contained6% antimonyin weight. A Pb-platewas10 cm wide and130 cm long 2 mm thick
( 173� 0 and6.2	 0 ; seeAppendixA.2 ), andhadmachinedgroovesfor thefiberson its upper
side( seeFig. 15 ) with 2.2mm pitch. Thefiberswere1 mm � andmadeof polystyrene-based
scintillatorKURARAY SCSF-38.ThepolystyrenecoreandPMMA cladhadrefractiveindices
of � 1

6
1 � 59and � 2

6
1 � 49,respectively. Thesurfacesof fiberswerepaintedwith whitereflector

in orderto increaselight yield. Theattenuationlengthof scintillation light wasmeasuredto be
roughly300cm.

ThePb-platesfilled with scintillationfibersin theirgrooveswerestackedto form atestmodule
materialwith dimensionof 10 8 5 8 130 9 % 3. Becauseof thicknessof thereflector, twentytwo or
threePbplateswerestackedin theheightof 5 cm. At rearendthefibersweregroupedinto two
segmentandbundled.Theedgeof eachbundlewascut to makeaflat surfaceandpolished.The
bundlewasgluedto anacrylic light guideandviewedby a photomultipliertube( Hamamatsu
R1335). At thefrontendtheedgesof thefiberswerepolishedandpaintedwith whitereflector. A
totalof eightmoduleswereconstructedandsixteenchannelswerereadout. Theywerearranged
to havea crosssectionof 20 8 20 9 % 2 asshownin Fig 14. All moduleswereinsertedinto a box
madeof 7 mmstainlesssteel.It wasusedassupportstructureandlight shielding.

In addition,weconstructedaspecialtestmodulewhichhadalight guideandaphotomultipliers
ateachend.Thismodulewasusedto studyelectrons/pionsseparationfrom timing propertiesof
signalsatbothends.
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3.2 Setupof the BeamTest

Testsof the calorimetermoduleswere performedat the 
 2 beamline of the KEK-PS. The
maximummomentumavailablewasabout4 GeV/c. The electron/pionratio in the beamwas
about1/1000.

Fig 16is theschematicview of thesetupfor thebeamtest.Wesettwo triggercounters( S1,S2
) in front of the movablestagewherethe calorimetermodulesweremounted. Eachof them
wasa scintillationcounterwith a crosssectionof 5 8 5 cm2, andthedistancebetweenthetwo
counterswasabout280cm. Thereweretwo gasČerenkovcounters( C1,C2) betweenthetrigger
countersto identify electronsandpions. To takeelectrondatathecoincidenceof S1,S2,C1and
C2 signalswererequired,while only the coincidenceof S1,S2signalswererequiredfor pion
data.Theelectroncontaminationin thepion datawerelaterremovedin theoffline analysis.

In orderto preciselymeasuretheincidentpositionof theparticles,wesettwo drift chambers(
DC1,DC2) betweenS2counterandthemovablestage.Eachof themhadreadoutsfor vertical
andhorizontalposition,respectively. Thecrosssectionof thedrift chamberswere20 8 20cm2,
andthepositionresolutionwasabout2 mm at thefront surfaceof thetestmodules.

In additionto thetestmodules,following detectorsweremountedon themovablestage.� The leakageshowercounterswhich surroundedthe test modules(seeFig 17). The
countersweresandwich-typecalorimeterconsistingof scintillator plate( 2.5 mm thick )
andleadplates( 10 mm thick ), compensatingtoo. The scintillation light wasleadinto
two photomultipliersthroughtwo wavelengthshifterplateof 2 mm thickness.Theactive
volumeof amodulewas38.5 8 18.6 8 100cm3 in size.� Thepreshowerdetectorin front of testmodules( upperstream). Thepreshowerdetector
consistedof six layersof a scintillatorplate( 1 mm thick ) anda leadplate( 4 mm thick
), resultingin 4 � 0. Thesepreshowerdetectorwerealsocompensating.Thescintillation
light wasleadinto four photomultipliersthroughtwo wavelengthshifterplatesof 4 mm
thickness.� The silicon-paddetectorbetweenthe preshowerdetectorand the test modules. The
silicon-paddetectorconsistedof 216pads( PIN silicon diodesmadein HAMAMA TU ),
onepadwas300 y m thicknessand10 8 15 mm2 in size,total activeareawas18 8 18
cm2. Thisdetectorwassetto testthepositionresolutionfor electronsandtheseparationof
electronsfrom pionsthroughthepreshowerdetector. In thispaperwe did not usethedata
of thesilicon-paddetector.

All the detectors,namely the test modules,the leakageshowercounters,the silicon-pad
detectorandthepreshowerdetecter, weremountedon a movablestage.Thestagecouldmove
horizontallyandvertically, aswell asrotatein thehorizontalplanesothat the incidentangleof
thebeamto thetestmodulescouldbechanged.

All thesignalfrom thecalorimeterswerefed into 12 bit ADCs. TheADC channelshadtwo
differentrangesto haveaneffectivedynamicrangeof 15 bit. Thesignalsof thedrift chambers
werefed into 15 bit TDCs( samebit typeastheADC ) whereonebit correspondedto 100ps.
Onceaneventwastriggered,all thedataweretakenby apersonalcomputer( NECPC98NSR).
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In specialrunsto takethepulseshape,thesignalsfrom thecalorimeterswerefed into adigital
oscilloscopeof 2 GHzsampling.Thedataweretransferredto thepersonalcomputer.

We took variousdatachangingthesetupof thebeamsandthedetectors.Themomentumof
the beamwassetof 1.0 , 1.5 , 2.5 and4.0 GeV/c. The incidentpositionandangleto the test
moduleswerechangedwith themovablestage.The datawithout thepreshowerdetectorwere
alsotaken.

3.3 Analysis

In the following analysis,only single-trackeventswere used. They were selectedwith the
conditionsgivenbelow.� The pulseheightof eachtrigger counter( S1 andS2 ) is consistentwith that of a signal

minimumionizing particle. Fig. 18 showstypical pulseheightdistributionsof thetrigger
counters.� Therewasoneandonly onehit in eachdrift chamber( DC1andDC2).

Thegainof eachchannelin thetestmoduleswascalibratedwith usingtheelectrondatato the
centralregion( 2 8 2 cm2 ) of eachsegmentswith anincidentangleof 3� in thehorizontalplane
( �4� 6 3� ). By D. Acosta,et al. ( Ref. [14]), theangulardependenceof theenergyresolution
is flat at ���@� 3� . The electronenergieswere 1.0, 1.5, 2.5, and 4.0 GeV. The responsewas
foundto belinear in therelevantenergyrange.Theleakageshowercounterswerecalibratedin
a similar way. Theenergyresolutionof theleakageshowercountersfor electronswasfoundto
be U�� ��� 6

24� 0%� F ��� 0 � 4%.
The resultswerecomparedwith Monte Carlo simulationbasedon GEANT3. The detail is

describedin Ref. [9].

3.3.1 Energy Resolutionfor Electrons

To evaluatethe energyresolutionfor electronswe useonly the eventswhereelectronshit the
center( 2 8 2 cm2 ) of eachsegments.Thetotal energyof thetestmodules( � � � h����\�����Y�u� ) was
calculatedasthesumof thesignalsof all the16 channels.In casethepreshowerdetector( PSD
) waslocatedin front, thetotalenergy( � ) is calculatedwith thefollowing formula� 6 Z 8 ��� ��� ��� � � h��c�\�����!���
where ��� ��� is the energydepositmeasuredin the preshowerdetector. The coefficient Z was
determinedat eachenergy point to obtainthe bestenergyresolution. For the datawithout the
preshowerdetector, � � � h����\�4� �Y�s� is simply usedasthe total energy. An exampleof the total
energydistributionis shownin Fig. 19.

By fitting thetotalenergydistributiontoaGaussianfunction,weobtainedtheenergyresolution.
The resultsat �4� 6 3� with andwithout the preshowerdetectoraregiven in Table2 andalso
shownin Fig. 20. Theresolutionscanbeexpressedby thefollowing formula.
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U� 6 14� 4 G 1 � 63%¡ � V¢/��41£^ � 0 � 15 G 1 � 03% with PSD6 15� 2 G 1 � 37%¡ � V¢/��41£^ � 0 � 58 G 0 � 82% withoutPSD�
Energy 1 GeV 1.5GeV 2.5GeV 4 GeV

w/ PSD 13.8 G 0.87 12.6 G 0.76 9.45 G 0.50 7.23 G 0.35
w/o PSD 13.4 G 0.78 12.5 G 0.75 9.53 G 0.31 6.81 G 0.24

Table2: Energy resolutionU ��� (%) for variousenergy.

The angulardependenceof the energyresolutionwas studiedwith 2.5 GeV electronsat�4� 6 0�  1�  2�  3�  6� and9� . Fig. 21 showstheresultsof theenergyresolutionasa functionof
theincidentangle�4� . Althoughtheangulardependenceis notseenclearly, weobservedslightly
worseenergyresolutionat ��� 6 0� . We think a resonfor the indistinct angulardependenceis
dueto thelow beamenergy.

3.3.2 Position Resolutionfor Electrons

Theincidentpositioncanbeobtainedfrom the testmodules.Theposition( ¤  "¥ ) weightedby
theenergy is calculatedas ¤ 6§¦]¨4¤ ¨ � ¨¦@¨ � ¨¥ 6 ¦ ¨ ¥ ¨ � ¨¦ ¨ � ¨
where( ¤ ¨  Y¥ ¨ ) and � ¨ arethe centerpositionandthe energydepositof © ’the channel. In this
analysisthe datawithout the preshowerdetectoris used. Fig. 22 showsthe scatterplot of
the incidentpositionsmeasuredby the drift chambersandthe positionderivedfrom the above
formula,wheretheelectronsof 4 GeV energywereincidentwith a horizontalangle( ��� ) of 3�
to thetestmoduleswithout thepreshowerdetectorin front.

Usingtheseplotsandassumingthat thepositionsmeasuredby thedrift chambersarecorrect,
we canget functionsfor further correction. We usedthe tangentialfunction here. We show
thedistributionof thedifferenceof thecorrectedpositionandthepositionmeasuredby thedrift
chambersin Fig. 23. Thedistributionsarefitted to Gaussians,andtheresolutionsarecalculated.
Theresultsat ��� 6 3� aresummarizedin Table3 andshownin Fig. 24. Therelationbetweenthe
positionresolutionandelectronenergycanbeexpressedas
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U � 6 6 � 2 G 0 � 3%@%¡ � V¢/��41.^ � 0 � 6 G 0 � 2%@% ªW� �4� 6 3�z« ©¬� ����­ �D~�®K¯U�° 6 4 � 7 G 0 � 3%@%¡ � V¢/��41.^ � 1 � 4 G 0 � 2%@% ªW� �4� 6 3�z« ©¬� ����­ �D~�®K¯
Thedifferenceof thebehaviorsbetweenthe ¤ -coordinateandthe ¥ -coordinateis considered

to bedueto thedifferenceof thebeamspotat thevariousbeamenergy. Thepositionresolution
dependson the incident point and at the edgeof one segmentthe test moduleshavebetter
resolutionbecausewe can get more information about the incident point from the adjacent
channels.

Theangulardependenceof thepositionresolutionis studiedwith thedataof 4.0GeVelectrons
at �4� 6 0�  3�  6� and9� . Fig. 25 showstheresultsof theenergyresolutionasa functionof the
angle �4� . Theangulardependencewasnot seen.

3.3.3 Energy Resolutionsfor Pions

We use the pion data with incident angle of 0� for the energyresolution for pions. The
contaminationof electronsin the data is removedoffline using the information of Čerenkov
counters.We calculatethe total energy asthesumof all thesignalsfrom the testmodulesand
leakageshowercounters.Similar to thecasefor electrons,if thepreshowerdetectorwaslocated
in front, Z 8 �±� ��� is furtheraddedto thetotalenergy. An exampleof thetotalenergydistribution
is shownin Fig. 26. Theenergyresolutionsat eachenergypointsarelistedin Table4. Theyare
alsoshownin Fig. 27.U� 6 31� 5 G 1 � 79%¡ � V²/0��1.^ � 9 � 06 G 1 � 19% « ©¬� � ~�®T¯U� 6 30� 1 G 1 � 82%¡ � V²/0��1.^ � 7 � 45 G 1 � 15% « ©¬� �q��­ �K~�®T¯B�

The largeconstantterm reproducedby the simulation[9]. It may be causedby the further
showerleakagefor pion from thetestmodulesandleakageshowercounters.Becauseof serious
problemathighenergy, wewantto checkit experimentallyby locatingfurtherleakagecounters.

Energy 1 GeV 1.5GeV 2.5GeV 4 GeV

x 6.94 G 0.13 5.33 G 0.12 4.37 G 0.10 3.74 G 0.09
y 6.52 G 0.16 4.97 G 0.11 4.45 G 0.09 4.12 G 0.09

Table3: PositionresolutionU ��� (mm)for variousenergy.
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Energy 1 GeV 1.5GeV 2.5GeV 4 GeV

w/ PSD 40.29 G 1.03 35.12 G 0.61 28.63 G 0.48 24.94 G 0.44
w/o PSD 37.97 G 1.02 31.62 G 0.79 26.34 G 0.65 22.54 G 0.39

Table4: Energy resolutionU ��� (%) for variousenergy

Theratioof signalamplitudefor electronsto pionsarecalculatedas�� 6 �´³�¶µ 6 1 � 19

where �±³ and �·µ werecoefficientsof linearfit in thelinearity measurement.In this analysiswe
didn’t takeaccountof the further showerleakagefor pionsfrom the testmodulesandleakage
showercounters.The valueof the result( � ��� 6 1 � 19 ) suggeststhat the testmodulesarenot
exactlycompensating.

3.3.4 Electron Identification

We canidentify electronsfrom pionsusingcalorimetersby utilizing thedifferencein thelateral
showerprofile of electromagneticandhadronicshowers. The preshowerdetectorcanalsobe
usedfor electronidentification.As theresponseof thepreshowerdetectoris almostindependent
of the lateralshowerspread,a combinationof thecalorimetersandthepreshowerdetectorcan
improvefor electronidentification.

In addition,we maybeableto separateelectronsandpionsby utilizing thedifferencein the
time structureof electromagneticandhadronicshowers.

Electron Identification from Lateral ShowerSpread

To characterizethelateralshowerspreadwedefinedheretwo variables. Oneis thecontainment
value ¸ definedas

¸ 6 ¦]¨ � ¨ Vb© ; ¸0�����!�4r ��¹ 9 2 ��ºs­ � � : ^¦'» � » V½¼ ; � �¾� �!� : �D% ��ºs­ � � :¿� ®Dª�� º « © 9P� ^
Thesuffix © includesthecentersegmentlocatedat thebeampositionandits eightneighboring

ones,while the suffix ¼ includesall testmodulesandthe leakageshowercounters. The other
variableis thelateralshowerspread® definedas

® 6 ¦ ¨�¯ 2¨ � ¨¦ ¨ � ¨
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where ¯ ¨ is the distancefrom the beamposition determinedby drift chambersto the center
positionof eachsegment.Fig. 28 showsthedistributionsof ¸ and ® for electronsandpionsof
momentum2.5GeV/c.

In the preshowerdetectorthe distribution for pion has a peak which correspondsto the
responseof a singleminimum ionizing particle,while the energydepositsfor electronsshow
broaddistributionsat muchhigherregion. Fig. 29 showsthe pulseheightdistributionsin the
preshowerdetectorfor electronsandpionsof momentum2.5GeV/c.

Thescatterplotsof thepreshowerdetectorsignaland ¸ or ® valuesareshownin Fig. 30 and
Fig. 31, respectively. Thesefiguresindicatetheelectronidentificationwith the testmodulesin
combinationwith thepreshowerdetector.

We get the electronefficiency and the pion rejection factor as the following expressions,
respectively. � � � 9 �!r � �À� ¹�¹ © 9 ©Á��� 9P¥ : Â �ÄÃ¬Å (Â ��Æ |Ç|~�© � �Àr4�Y¼�� 9 �!© � � ¹ ª 9 � � r : Â ~ Æ |È|Â ~ ÃÉÅ (Â �ÄÆ |È| wasa numberof single-trackeventsselectedby DC and Â �ÄÃÉÅ ( wasa numberof electron
eventsselectedby the calorimeteror PSD,wherewe usedelectrondata. Â ~ Æ |Ç| and Â ~ Ã¬Å ( are
samedefinition,whereweusedpionone.To comparetheaboveanalysisby pionrejectionfactor
with fixed electronefficiency, variouscutsapply to thedata. Theyaresummarizedin Table5.
Although theenergyis low, resultsaregood. Especially, the testmodulesin combinationwith
thepreshowerdetectorhavegoodcapabilityto theelectronidentification.( At the98%electron
efficiencythepion rejectionfactoralreadyexceeds50. )

Electronefficiency 90 % 95% 98%

PSD 10.5 9.56 7.77
C value 21.4 14.1 7.49
S value 24.7 15.5 9.78
PSD+ C 94.3 74.1 50.6
PSD+ S 94.3 79.8 61.0

Table5: Pion rejectionfactor for varioustechnique.

Electron Identification from Time Structure

Electromagneticor hadronicshowershavedifferenttiming time characteristics.Thedifferences
betweenelectronandpionsignalscamefrom thefollowing characteristics.
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1. Thelongitudinalshowerspread.As thetypicalhadronicshowersspreadovera largerarea
thanelectromagneticshowers,thehadronicshowersresultin broadersignals( largepulse
widths).

2. Theneutroncomponentin hadronicshowers.Thiseffectappearsin tail of thesignals.

3. Thelongitudinaldepthatshowermaximum.3 Theshallowshowermaximumsof electrons
causethelargeanddefinitetiming differenceof thesignalsat bothends.

We haveinvestigatedtwo methods,one is a pulsewidth to characterizethe abovefirst and
seconditems,andtheotheris thetiming differenceto characterizetheabovethird one.Weused
both the testsmodulesandthe specialtestmodule( havinga readout deviceat eachend,see
section3.1). In thespecialruns( seesection3.2) thesignalwerefed to thedigital oscilloscope,
the informationof the time structureof showerswereextracted.For the testsmoduleswe have
investigateda pulsewidth of thesignalsto characterizethepulseshape.On theotherhands,for
the specialmodulewe haveinvestigatedthe time differenceof the signalsat both ends,added
to the pulsewidth. The time differencewith the specialmoduleis a new technique,havea
capabilityof separatingelectronsandpionsaswell aspulseshape.

In this analysisthe pulsewidths were definedas fall time from 90 % peakto 40 % peak
with andfrom 95% peakto 45 % peakwith thespecialtestmodulein orderto obtainthebest
separationof electronsfrom pions. Fig. 32 and 33 showthe distributionsof the pulsewidths
for electronsandpionsof momentum4 GeV/cwith thetestmoduleandthespecialtestmodule,
respectively. The incidentposition to the testmoduleswas the centerof the segmentandthe
incident anglewas 3� in the horizontalplane. On the other hand, in caseof the specialtest
modulethe incidentpositionwaschangedto theedgeandthe incidentanglewasalsochanged
to 6� to avoidthebeamhitting thelight guideandphtomultiplier. Becauseof this conditionthe
distributionof electronswith the specialtestmodulewasbroaderthan that with testmodules
and thereforethe pion rejectionfactor with the specialtest modulewasworse. The electron
efficiencyandthepion rejectionfactoraresummarizedin Table6 and 7.

Electronefficiency 93.6% 97.0% 98.3%

PWD 6.92 4.10 3.65

Table6: Pion rejectionfactor with the testmodule. ThePWD showsthe methodof the pulse
widths.

Thedistributionsof thetiming differenceof thesignalsfor electronsandpionsincidentto the
specialtestmoduleareshownin Fig. 34. Theenergy, incidentangleandincidentpositionwere
4 GeV, 6� andedgeof the segment.As the timing differenceis almostindependentfrom the

3By D.Acostaetal. [17] somesignalsfor hadronicshowershavetwo peakscomingfrom thedirectlight andthe
light reflectedoff thefront endof thealminizedfibersat thehighenergy( 40GeV or larger). As thedeepershower
maximumcausethebroadersignals,thehadronicshowersresultin thebroadersignals.In our testmodulesthefront
endof thefiberswerepolishedandpaintedwith white reflector, andthis effectwasn’tseenat thelow energy.
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pulsewidth wecanusethemin combination.Thescatterplot of themareshownin Fig. 35. The
electronsefficiencyandpionsrejectionfactorarealsocollectedin Table7.

By D.Acostaet al. [17] the time structurehashigh sensitivity of the separationelectrons
from pions. They reportedthe pion rejectionfactor is measuredto exceed1000at the energy
of 80 GeV by the analysisof the pulsewidth. On the otherhand,the othergroup[15] report
that no separationwaspossibleby timing discriminationat the low energy( below 10 GeV ).
They explainedthat their calorimeterwastoo shortto detectit. Their calorimeteris only 1.32
interactionlength. It will be impossibleto measurethe total energyfor the pions with their
detector, andthus,it is almostimpossibleto detectthelongitudinalshowerspreadandtheneutron
componentby thepulsewidth analysis.Ourresultsshowthepossibilityof theseparation,though
it is a little. The reasonof the low sensitivityof the separationwill be dueto the low beam
energy.

Electronefficiency 90 % 95% 98%

PWD 2.95 2.29 1.91
TD 2.85 2.53 2.17
PWD + TD 6.90 4.85 3.20

Table7: Pion rejectionfactor with thespecialtestmodule. ThePWDshowsthemethodof the
pulsewidthsandTD showsthemethodof thetiming difference.

3.4 Discussion

In this section,we describethefinding for thestudiesof the compensatingPb-scintillatorfiber
calorimeterthroughthe constructionandthe beamtest. We alsodiscussfurther studiesto be
done.

Performances

From the aboveresultsof analysis,we found the following performancesof the compensating
Pb-scintillatorfibercalorimeter.� Theyhavebestenergyresolutionfor bothelectromagneticandhadronicshowersin theone

bodytypesat thepresent.� Theyalsohavegoodpositionresolutionfor electromagneticshowers.� There is room for argumenton the � ��� . If the compensationis complete,the energy
resolutionfor hadronicshowersarefurthergood.� In the combinationwith the PSD, the calorimeterhavegood capability to the electron
identification from lateral shower spread. But due to the low energy, the electron
identificationfrom timestructureis notclear.
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As awhole,wecanfind thegoodperformancesof thatcalorimeter.

TechnicalDifficulties in Constructing

But throughconstructingof our testmodules,we found severaltechnicaldifficulties; a large
numberof handlingfibers,makinggrooves,controlpaintingtechnic,andsoon. Thefollowing
itemsaresomeproblemsof our constructingwhenthemassproductionis considered.� In orderto increasethelight yield, we polishedthebothfiber edges.Weexpendeda great

dealof time in doingthework, it maybepossibleonly to cut with diamondcutter.� We usedgroovedPb plates, it was simple but too many processwas needed. Many
processesincreaselargecost.Theconstructionof thecolliderexperimentsusuallyneedsa
hugecostandit is seriousproblemto comeexpensive.Weshouldsuppressthecostaslow
aspossible.� Moreover, usingthePbplatesbecomedifficult to supportit, whenwesetup it in thebarrel
region. It is desirableto usePBblocks,if it’ spossible.� Paintingis a problem,too. Paintingmadespacebetweenleadplates,non-uniformityof
themoduleheight. Indeed,onetestmoduleof 5 cm in heightmadeof only 22 or 23 Pb
platesof 2 mmandthecenterof thetestmodulewasfallen in a few mm. Becauseof these
effectsthedeadspaceincreases,theuniformity maybeworse,andtheenergyandposition
resolutionmight beworse.

Up to thepresent,we havenot foundabestway yet.

Further Studies

On the otherhand,a lot of tasksareremained. We describethe further studiesto be donein
future.� Wemustperformthetestswith thetestmodulesat thehighenergy. For thecenterof mass

energy will bedesignedas300-500GeV, thebeamenergyof testsof thecalorimeterneeds
at leastahundredGeV.� Thesimulationstudiesarealsoimportanttasks.We will haveto definetheparametersof
thecalorimeter, exactly. Therearemanyparametersfor thePb-scintillatorfibercalorimeter
( diameterof fibers,volumeratioof Pbto fibers,crosssectionof areadoutchannel,andso
on ), andeachparameterhavemuchinfluenceon theperformanceof thecalorimeter. To
defineparametersis mainly investigatedby thesimulation.� Thelong termstability is alsoimportantin a long standingexperiments,suchasJLC.For
thefiber calorimeter, the responseof scintillating fiber is changedor down. Becausethe
energy resolutionis direct dependingon the numberof photons( light yield ), the low
responsewill causetheworseenergy resolution.
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� The studyof necessityof the preshowerdetectoris remained. The preshowerdetector
locatedin front of fiber calorimetermayreducethedependenceof incidentposition( see
section3 ). This subjectis alsoassociatedwith thedevelopmentof thephotondetectors
operationalwith strongmagneticfield ( seenextsection).

4 Testsof Photon DetectionDevices
4 Becauseof thinking to locatethecalorimeterto insidethesolenoid,we needto developa high
sensitivityphotondetectorsoperationalwith strongmagneticfield. The hadroniccalorimeters
areusuallymadewith samplingconfigurationandtheir outputphotonsarenot enoughto read
out with PIN silicon photodiodes.In casethepreshowerdetectorshaveto readout, their output
photonsarealsonot enough.Therequiredvalueis 105 orderof gainunderthemagneticfield of
2.0Tesla.

In this reportwepresentresultsof thetestsof threetypesof photondetectiondevicesin strong
magneticfield ; a fine-meshphotomultiplier( FMPMT ), a hybrid photodiode( HPD ), anda
vacuumavalanchephotodiode( VAPD ). Strongmagneticfield upto2.5 Teslawereappliedfor
FMPMT andHPD,andupto1.0Teslafor VAPD.

4.1 Photon DetectionDevices

A schematicview of the FMPMT is shown in Fig. 36. An incoming photon is converted
on the photocathodeinto a photoelectron,then acceleratedby the electrostaticfield, hit the
fine-mesh,andproductsomesecondaryelectrons.Similar to photomultipliersthe acceleration
and productionwere repeatedin pairs and a large numberof the electronsis gatheredand
producestheoutputcurrentat the lastdynode.It is well knownthat theFMPMT is operational
in magneticfields lessthan I 1 Tesla [29]. Howeverfor future collider experiments,much
highermagneticfield is expected.In this testwe useda HamamatuH2611SXA(24)FMPMT
[30]. This is oneof testpiecesaimedatveryhighgainby increasingnumberof dynodesupto24
stages.Parametersof theH2611SXA(24)arelistedin Table 8.

HPD is a newphotondetectordevelopedby DEP in collaborationwith Canberra,INFN and
CERN-LAA project [31] [32]. A basicconfigurationof theHPDisshownin Fig.37. Thesameas
FMPMT, anincomingphotonis convertedon thephotocathodeinto aphotoelectron,accelerated
by the electrostaticfield toward the PIN silicon photodiode. The acceleratedphotoelectrons
stopin thedepletionvolumeby generatingelectron-holepairs. Thegain is proportionalto the
phtoelectronacceleratingvoltage. The collection of this chargeproducesthe output current
pulsesof the HPD. We testedcommerciallyavailableHPD PP350B [33]. Parametersof the
PP350Barelisted in Table 8. Sincedetailedstudywasalreadyreportedin reference[32] for
prototypeHPD, we somewhatconcentratehereon the resultswith magneticfield of 2.0 Tesla
and2.5Tesla.

VAPD is a hybrid photondevicesimilar to HPD, usinga large-areaavalanchephotodiode(
APD ) [34] insteadof aPIN siliconphotodiodeasthephotoelectrondetector[35]. Fig. 38shows

4Thecontentof this sectionwill besubmittedasa paper.
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a schematicview of theVAPD. As a first steptheacceleratedphotoelectronsby theelectrostatic
field generatea lot of electron-holepairsin theAPD. In theAPD by theusualavalancheprocess
oneelectron-holepair generatesmanyelectron-holepairsasa secondstep,theVAPD resultsin
havingmuchhighergainthantheHPD.Severaltestresultswithoutmagneticfield werereported
in references[36]. Herewe reportits performancein magneticfield upto1 Tesla. Thoughthe
setupfor VAPD wasthesameasthatfor theothertwo devices,wecouldnotapplymagneticfield
morethan1 Tesladueto somemagneticmaterialinsidetheVAPD. Parametersof theVAPD are
alsoshownin Table8.

Parameters FMPMT HPMT VAPD

Photo-cathode 36mm 25mm 18 mm
Dynodediameter 36mm - -
Anode/Sidiameter 36mm 25mm 16 mm
PC-Anode/Sidiameter 19mm 5.6mm ( 6 mm max) ÊÌË 3 Í
maxPCvoltage -2.7kV -8.0kV -15.0kV
maxbiasvoltage - 75 V 2250V
Gainw/o magneticfield 1.2 8 108 ÊÌË 1 Í 1600 1.0 8 105

Quantumefficiency 20 % ( 420nm) 20 % ( 480nm) 23% ( 450nm )
Risetime 2.1nsÊÌË 2 Í 8 ns 9 ns

Table8: Parametersof the FMPMT, HPD, and VAPD takenfrom technicaldata. ( Ë 1) Gain
at -2.0 kV. ( Ë 2) Risetime of commercial tubeR2450-09.( Ë 3) Thisdistanceis not controlled at
fabricationprocess.

4.2 Setupin Strong Magnetic Field

The testswerecarriedout at the PhotonSynchrotronExperimentalHall of KEK. Due to the
limitation of theavailabilityof magnets,testsweredoneusingtwo magnets.Onewasaso-called
8D320normal conductingbendingmagnetupto 2.0 Teslaand the otherwasa so-calledSKS
superconductingspectrometermagnet [37] upto3.0 Tesla. UnfortunatelytheSKSmagnetwas
underquenchtraining, magneticfield only upto 2.5 Teslawasavailable. The dataat 2.0 and
2.5 Teslaweretakenwith theSKSmagnet,while thoseat 2.0 Teslaandbelowweretakenwith
8D320magnet.Dataat 2.0Teslatakenwith theSKSmagnetandwith the8D320magnetshow
no significantdiscrepancy. Thedataat 2.0Teslawith the8D320magnetweretakenduringboth
rampingupandrampingdownthemagnetto checkthereproductivity. Theyagreedto eachother
very well.

The setupis shown in Fig. 39 schematically. A blue LED of 450 nm [38] was directly
mountedabovethe photocathodeof the devices. Distribution of light on the phtocathodewas
measuredwithoutmagneticfield usingtheslits havingvariousdiameters.Theresultis shownin
Fig. 40. TheLED havesomelight spreadandat thelargeangleit wasn’tneglectedbecausethe
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photo-electronsaremissingthe dinodedueto the tilted electrontrajectoryalongthe magnetic
field. In thefollowing sectionswe takeit into accountwith estimation.Variationof light output
of the LED dueto the magneticfield wasmeasuredto be lessthan1.5 % for all measurement
conditions( SeeFig. 41 ) andit is neglectedin thisanalysis.

Dataaretakenwith a CAMAC chargesensitiveADC. Thesamesetupwasusedfor all three
devicesexceptfor theopticalfilter.

Numberof photoelectrons( Â µ"³ ) for the FMPMT wasobtainedfrom the width ( U ) of the
pulseheightdistribution;

Â µY³ 6 Î'2 UÐÏ 2  
where2 is themeanof thepulseheightdistributions.For theotherdevicestheywereestimated
fromthatfor theFMPMT,with theattenuationfactorof theopticalfilter andquantumefficiencies.
Thegain( / ) wasobtainedfrom the Â µ"³ and 2 ;

/ 6 2Â µY³ 8 0 � 25 8 10� 12 ¸
1 � 6 8 10� 19 ¸ �

Pulse-topulsefluctuationof the LED light yield wasobtainedfrom the width of the pulse
heightdistributionof HPD. As a largenumberof photons( exceedonemillion photons) are
inputted,photonstatisticscould be neglectedin the HPD measurement.Subtractingthe noise
contributionfrom thewidth, pulse-to-pulsefluctuationwasestimatedto be0.7%andnegligible.

Wealsomeasuredtheuniformity of thepulseheightwith FMPMT andHPDwithoutmagnetic
field afterthetests.Resultsareshownin Fig. 42andFig. 43,respectively. As weobservedgood
uniformitieswith them,theseeffectsareneglectedin thisanalysis.

In thefollowing subsectionresultsof themeasurementsfor eachdevicearepresented.

4.3 Results

4.3.1 FMPMT

Wemeasuredthegainof theFMPMTfor variousmagneticfieldstrength.Thetilt angle� between
thedeviceaxisandthemagneticfield wassetto be0� and35� . Theresultsareshownin Fig. 44.
The nominalhigh voltage( HV ) for the FMPMT was2.7 kV. Howeversomemeasurements
at low magneticfield wereperformedwith lower HV. Themeasurementsarenormalizedto the
gainat thenominalHV usingtheknownHV-gainrelation.Errorbarsshownin thefiguredenote
thenormalizationerrors. If themagneticfield is parallelto thedeviceaxis ( � = 0� ), thegain
decreasequiterapidly. On theotherhand,in thecaseof � = 35� , thegainis significantlyhigher
in general,andexceeds105 evenat2.5Tesla.

In Fig. 45 the gain is plotted for varioustilt angles. The gain changesmoresteeplyas the
magneticfield getsstrongerandthehighestgain is � = 35� in everymagneticfields. Thesecan
beexplainedby the lossof electronsandtheself-shieldingof dynodes[29], botharecausedby
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theelectrontrajectly tilted alongthemagneticfield. Thelossof electronsis calculatedfrom the
parametersof the configurationin Table8. The photoelectronsoriginatingat the centerof the
photocathodestartto misstheanodeat � = 40� . On theotherhand,theself-shieldingeffectsof
dynodescanbeexplainedthatsomesecondaryelectronsemittedfrom theupperof a dynodeare
re-absorbedby the dynodeitself. It is � = 35� that mostelectronscanreachthe next stageby
passingthroughholesof themesh.

Accordingto themeasurements,therequiredhighgainis easilyachievedwith theFMPMT in
thestrongmagneticfield, if thedeviceaxiscanbeappropriatelysetwith respectto themagnetic
field.

4.3.2 HPD

We measuredthe gain of the HPD in various magneticfield. The gain dependenceon the
magneticfield strengthandon the tilt angleareshownin Fig. 46 and 47, respectively. As is
expected,gainreductionwasnot observedfor themagneticfield beingparallelto theHPD axis,
while asignificantgaindecreasewasobservedfor � = 60� .

The gain is reducedin tilted magneticfield becauseof two reasons;one is the energy loss
of photoelectronsin the surfacedeadlayer of the silicon [33], andthe other is the shift of the
photoelectronimageon the silicon. The photoelectronslosetheir energiesbeforeenteringthe
depletionregionin the surfacedeadlayer. For the tilted magneticfield, incidentanglesof the
electronsareno morenormalto thesiliconbecauseof thecycloid motion,andtheenergylossin
thesurfacedeadlayer increases.Assumingthatelectricandmagneticfieldsareuniform inside
theHPD,exactorbit equationscanbenumericallysolved.Weobtainthatthegainis reducedby
17 % for thecaseof � = 60� .

The other origin of the gain reductionis the loss of photoelectronsdue to the shift of the
photoelectronimagein themagneticfield. Fromthemeasureddistributionof theLED light on
thephotocathode,thelossof photoelectronsis calculatedto be22% for thecaseof � = 60� . The
calculationis consistentwith themeasurementandthebehaviorof HPDis roughlyexplainedby
theseeffects.

4.3.3 VAPD

The VAPD hasalmostthe samestructureas the HPD, and is expectedto work understrong
magneticfields. In Fig. 48 thegain is plottedfor themagneticfield strengthup to 1.0Tesla. In
Fig. 49 thegain is plottedfor varioustilt anglesat 0.5 Tesla. For � = 60� , in contrastwith the
HPD case,thegaindecreasesquiterapidlydownto I 1/30of thatwithoutmagneticfield.

Assumingthatelectricandmagneticfieldsareuniform insidetheVAPD, theeffectof cycloid
motioncanbecalculated.Thegainreductiondueto thetilted incidentangleis verysmallbecause
of thehigh electricfield, andis calculatedto beonly 6 % effect. Theeffectof thephotoelectron
imageshift is largerdueto thesmall APD diameter, andis calculatedto be reductiondown to
1/6. Howeverthe measuredreductionis muchbiggerthancalculationsandtheseeffectsalone
can’texplainthebehaviorof theVAPD.
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4.4 Discussion

Theperformanceof themarenotsufficientin somepointsfor ourrequirements;ahighsensitivity
photondetectorsoperationalwith strongmagneticfield ( 105 orderof gainunderthe magnetic
field of 2.0Tesla). TheFMPMT hasastrongdependenceof tilt angle( � ), andit is notdesirable.
Thegainof theHPD is too low to usefor thehadroniccalorimetersor thepreshowerdetectors.
But if thegainwill beimprovedin future,it is mostcapable.TheVAPD is too expensive.

5 Conclusion

A samplingcalorimeterconsistingof 1 mm diameterscintillation fibers embeddedin Pb had
beenconstructedandtestedfor electronsandpionsof below4 GeVenergy. Thevolumeratio of
Pbto fiberswassetat approximately4:1 in weightin orderto achievethecompensation.

Theenergyresolutionfor electronswasmeasuredto be14%� ¡ � V²/0�41+^ plussufficientlysmall
energyindependentterm with PSD.The positionresolutionfor electronswasmeasuredto be
roughly6%@% � ¡ � V²/0�41k^ . Theenergyresolutionfor pion wasmeasuredto be30%� ¡ � V¢/��41£^
plus7.5%constantterm. Thislargeconstanttermwascausedbyincompleteshowercontainment.
Thevariouswaysto discriminateelectronsandpionswereinvestigated.Evenat thelow energy,
the separationby using the lateral showerspreadwas good. Especially, the test modulesin
combinationwith thepreshowerdetectorhavegoodcapabilityto theelectronidentification.( At
the98%electronefficiencythepion rejectionfactoralreadyexceeds50. ) But theseparationby
usingthetimestructurewasnotgood.Weobtainedonly a few pion rejectionfactorat the4 GeV
energy.

The resultsare consistentroughly with the resultsof the other groupsexperiments[14] I
[27] and our simulationstudy. The behaviorof the testmodules( containedthe specialtest
module) arewell explained.Althoughat thelow energy, thecompensatingPb-scintillatorfiber
calorimetershowsahighperformance.Theseresultsconfirmusthatit is acandidatefor theJLC
calorimeter.

We havealso testedthreetypesof photondetectiondevicesin strongmagneticfields. The
FMPMT andHPD arefoundto beoperationalup to 2.5 Teslawith appropriatefield directions,
andtheir behavioris reasonablyunderstood.The testof theVAPD wasratherlimited in terms
of themagneticfield strength,andthebehaviorundertilted magneticfield is not fully explained
yet. Howeverthedeviceis alsooperationalat leastin axial magneticfield of 0.5Tesla.

The developmentof the photon detectiondevicesare significantly and one of the many
problems.Theperformanceof themarenotsufficient in somepoointsfor ourrequirements( see
section4.4). In futurewe haveto improvethemandachievetheserequirements.

At last, I hopethe early realizingof JLC experimentsand I’m looking forward to the new
physicsatJLC-I.
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APPENDIX

A Calorimeter

A.1 Principle
5 Thecalorimetersareanimportantclassof detectorusedfor measuringtheenergyandposition
of particle by its absorption. The incident particlewill interactwith the material,generating
secondaryparticleswhichwill themselvesgeneratefurtherparticles,andsoon,sothatacascade
or showerdevelops. The showeris predominantlyin the longitudinal direction, but will be
subjectto sometransversespreadingdue both to multiple Coulombscatteringand transverse
momentumof the producedparticles. Eventuallyall, or almostall, of the primary energyis
depositedasionizationor excitationin the calorimeter, andgivesa signal in the detectorpart
of the devices. A responseof the signal is proportionalto the numberof showerparticlesor
theenergyof the incidentparticle. Thus,theabsorptionprocessis statistical,andthefractional
energyresolution* �£��� variesas � � 1 � 2.

Thereareseveralreasonswhy calorimetersareimportant,especiallyat high energies;� theycandetectneutralaswell aschargedparticlesby detectingthechargedsecondaries,if
theincidentparticlescausetheshower.� they canachievea precisionenergymeasurementsevenat high energiesbecauseof the
fractionalenergyresolution* �k��� variesas � � 1 � 2.

Sincethecharacteristicsof electromagneticandhadronicshowersaresomewhatdifferentit is
convenientto describeeachseparately.

Electromagneticshowers

Whena high-energyelectron,positronandphotoninteractswith matterwe haveseenthat the
dominantprocessis dueto bremsstrahlungfor e# andpair productionfor � . Thus the initial
particle( e# or � ) will leadto a cascadeof e# pairsandphotonsvia thesetwo processes,and
this will continueuntil theenergiesof thesecondaryelectronsfall below thecritical energy�·Ã
whereionizationlossesequalthosefrom bremsstrahlung( �·Ã I 600MeV/Z ).

In a simplemodel,eachparticle( e# or � ) travelsoneradiationlength( � 0; seelatter ) and
theninteractswith thematterby thesetwo processes( bremsstrahlungor pair production). If
theinitial particlehasenergy� 0 S ��Ã , thenafter � radiationlengthstheshowerwill contain2(
particleswith meanenergy� 0/2

( . Thecascadestopsapproximatelywhen � 0/2
( = �ÄÃ . Therefore,

thenumberof generationsup to themaximumis � = ln( � 0
���¶Ã )/ln2, andnumberof particlesat

themaximum Â�Ñ Æl� = 2( = � 0
���ÄÃ .

Themain featuresof this simplemodelareobservedexperimentally, theenergyresolutionof
an electromagneticcalorimeterdependson statisticalfluctuations,andit is typically * �k��� I
0.05/ F � , where � is measuredin GeV.

5Thecontentof this subsectionis quotedfrom Ref. [39]. A detail is seenin Ref. [40].
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Hadronic showers

Althoughhadronicshowersarequalitativelysimilartoelectromagneticones,showerdevelopment
is far morecomplexbecausemanydifferentprocessescontributeto the inelasticproductionof
secondaryhadrons.The scaleof the hadronicshoweris determinedby the nuclearabsorption
length( 	 0; we definedit asnuclearinteractionlength,seelatter ). Sincethe 	 0 is largerthan� 0, hadroncalorimetersare thicker devicesthanelectromagneticones. Anotherdifferenceis
thatsomeof thecontributionsto thetotalabsorptionmaynot give riseto anobservablesignalin
detector. An exampleis a leakageof secondarymuonsandneutrinosfrom thecalorimeter, and
thelossof ‘visible’ or measuredenergy for hadronsis typically 20-30% greaterthanelectrons.

Theenergyresolutionof calorimetersis in generalmuchworsefor hadronsthanelectronsand
photonsbecauseof thegreaterfluctuationsin thedevelopmentof thehadronshower. An example
is thenumberof 
 0s producedin theearlystagesof thecascade.Becausethe 
 0 decaystwo � s,
theshowermaydeveloppredominantlyasanelectromagneticone. Thesevariousfeatureslead
to anenergyresolutionof typically * �k��� I 0.5/ F � , where � is measuredin GeV.
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A.2 Definition of the Ò 0 and Ó 0

Theradiationlength( � 0 ) is definedas

1� 0

6
4Z Â 0� ��V²� � 1 ^Ôr 2³ ln

183
Z1 � 3

where r ³ = � 2 � % 9 2 is the classicalelectronradius, Â 0 is Avogadro’s number, � and � are the
atomicnumberandmassnumberof themedium,and Z = � 2 � 4
�Õ 0 ¯��9 is theelectromagneticfine
structureconstant.

Theenergylossby thebremsstrahlungin traversingathicknessº ¤ of medium( V"� ºs�£��º ¤�^bv¬Ö ³ Ñ) andtheaverageenergy of a beamafter traversinga thickness¤ of medium( - �Ð� ) will be
shownin thenextformulawith usingtheradiationlength;

� ºs�º ¤ 6 �� 0

 
and

- �À� 6 �
0 exp

Î � x
X0 Ï �

Becausethe pair productionprocessis closelyrelatedto electronbremsstrahlung,the cross-
sectionis characterizedby theradiationlengthandis givento agoodapproximationby

U µ"Æ ¨ Ö 6 7
9
Â 0� 1� 0

�
Thebeamlossby thepairproductionin traversinga thicknessº ¤ of medium( V!� ºs× ��º ¤$^ µYÆ ¨ Ö )

andthebeamintensityafter traversinga thickness¤ of medium( × ) will beshownin thenext
formula;

� ºs×º ¤ 6 ×	
and × VÁ¤�^ 6 ×

0 exp
Î � x	 Ï

where × 0 is initial beamintensity( × photons) and 	 = V ��� Â 0 U µYÆ ¨ Ö ^ =7/9� 0 is themeanfreepath
of photonby pairproduction.

29



On theotherhand,thenuclearabsorption( or interaction) length( 	 0 ) is definedby

	 0 Ø Î �Â 0 U ¨ÚÙ ³ | Ï  
which governstheprobabilityof anineleasticcollision.
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A.3 Compensating

A compensatingis oneway of improvementof theenergyresolutionfor hadronicshowers.By
RichardWigmans[10], therearetwo componentsof thehadronicshowers,oneis 
 0 component
( 
 0 � 2� ; so,electromagneticcomponent) andtheotheris purelyhadronicone. If theresponse
( or ‘visible’ energy) of thesecomponentsis differ, a signalaverageof electronsis not equalto
thatof pions( thesignalratio � ���fÛ6 1 ), andtheenergyresolutionwill benotto scalewith � � 1 � 2
andworse.Thesignalratio � ��� = 1 is amainkey of thecompensating.

It is well known that the compensatingis achievedby using 238U asabsorber. Low-energy
neutronsfrom nuclearbreakupcausefission in the uranium,and thus their is convertedinto
chargedparticleionizationandmeasured.In Ref. [10], R. Wigmansreportsthe compensating
can also be achievedfor lead and even iron calorimeterstheoretically. In fact, a variety
of absorber/detectorcombinationscan be madecompensating,providedthat the responseto
the neutronshowercomponentis adequatelyamplified with respectto the chargedshower
components.This maybeachievedwith hydrogenousactivematerial.

For the combinationof Pb and scintillator samplingcalorimeter, it was predictedthat the
compensatingcanbe achievedif the volumeratio of lead to scintillator is setat 4:1. In case
of completecompensation,the Monte Carlo simulationsuggeststhat the energyresolutionof
Pb-scintillatorsamplingcalorimeter( sandwichtype ) for hadronicshoweris * �£��� 6

40%/F � . But in experimentalstudies,ZEUS test group reportedthe signal ratio � ��� was not
exactlyequal1 andresultedin worseenergyresolutions[12]. And the signal ratio � ��� of the
Pb-scintillatorfiber calorimeterwasalsonot exactlyequal1 [18]. Theseresolutionsandsignal
ratiosaresummarizedin Table9.

Constitution EM HAD e/h GroupandRef.

Pb10mm/scinti2.5mm(cal) - 40%/F � exactly1 R. Wigmans[10]
Pb10mm/scinti2.5mm(exp)23%/F � 44%/F � 1.05 ZEUStest[12]
Pb/scinti=4/1,1mm� (exp) 13%/F � 30%/F � 1.15 SPACAL collab.[18]

Table9: Energyresolutionsandsignalratio of e/hfor compensatingPb-scintillatorcalorimeter.
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A.4 Examples

A calorimeteris classifiedahomogeneoustypeandasamplingtype. Theformeris homogenized
with absorberanddetector( suchasa block of leadglass), the later is separatedthe absorber
(e.g. a metalsuchaslead) anddetector( scintillator, MWPC etc.). An energyresolutionof the
samplingcalorimeterfor electromagneticshoweris roughlyshownas

U� 6 Ü ÎRU� Ï 2[ � ÎÝU� Ï 2Þ�ß
where V\U ��� ^ [ is the energyresolutiondueto samplingfluctuationsand V\U ��� ^ Þ ß is theenergy
resolutiondueto photoelectronstatistics.Thus,thesamplingfrequencyaswell asthelight yield
is importantto improve the energyresolutionof samplingcalorimeter. For the homogeneous
calorimeter, the V\U ��� ^ [ is absentandthelight yield is dominantsubject.

On theotherhand,accordingto thedetectedparticles,we canalsodistincta electromagnetic
showercountersanda hadronicones. The hadroncalorimetersareusuallybuild assampling
typesbecausethelargeandheavydetectorsareneedto absorbtheall particlesof hadronicshower
( 	 0

� � 0; seeAPPENDIX A.1:hadronicshower).
In Ref. [41] andRef. [42], mostof calorimetersarewell reviewed. I pick up andshowthe

typical energy resolutionsof severaltypesof calorimetersin Table10.

Constitution EM HAD Group

Pbglass 6.3%/F � - OPAL
CsI 2% at1 GeV - CLEO
BGO 1.8%at1 GeV - L3
Pb2mm/GAS3.2mm 18%/F � - ALEPH
Pb2mm/LqAr2.75mm 10%/F � - SLD
Pb3.2mm/Scinti5mm 13.5%/F � - CDF
Fe50mm/GAS3.2mm - 80%/F � ALEPH
Pb6mm/LqAr2.75mm - 45%/F � SLD
Fe25mm/Scinti10mm - 80%/F � CDF
U3.2mm/Scinti3mm 23%/F � 44%/F � ZEUS

Table10: Examplesof severaltypesof calorimeters.
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B Algorism

B.1 Thrust

The à � r ­_: �$à is definedas

à 6
max á ¦ i âYãpi ä ãn â¦ i â!ãpi â�å

where ãE ¨ is themomentumof the © -th particlein anevent.Theunit vector ã� is calledthrustaxis
anddefinedat maximizedà .

B.2 Acoplanarity

The �09P� E � ªs��ªsr�©¬� ¥´� is definedas

� 6
4min á ¦ i â"ãpi ä ãnO â¦ i âYãpi âæå 2

where ãE ¨ is the momentumof the © -th particle in an event. The unit vector ã� O is definedat
minimized � .
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C Comparison

C.1 Performanceof CompensatingPb-scintillator Calorimeter

The compensatingPb-scintillatorcalorimeter( sandwichtype ) is oneof the solutionsfor the
JLC calorimeter. Energy resolutionsof calculation[10], simulation[11], andexperiment[12]
aresummarizedin Table11.

Constitution EM HAD GroupandRef.

Pb10mm/scinti2.5mm(cal) - 40%/F � R. Wigmans[10]
Pb4mm/scinti1mm(sim) 14%/F � 52%/F � Y. Fujii [11]
Pb8mm/scinti2mm(sim) 20%/F � 53%/F � Y. Fujii [11]
Pb10mm/scinti2.5mm(exp)23%/F � 44%/F � ZEUStest[12]

Table11: Theperformanceof thecompensatingPb-scintillatorcalorimeter.
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C.2 Performanceof Pb-scintillator Fiber Calorimeter

The compensatingPb-scintillatorfiber calorimeteris one of the other solutionsfor the JLC
calorimeter. It is alreadydenotedin the text ( seesection3.1 ) that this type of calorimeter
hassuperiorperformancesthan sandwichtype. The Pb-scintillatorfiber calorimeterhas the
following meritsin general.� goodenergyresolutiondueto fine samplingfrequency� if thecalorimeteris compensating,furthergoodenergy resolutionfor hadronicshower� goodpositionresolutionfor electromagneticshowerbecausethefineread-outcrosssection

canbeachievedby usingthefibers� smalldeadspacebecausethephotoelectronsareledtotherearof detectorbythescintillating
fibers� smalldetectordueto usingthelead(Pb)absorber

Experimentally, thoseexcellentperformancehavebeenreportedby severalgroups [14] I
[27] andtheyaresummarizedin Table12.

Constitution EM HAD POSITION GroupandRef.

Pb/scinti=4/1,1mm� 13%/F � 30%/F � 17mm/F � (49cm2) SPACAL collab.[14]
Pb/scinti=4/1,0.5mm� 9.2%/F � - 2mm/F � (4 8 4 cm2) RD1 collab.[22]
Pb/scinti=1.8/1,1mm� 9.7%/F � - 3mm/F � (4 8 4 cm2) S.Dagoret,et al. [21]

Table12: Experimentalresultsof thecompensatingPb-scintillatorfiber calorimeter.
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Figure1: Thrustdistributionsfor � ¯� signaland ; 
 ; � backgroundwith all but the thrust cut
indicatedbyan arrow. ( Thisfigure is quotedfromRef.[3]. )
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Figure 2: (a) An exampleof energy scan to determine %)( and Zc[ V\%]?�^ where each point
correspondsto 1 fb � 1. (b) Thecontourresultingfromthefit to datapoints. ( Thisfigureis quoted
fromRef.[3]. )
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Figure3: (a) Thereconstructedtop momentumdistribution at the � ¯� threshold,comparedwith
thetheoretical expectationsfor %,( = 150GeVand Zc[ Vb%]?_^ = 0.11,0.12,and0.13. TheMonte
Carlo eventsweregeneratedwith ZÔ[ V\%@?_^ = 0.12andplottedwith noacceptancecorrection.(b)
Themomentumpeakpositionasa functionof Z$[ V\%]?�^ . Thedottedlinesindicatethe1-U bounds
expectedfor an integratedluminosityof 100fb � 1. ( Thisfigure is quotedfromRef.[3]. )
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Figure4: Typical � 
 � � � � 0 � 0 eventswith % e 0 = 120 GeV; (a) � 0 � L ¯L and � 0 � Q ¯Q , (b)� 0 �oL ¯L and � 0 � � ¯� , (c) � 0 � L L̄ and � 0 �oN ¯N . In pictures(a) to (c), thesolidcurvesrepresent
tracksof thechargedparticlesin thecentraltrackingchamberwith a magneticfield of 2.0Tesla
andactiveradiusof 0.3to 2.3m,while thedottedlinesshowphotonemissions.Thesurrounding
boxesare electromagneticclusters,andthe lengthsof theboxescorrespondto their energies. (
Thisfigure is quotedfromRef.[2]. )
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Figure5: Thereconstructedmassdistributionsfor the threedecaychannelswith an integrated
luminosityof 30fb � 1. (a) The % » ³ (e distributionfor thedecaychannel� 0 �oL ¯L and � 0 � Q ¯Q . (b)
The % » ³ (e distribution for thedecaychannel� 0 � L ¯L and � 0 � � 
 � � . (c) The % » ³ (e distribution
for thedecaychannel� 0 � L ¯L and � 0 � N ¯N . In thefigures,thehatchedhistogramsare for the
signalprocess��
����d� � 0 � 0 with % e 0 = 80,100,120,and140GeV. Theblankhistogramsare
for thebackgroundprocess��
c����� � 0 � 0. ( Thisfigure is quotedfromRef.[2]. )
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Figure6: Thecontourof the total width of � 0. In this calculation, %,( = 150GeV, % ��ç���è = 1
TeV, therefore, % e - 120GeV. Thetotal width of the Standard ModelHiggs ( %@`�é"ê ) for this
regionis a fewMeVat maximum.( Thisfigure is quotedfromRef.[2]. )
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Figure7: Uq? e 8j<£ruV � 0 � L ¯L�^ in theMSSMcomparedwith that of theStandard Model. ( This
figure is quotedfromRef.[2]. )
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Figure8: Thecontourof <.ruV � 0 � w ¯w�^ in the Z$[ and %)v plane. Theparametersof theHiggs
bosonareadjustedto obtain % e = 100GeV. ( Thisfigure is quotedfromRef.[2]. )
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Figure9: An exampleof theacoplanaritydistribution for the2-jets+ 1 leptonfinal statesfrom
thelighter charginopair productionsin thecaseof % 0 = 400GeV, 2 2 = 400GeV, y = 250GeV,
andtana = +2. TheMonteCarlo datacorrespondto an integratedluminosityof 10 fb � 1 at F s
= 500GeV. Thesolid histogramis thecharginopair, while thedashedanddottedhistogramare
backgroundsfromthe ; pair and � Q ; , respectively. ( Thisfigure is quotedfromRef.[2]. )
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Figure10: Theenergydistributionof the2-jetssystemsfromthelightercharginodecaysfor Monte
Carlo data correspondingto an integratedluminosityof 20 fb� 1, where the Supersymmetric
parametersare thesameaswith Fig.9. Thesolid line is thebestfit curve,thedashedanddotted
line correspondstheexpectedbackgroundsfromthe ; pair and � Q ; , respectively. ( Thisfigure
is quotedfromRef.[2]. )
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Figure11: Theenergy distributionof the W bosonfromthe lighter chargino decaysfor Monte
Carlo data correspondingto an integratedluminosityof 50 fb� 1, where the Supersymmetric
parametersare % 0 = 70 GeV, 2 2 = 400 GeV, y = 250 GeV, and tana = +2. Thesolid line is
thebestfit curve,thedashed,dot-dashed,anddottedline correspondstheexpectedbackgrounds
fromthe ; pair, � Q ; , andtheothers( ;p;ë�  �4�4;p;  QqQ ;p; ), respectively. ( Thisfigure is
quotedfromRef.[2]. )
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Figure12: Reconstructeddijet massresolutionfor Higgsbosonin the ��
����B� � 0 � 0 process.(
Thisfigure is quotedfromRef.[1]. )
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Figure13: Schematicdrawingof theJLC detector. ( Thisfigure is quotedfromRef.[1]. )
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Figure14: Schematicviewof Spaghetticalorimeter.

Figure15: Thecrosssectionof leadplate.
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Figure18: Typicalpulseheightdistributionof thetrigger counters.
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(A) (B)

(C) (D)

Figure19: Totalenergydistributionfor 2.5GeVelectronsat ì4í�î 3ï with thePSD.Thecorrection
of the ð±ñ�ò�ó is applied. (A) Thesignaldistributionof thePSD.(B) Thetotal energydistribution
of testmodulesbefore correction. (C) Thescatterplot of PSDversusLEAD/SCIFI . (D) The
total energy distribution of test modulesafter correction. The energy resolution( ô�õÔö�ð =
9 ÷ 45 ø 0 ÷ 50% is obtainedby gaussianfit.
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Figure20: Energy resolutionfor electronsof ì4í.î 3ï , asa functionof the ù£ðkú 1 û 2. Thesolid
line representtheresultingof linear fit to thedatawithoutPSD,anddashedline representone
with PSD.
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Figure21: Energy resolutionof electronsfor 2.5GeVwithoutPSD,asa functionof theincident
angle ì�í .
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Figure22: Scatterplot for 4 GeVelectrons,showingthe positionfromDC ’s dataversusfrom
LEAD/SCIFI’s data. (A) x-coordinate,(B) y-coordinate. We usethedatatakenwithoutPSDatì4í0î 3ï . Thesolid line is theresultfromfitting with thetangentfunction.
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Figure23: Residualdistributionfor electronsof 4 GeV. (A) x-coordinate,(B) y-coordinate. We
usethedatatakenwithoutPSDat ì�í0î 3ï . Theresultfromgaussianfit is alsofigured.
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Figure24: Positionresolutionfor electronsasa functionof the ù£ð£ú 1 û 2. (A) x direction,(B) y
direction.WeusethedatatakenwithoutPSDat ì�í0î 3ï . Thesolid line is theresultfromlinear
fit.
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Figure25: Positionresolutionof electronsfor 4.0GeVwithoutPSD,asa functionof theangleì4í .
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Figure26: Total energy distribution for 2.5GeVpionsat ì�íkî 0ï with the PSD.Theenergy is
normalizedby electron shower. Theenergy resolution( ô�õÔö�ð = 28÷ 63 ø 0 ÷ 48% is obtainedby
gaussianfit.
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Figure27: Energy resolutionfor pionsof ì�í�î 0ï , asa functionof the ù ðkú 1 û 2. Thesolid line
representtheresultingof linear fit to thedatawithoutPSD,anddashedline representonewith
PSD.
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Figure28: Distributionof thelateral showerspread.(A) ü valuefor electronsof 2.5GeV. (B) ý
valuefor electronsof 2.5GeV. (C) ü valuefor pionsof 2.5GeV. (D) ý valuefor pionsof 2.5GeV.
Thecutof þ 0.94for ü valuegivesthe95%electronefficiencyandthe14.1pionrejectionfactor.
Thecutof ÿ 36.5for ý valuegivesthe95%electronefficiencyandthe15.5pion rejectionfactor.
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Figure29: Thepulseheightdistributionof PSD.(A) 2.5 GeVElectrons,(B) Pions. Thecut ofþ 2130givesthe95%electronefficiencyandthe9.56pion rejectionfactor.
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Figure30: Scatterplot of PSDsiganlversusC value.Thecirclerepresentstheelectrondata,the
opensquarerepresentsthepionone.Weusethedatatakenat ì�í0î 0ï and2.5GeVbeamenergy.
Thecut of PSDþ 1900and C þ 0.9 give the 95% electron efficiencyand the 74.1pion rejection
factor.
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Figure31: Scatterplot of PSDsiganlversusSvalue.Thecirclerepresentstheelectrondata,the
opensquarerepresentsthepionone.Weusethedatatakenat ì�í0î 0ï and2.5GeVbeamenergy.
Thecut of PSDþ 1995and Sÿ 50 give the 95% electron efficiencyand the 79.8pion rejection
factor.
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Figure32: Thedistributionsof the pulsewidths( PWD ) with the testmodule. Thedata was
takenwith thedigital oscilloscopeof 2GHzsampling.(A) 4.0GeVelectrons,(B) 4.0GeVpions.
Theincidentpositionand anglewere the centerof thesegmentand3ï in the horizontalplane.
Thecutof 5.7 ÿ PWD ÿ 6.7givethe97%electronefficiency, andthe4.1pion rejectionfactor.
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Figure33: Thedistributionsof thepulsewidths( PWD) with thespecialtestmodule.Thedata
wastakenwith thedigital oscilloscopeof 2GHzsampling. (A) 4.0 GeVelectrons,(B) 4.0 GeV
pions. Theincidentpositionand anglewere the edgeof the segmentand 6ï in the horizontal
plane. Thecut of 4 ÿ PWD ÿ 6.17givethe95%electronefficiency, andthe2.29pion rejection
factor.
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Figure34: Thedistributionsof thetiming differences( TD ) of thesignalsat bothends.We use
thespecialtestmoduleandthedatawastakenwith thedigital oscilloscopeof 2GHzsampling.
(A) 4.0 GeVelectrons, (B) 4.0 GeVpions. The incidentpositionand anglewere the edgeof
thesegmentand6ï in thehorizontalplane. Thecut of 6.55 ÿ TD ÿ 9.0 give the95%electron
efficiency, andthe2.53pion rejectionfactor.
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Figure35: Thescatterplot of thepulsewidths( PWD) andtimingdifferences( TD ). Weusethe
dataincidentto thespecialtestmodule,takenwith thedigital oscilloscopeof 2GHzsamplingat
the4.0GeVbeamenergy. Theincidentpositionandanglewere theedgeof thesegmentand6ï
in thehorizontalplane. Thecut of 4 ÿ PWD ÿ 6.43and6.5 ÿ TD ÿ 9.0givethe95%electron
efficiency, andthe4.85pion rejectionfactor.
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Figure36: Configurationof FMPMT.
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Figure37: Configurationof HPD.

Figure38: Configurationof VAPD.
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Figure39: Schematicviewof thetestsetup.
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Figure40: Thedistributionof theLED light on thephotocathode.
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Figure41: Dependenceof theLED light yield on themagneticfield strength.
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Figure42: Uniformity of FMPMT.
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Figure43: Uniformityof HPD.
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Figure 44: Dependenceof the FMPMT gain on the magneticfield strength. The data are
normalizedat -2.7kVhigh voltage.
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Figure45: Dependenceof theFMPMT gain on the tilt angle. Thedataare alsonormalizedat
-2.7kVhighvoltage.

79



Figure46: Dependenceof theHPD gainon themagneticfield strength.
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Figure47: Dependenceof theHPD gainon thetilt angle.
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Figure48: Dependenceof theVAPDgain on themagneticfieldstrength.
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Figure49: Dependenceof theVAPDgainon thetilt angle.
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