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Abstract

As a programof R&D for the JLC experiment,we constructedtest modules of
compensatin@b-scintillatorfiber calorimeterfor detectiorof electromagnetiandhadronic
showers.Usingthesetestmoduleswe performedabeamtestat KEK PS#2 beamline. We
alsotestedthreetypesof photondetectiondevicesin strongmagnetidield. In this articlel
reportresultsof thesetwo tests.
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1 Intr oduction

Towards21st. century electron-positrorlinear colliders with centralmassenepiesin TeV

regionarebeingplanned.In theseprojects,arich physicswill be expectedandwe canstudynot

only the StandardModel but alsonew physicsbeyondthe StandardVodel. JLC is oneof these
projects.| haveparticipatedo this projectandstudiedthe calorimetemwith othercollaborators.
Thecalorimeteiis adeviceto detecttotal energyof showerparticles( seeAppendixA ). It isone
of maindetectorcomponentsn collider experiments.In future electron-positrorinear collider

experimentsit is essentiato havea hermeticdetectorwith superenergyresolution. Fromthis

requirementthe calorimetermust have good enepy resolutionfor both electromagneti@and

hadronicshowerprofilesandit is desirableto belocatedinsidesolenoid.Oneof the solutionsto

achievegoodenergyresolutionis compensating’b-scintillatorfiber calorimeter( seeAppendix
A.3). We constructedestmodulesandmadea beamtestatthe KEK PS72 beamline. We also
testedhreetypesof photondetectiondevicesn strongmagnetidield in orderto readoutsignals
from the calorimeterinsidesolenoid. In this article| introducethe JLC experimentandreport
resultsof thesetwo tests.

2 JLC Experiment

In the JLC-I ( JaparLinear Collider phasel ) report[1] publishedn 1992,it hasbeenproposed
to constructthe linear collider of centermassenegy 300-500GeV as early as possible. In

this sectionl briefly introducephysicsmotivationsof JLC-I and a detectorproposedfor the
experiment.

2.1 Physics

At this energyregionfollowing particles,f theyexist,canbe detectecandstudiedin detail.
o topquark(ete™ — Z°/y — tt)

a(light) neutralHiggsboson(ete~ — Z°%1°)

otherneutralHiggsbosong ete~ — Z°H% or H%A% or h°A°)

chargedHiggsbosong ete™ — HTH )

supersymmetriparticles( ete~ — ¢ oritl)

Theinsideof the bracketis a dominantproductionat the JLC-1 experiment.For neutralHiggs
bosons,° meansa particle expectedfrom the StandardModel or the extensionof it and
H° A° H+* andH~ meanthe particlescomingoutfrom themodelof Minimal Supersymmetric
extensiorof the StandardModel. The {* and/* arethechargincandsleptonparticle. Thedetail
is mentionedn later section. Throughthe searchandstudy of the aboveparticles,we cantest
the StandardVodel with supemrecisionandmaybeableto testsupersymmetry SUSY).
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Evenif the light neutralHiggs bosoncannot be detectedat the JLC-I experiment,we can
get the Higgs massboundthroughthe radiative correctionwith superprecisionmeasurement
of the my andm; ( Am; < 1GeV and Amy < 20MeV ) due to superiorluminosity (
L = 5x 10%cm2sec™* ). The absenceof the light Higgs bosonimplies the deathof low
energySUSY and GUT. In this case,we might be ableto suggesta new physicsthroughthe
measurementf anomalougsouplingsin self-interaction®f vectorbosong W, Z andy ). These
studieswill alsoopenup the possibilityto getinsightsinto physicsat higherenergyscale.

Besideswe canstudyCP violation andflavor mixing throughinvestigatingB physicson the
Z pole. The studiesof CP violation andflavor mixing arenot only to testthe StandardModel
butalsovery importantto probeunderlyingphysicsat very high enegies. Dueto somesuperior
performance®f JLC acceleratof high luminosity, highly polarizedelectronbeam,andnarrow
beam) andlargeproductioncrosssectionof B mesonsnthe Z pole,the JLC-I experimenhas
someadvantaged comparisorto the otherexperiments.

Thus,alarge numberof physicsareexpectedwe might be ableto testphysicsof the beyond
StandardModel. This is the reasonfor us to look forward to early realizationof the JLC-I
experiment.

In the nextsubsectiond, give outlinesof thephysicsandshowtheway of detectingop quarks
andHiggsbosons Both particlesaremissingin the StandardModel at presentthe studyof them
aremainthemeof the JLC-I experiment.| alsoindicatehow to detectsupersymmetriparticles.

Here,| emphasizehe detectionof thesenew particleslargely dependon the performanceof
the detector

Theotherargument®r detailsaredescribedn Ref.[1].

2.1.1 Top Quark

The top quark mustexist and is no heavierthan 200 GeV from analysesof the electroweak
radiativecorrections.( Ref.[3] )

mw < myz <m; < 200GeV

In April 1994 thetheCollider Detectorat Fermilab( CDF) groupreportedhefirst "evidence”
for top quark productionat the FermilabTevatroncollider ( pp collisions, /s = 1.8 TeV ) in
Ref.[4]. Theysearchedor 2-jetsand4-jetseventsassociatedavith electronor muon. Total 12
eventsarefound with anintegrateduminosity of 19.3pb™%. They estimateda top quarkmass
of 174+ 10 *}3 GeV/@ andthe tt productioncrosssectionwas measuredo be 13.9 753 pb.
This value of the top quark massis consistentwith the expectedvalue from the electroweak
measurementf LEP experimentg 177 71118 1 GeV/& Ref.[5] ). Butin pp collisions,it is too
difficult to studydetailedfeaturesof thetop quark,andit will befirst performedwith et e~ linear
colliderin detail. B

At JLC-I, we caneasilyobservett pair production. In thatregion( 150 ~ m; ~ 200GeV)
thetop quarkdecaysmainlyto b1¥. TheW bosondecaysnto ¢¢” or (v andthefinal statef the
top quarkareclassifiedto the following threecases.

1Thesecondangerrorsarecausedy changinghe Higgs massfrom 60 GeVto 1 TeV.



o 6-jets(45%)
e 4-jets+ 1 chargedepton(44 %)

e 2-jets+ 2 chargedeptons(11 %)

As an examplethe first case( 6-jets) is considered.In orderto selectthe top quarkevents
from thebackgroundsye appliedthefollowing requirements.

e conservatiorof 4-momentum
e 6-jetsatthefinal states
¢ two pairsof jetswhosereconstructedhvariantmassequalto my

e smallthrust( seeAppendixB.1)

Fig. 1 ( quotedfrom Ref. [3] ) showsthe thrustdistributionsafter the all eventsselections
exclusiveof the thrustcut with the Monte Carlo Simulation. It is clearthat the thrustcut is
efficientfor ¢t selection.In this case a detectiorefficiencyis 26 % andthe signalto background
ratio exceedd.0.

The top quark we are going to dealwith hasmany uniquefeatures,comparedo quarksof
otherflavors. Thisis primarily dueto its largemassandwidth. Thedecayof theheavytop quark
is dominatedby t — b1V T, andit causeshelargewidth dueto the massdifferenceof W andt (
m; > my ). Becauseof it’s largewidth, the top quarkdecayseforethe non-perturbativepart
of the potentialeffectit. Thus,thelargewidth preventghis potentialfrom affectingthethreshold
calculation,uncontrollabletheoreticalambiguitiesare absentfrom the ¢t system. This implies
thatwe canperformthe cleartestof perturbativeQCD with measuremendf the crosssection
in the whole thresholdregion( thresholdscan). Experimentally the parametershat enterthe
thresholdcrosssection; o (v/s, my, L', as(mz), mu, S ) may be determinedby the threshold
scan. Fig. 2 ( quotedfrom Ref. [3] ) is an exampleof the energyscanto determinem, and
as(mz).

On the otherhand, the momentumdistribution of the top quark reflectsthe shapeof the t¢
potentialthat it probes. The momentumdistributionsprovidesadditionalinformation on m;,
'y, anda,(mz). Fig. 3 ( quotedfrom Ref. [3] ) is anexampleof the reconstructednomentum
distributionsat the ¢t threshold. The measurementf the forward-backwardasymmetryis also
usedwith the determinatiorof theT'; anda(m ).

Besides thereis anothernew and remarkablepropertyof a heavytop quark;the heavytop
will decaybeforeformingatop-hadron.Thisenableusto measurehehelicitiesof parentquarks
by angularanalysesf their decaydaughters. The helicity measurementill provide us with
a powerful tool to systematicallyinvestigatethe top quark productionand decayvertices,in
particular whentheverticesinvolve new particlesexpectedn the SUSY scenario.

A lot of studiesaboutthetop quarkareexpectedn JLC-I1. We haveto do aintensivetestsof
the StandardModel throughthe aboveprecisionmeasurements.



2.1.2 HiggsBoson

At thepresentthe Higgsbosonor Higgsmechanisnexpectedrom electroweakheoryhavenot
beenexperimentallydiscoveredndlowerlimit onthemassof the StandardModelHiggspatrticle
is 64.5GeV at95 % confidencdevel ( Ref.[6] ). TheHiggsbosondoesnothaveastrongconfine
suchasthe top quarkin the StandardModel framework. But assuminghe GUT, Higgs mass
doesnot exceed?00 GeV( Ref.[1] [2] ), andthelight Higgs bosoncanbe searcheckasily by
the processgte~ — Z%h° atthe JLC-I experiment.Especially a searchof intermediateHiggs
boson(m; < m, < 2my) is importantbecauset is too difficult to detectsucha intermediate
Higgs bosonat the otherexperiments.The LEP-II experimenis limited by the centerof mass
energyandthe LHC experimentor otherhadroncollider do not havea goodobservablalecay
mode. On the otherhand,the heavyHiggs boson(2m, < m;) will be searchedor usingthe
processh® — 7°7° — 4] atfuturehadroncolliders( LHC ).

In the Minimal Supersymmetriextensiorof the StandardModel(MSSM), the Higgs sector
consistsof two doublets,resultingin five physicalparticles;two CP-evenscalars,.e. a light
one(h°) andheavyone(H°), oneCP-oddscalar(A°), anda pair of chargecHiggs (H*). There
are relationsamongthe massesf theseparticles. The m o, myo, andmy+ canbe givenin
termsof m 40 andtan’, wheretans is the ratio of the two vacuumexpectatiorvaluesof two
Higgs doublets. The Higgs phenomenologyn the MSSM is eitherthe productionof only the
light Higgs particle with a crosssectionsimilar to that of the StandardViodel Higgs patrticle
(ma > 150GeV) or thesimultaneouproductionsof 1°, H°, A°, andH* (m 4 < 150GeV). In
any casewe candiscoverat leastoneHiggs particleat JLC-I if natureis really underthe GUT
condition.

Owing to the masscontributionof coupling to Higgs boson,the decaybranchingratio is
dominatedby h° — bb in caseof mu < 140 GeV, while in caseof mjo > 140 GeV the
n® — W*W~ decaymodeis dominant. Here, we considerthe main decay mode is bb.
Dependingon the decaymodesof Z°, eventtopologiesof the processete~ — n%Z° are
classifiednto the nextthree.

o Z°0° — 1*1=bb (~ 10%)
o ZOh° — ¢qbb (~ 70%)
o 7900 — vibh (~ 20%)

A typical eventof eachtopologyis shownin Fig. 4 ( quotedfrom Ref.[2] ). The signalsof
Higgsbosonwill be observedasa peakin theinvariantmassdistributionof 2-jets,requiringthe
invariantmassof therestsystem( 2 leptons, 2-jets,andmissingof the4-momentumm) consistent
with m;. Themainbackgroundgomefrom thefollowing processes.

o ctem - WW
o etem — 7970

o cte™ — evW



The backgroundf W and Z°Z° havea peakat the forward directionin differentialcross
sections.TheW I andevWW eventsdo notincludeb-quarksatfinal states.Thus,to selectHiggs
bosonswe requiredof eventsproducedin centralregionwith b-quarks. Fig. 5 ( quotedfrom
Ref.[2] ) showsthereconstructedr;, atanintegrateduminosityof 30 fb— ( correspond- 100
daysrunning).

Oncea Higgs particleis discovereda detailedstudy shouldcomenext. The questionto be
answereds whethertheHiggssectoris thatof the Standardviodel or not. Precisameasurements
of the productioncrosssection the decaywidth, andthe decaybranchingratio of 4° will answer
this question.Fig. 6 ( quotedfrom Ref.[2] ) showsthe contoursof thetotal width of the MSSM
Higgsin them 4o andtansi plane. We canalsoestablisithe non-minimality of the Higgsboson
by measuremenof the total crosssectionof e*e~ — Z°° ( o4, ) andthe branchingratio (
Br(h® — bb) ). We shouldcomparethes;, x Br(h° — bb) of the measuremenwith thatof the
StandaraViodel. It is shownin Fig. 7 ( quotedfrom Ref.[2] ). Thedecaychannebf h° — 7~ is
alsointeresting.For the Standardviodel this branchingratio is ~ 102, butit canbe ~ 10~ or
muchsmallerfor largetan’ andrelativelysmallimn 40 in theMSSM. Whetherwe canachievethis
studyor not muchdependn the performanceof the calorimeter The goodenergyresolution
for v ( electromagnetishower) is requiredbecausehe only calorimetercandetecty directly.

The Higgs studiesalsoprovide us a possibility to probehigherenergyscalephysicsthrough
the massratio of the bottomquarkto the tau lepton. At presentlargetheoreticalerroron m;
from bb potentialpreventsus from makinga precisetestof the GUT predictions. However if
the massof the Higgs bosonis in the regionwherethe main decaymodeis bb, we canmakea
precisemeasurementf the b-quarkmassby measuringhe branchingratio for 2.° — 7. In any
modelswhich generatéghe b-quarkandr leptonmassedrom the sameHiggs doublet,the ratio
of the branchingfractionfor 2° — bb andh® — 77 is completelyfixed up to the ambiguitiesin
my anda. Fig. 8 ( quotedfrom Ref.[2] ) showscontoursof the branchingratio for h° — 77in
the planeof m;, anda.

The detectionof oneor moreextra-Higgsbhosons;n 40, m 0, andm y+ is thedirectevidence
of the non-minimality of the Higgs sectorexpectedn the SUSY models. The processesf the
productionwerealreadyshown( ete~ — H°Z° HCA° h°A° and H*H~ ). Thedetectionof
the H°Z° processs similar way with thelight Higgsboson.A detailedstudiesof the othersare
reportedn Ref.[1], [2] and [7]. In anycasethedetectionatthe JLC-1is easy

As we describedabove we canperformdiscoveryof theintermediateHiggs boson|if it exist.
In this casewe may be able to testthe SUSY with the precisionmeasuremenof the Higgs
propertiesor the directsearchor theotherHiggsbosons.

2.1.3 SupesymmetricParticles

The SUSY predictsthe existenceof a light neutralHiggs bosonwhosediscoveryat JLC is easy
asdescribedn the previoussection. Howeverthe discoveryand study of the lightest neutral
Higgsbosonaloneis notenoughto provethe SUSY. It is definitelynecessaryo discoverat least
onesupersymmetriparticle. Therearealot of chancedo discoveratleastonesupersymmetric
particle.

In the framework of Supergravitymodelswith the conditionsof the GUT the following



the parameters( mqg, M, j1,tan3 ), which determinedthe massspectraand the interactionsof
supersymmetriparticles,areinvolved( Ref.[8] ). In orderto avoidunnecessargomplications
we will makethe following simplifying assumption.The R-parity is exactly conservedvhich
impliesthatsupersymmetriparticlescanonly bepair-produce@ndtheLightestSupersymmetric
Particle( LSP) is absolutelystable. And the LSP might be the light neutralinoto be consistent
with cosmology We furtherassumehatthe supersymmetriparticlein questionis the lightest
chargedsupersymmetriparticle.

Under theseassumptionsthe lighter charginoor the right-handedsleptonwill be the first
observedsupersymmetriparticleat the JLC-I. The following decaymodesof the chagino and
sleptonaresomeobservablenodes.Dominantdecaymodesof theseparticlesarelisted below

° {-*— N /701”‘"?-}_
° {+ —>l/liol+

o = qqi’
o T — 0/

° l~ﬂ: N liio\,o

where{? is thelightestneutralino( in this caseLSP) and/ canbeanyof e, 1, andr.

In anycasewe canuseamissingtransversenomentunor alargeacoplanarity seeAppendix
B.2). The mainbackgroundg exampleete~ — W1~ ) areremovedby this acoplanarity
cut.Fig.9 ( quotedfrom Ref.[2] ) showsanexampleof theacoplanaritydistributionfor the 2-jets
+ 1 lepton( onecharginodecaysadronicallyandthe otherdecaydeptonically) final statefrom
thelighter charginopair productionswith the Monte Carlosimulation. The enegy distributions
of the 2-jetssystemdrom the lighter charginodecaysandof the muonsfrom smuonareshown
in Fig. 10 ( quotedfrom Ref.[2] ) andFig. 11 ( quotedfrom Ref.[2] ), respectively

Thesefiguresexplicitly showthatwe cansearchfor a supersymmetriparticle at the JLC-I
experiment.In orderto detectthe missing P;, we requirea goodangularcoverageandwe must
constructhe hermeticcalorimeter

2.2 Detector

In orderto achievethe physicsgoalsof the JLC-I experimentsye needa hermeticdetectomwith
superenergy/momentunnesolution,good b-taggingcapability and good lepton identification
capability We made a conceptionaldesign of the detectortaking accountof the physics
simulationsaswell asthe experiencef previousexperimentandR&D programs.An apparatus
proposedy the JLC working groupis shownin Fig. 13( quotedfrom Ref.[1] ). The detector
is basedon modestextensionsf the presentlyavailabletechnology The parameterandthe
performance®f eachdetectorcomponentre summarizedn Table1( quotedfrom Ref. [1] ).
Thesevalueswereassumedh the previousphysicssimulations.Exceptmuondetecto MUON
), threedetectorsnamelyvertex( VTX ), centraldrift chamber CDC ), andcalorimeter{ CAL
) areplacedinside 2 Teslasuperconductingolenoidto achievea hermeticstructureandgood
energyresolution.



Tablel: ParametersandperformancesftheJLC detector ( Thistableis quotedfromRef.[1].)

petector| TYPE | CONFIGURATION| PERFORMANCE
Pixel Size ; 251m . .
Number of Layers ; 2 layers Position Resolutiong = 7.2um
VTX | silicon CCD | Layer Position ; r=2.5cm & 7.5cm Impact Parameter Resolutiérum];
Vert Thickness ; 50@um / layer
(De?erci))(r) | cosB | < 0.95 " Y 52 = ll.lg + (28.8/[% /SISI”B
Radius ;r=0.3-2.3m Position Resolution ;
CDC Length;1=4.6 m o, = 100um (/ axial Wl_re)
Small-cell Number of Sampling = 100 0z =2 mm (/ stereo wire )
(Central Diift | Jet Chamber umber or sampling = Momentum Resolution ;
Chamber ) | cosB | < 0.70 ( full sampling ) opt/ Pt= 1.1x10* Po+ 0.1%
| cosB | < 0.95 ( 20 samplings ) opt/ Pt="5x10° Pb+ 0.1%
( with vertex constraint]
:LLEM part ; thickness = 29 Xo Energy Resolution ;
+ C ’ :
;iﬁ_gi”az)lﬁsu cell size = 10cm x 10cm| GE/‘/E =15% NE & 1% (e &)
CAL |sandwitch | PAD part C ;ﬁlig_kréesszgcfnﬁo s0em oE/VE =40% NE & 2% (hadron
ize = X
( Compensated Si Pad ; pad size = 1cm x 1cm Si Pad Positi(?n Resolutiom;= 3 mm
| cosB | <0.99 Si Pad et Rejection = 1/50
MUON Single Cell Number of Superlayers ; 6 Position Resolution g = 500um
Drift Chamber | cos8 | < 0.99 Pt > 3.5 GeV ( barrel )

2.3 Calorimeter

* All momentum and energy are expressed in [ Ge

Thefollowing itemsshowtherequirement®f the calorimeterat the JLC-I.

1
2
3
4

goodenegy resolutionfor electromagnetishower:o /E = 15%/VE + 1%

goodenengy resolutionfor hadronicshower:o/E = 40%/\E + 2%

goodpositionresolutionfor electromagnetishower:o,/E = severamm//E

goodidentificationof electronsrom hadronbackgroundsa pion rejectionfactor of about

50 for anelectronefficiencyof 90 % (the pion rejectionfactoris definedin section3.3.4)

5 hermeticcalorimeter

whereenergyE is givenin GeV. Thevaluesareexpectedo beachievedy amodesextensiorof
currenttechnology We candetectthe high energyneutralparticlessuchas K9s, ysandneutrons

(n ) only by the calorimeter 7% decayinto two vsimmediatelyaftertheseproduction.

~ is importantin the caseof studyingh® — 2vs (' seesection2.1.2). Thisbranchingatiois ~

102 evenif the StandardModel. Themassof Higgsbosonfrom two ~sis describedas

2 02
my, = mZ,

9

= 2E1E5(1 — cosh).



Therefore the performancef the enegy andpositionresolutionfor electromagnetishower
is amainkey of thatstudy Theprocesf Z°h° — ete~bb alsoneedgoodenergyandposition
resolutionfor electromagnetishowers.Because:* radiatesy by bremsstrahlungn the CDC,
therecoilmassof the Z is dependingpntheresolution.

A ('hadron) jet containsabout20 % neutralhadrons K2, n ). In orderto calculateinvariant
massof two or severaljets, we also needgood energyresolutionfor hadronicshower As an
example we showHiggs massresolutionin thetheete~ — Z°1° process.In Fig. 12 ( quoted
from Ref.[1] ), theresultof asimulationof thedi-jet masgesolutionassumingheperformances
listedin Tablel andsmearedccordingto theresolution,is presentedThevalueof ¢ = 4 GeV
is reasonablygoodjet massresolutionandit showsa greatcapabilityto separat@econstructed
Higgsbosonsrom the backgroundg mainly Z particlesin theete~ — Z°Z° procesg atafew
GeVlevel.

The electronidentificationis importantin many cases. An exampleis to searchfor events
of Z°h° — ete~bb or of top quark associatedvith the electron. The reasonfor necessityof
hermeticcalorimeteris to measurednissingenergy In charginoor sleptonpair production,a
LSPis emittedandcarriesnon-negligibleenegy, resultingmissingenergy

In the Table 1, we chosea compensatindb-scintillatorcalorimeter( sandwichtype) which
is oneof the solutions. Combinationof Pb and scintillator hasthe potentialfor compensating
calorimeter which hasgood energyresolutionfor hadronicshower( seeAppendixA.3). By
the calculationsof R. Wigmans[10], our requirementor hadronicshowers( 40%/\/F ) can
be achievedwith the configurationof Pb=10mmand scintillator=2.5mm. For electromagnetic
showersijt is ableto achieveour requirement(15%y/+/F ) with the configurationof Pb=4mm
andscintillator=1mmby the simulationstudiesof Y. Fujii in Ref.[11]. ExperimentallyZEUS
groupq12] havereportedheperformancef thecompensatingb-scintillatorcalorimeter These
studiesandresultsaresummarizedn AppendixC.1.

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

3 Testsof Prototype Calorimeter

2 To achievethe energyresolutionof JLC calorimeterwe choosecompensatind?b-scintillator
fiber calorimeter Becauseof the fine samplingfrequency fiber calorimeterhasbetterenergy
resolutionthan other Pb-scintillator calorimeterssuch as sandwichcalorimetermade of Pb
plates, scintillator plates, and wave length shifter bars. Moreover it is possibleto reduce
deadspace which might be occupiedby wave length shiftersin caseof sandwichtype. The
better position resolution can be achievedif the read-outcrosssectionis small. Several
groups[14] [21] [22] [25] [27] havereportedthe excellentperformanceof the Pb-scintillator
fiber calorimeter Theseperformancearesummarizedn AppendixC.2.

As aprogramof R&D for the JLC experimentswe constructedestmodulesof Pb-scintillator
fiber calorimeter We madea beamtestof the modulesat KEK PS 72 beamline to testthe

2Thecontentof this sectionwill besubmittedasa paper
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following items.

e energyresolutionfor electronsandpions

¢ signalratio of electrongo pions(compensation)
e linearity of thesignal

e positionresolutionfor electrons

¢ identificationof electrongrom pions

¢ angulardependencef bothenergyandpositionresolutionfor electrons

The angulardependencef both energyandpositionresolutionfor electronss dueto lateral
showerspread.For Pb-scintillatorfiber calorimetey the beamdirectionis almostparallelto the
fiber direction. Becausehe electronshowerspreadsonly a few cm andratio of active layer
to absorbelin the showeris fluctuatedby incidentpositionand angle. Thus, both energyand
positionresolutiondependon the angleandat the smallangle( 4, = 0° ) theresolutionmay be
worse. Therfore,we testtheir effectsexperimentally

Dueto thelimit of the beamenergy( 4 GeV ), responsef the modulesonly to low energy
particlecouldbetested.

3.1 TestModules

We constructedestmodulesof compensatind’b-scintillatorfiber calorimeter The schematic
view of the testmodulesare shownin Fig. 14. The volume ratio of leadto fiber was setat
approximately4:1in orderto achievethe compensation.For structuralhardnesghe Pb plates
contained6% antimonyin weight. A Pb-platewas 10 cm wide and 130 cm long 2 mm thick
(173X, and6.2\g ; seeAppendixA.2 ), andhad machinedgroovesfor the fiberson its upper
side( seeFig. 15) with 2.2 mm pitch. Thefiberswerel mm ¢ andmadeof polystyrene-based
scintillator KURARAY SCSF-38.The polystyrenecoreandPMMA clad hadrefractiveindices
of ny = 1.59andn, = 1.49,respectively Thesurface®f fiberswerepaintedwith white reflector
in orderto increasdight yield. The attenuatiorlengthof scintillation light wasmeasuredo be
roughly300cm.

ThePb-platedilled with scintillationfibersin theirgrooveswverestackedo form atestmodule
materialwith dimensionof 10x5x130em2. Becausef thicknessof thereflectoy twentytwo or
threePb plateswerestackedn the heightof 5 cm. At rearendthefibersweregroupednto two
segmenandbundled. Theedgeof eachbundlewascutto makea flat surfaceandpolished.The
bundlewasgluedto anacrylic light guide andviewedby a photomultipliertube ( Hamamatsu
R1335). At thefrontendtheedgesof thefiberswerepolishedandpaintedwith whitereflector A
total of eightmoduleswereconstructedndsixteenchannelsverereadout. Theywerearranged
to havea crosssectionof 20x 20 em? asshownin Fig 14. All moduleswereinsertedinto a box
madeof 7 mm stainlesssteel. It wasusedassupportstructureandlight shielding.

In addition,we constructe@speciakestmodulewhichhadalight guideandaphotomultipliers
ateachend. Thismodulewasusedto studyelectrons/pionseparatiorirom timing propertiesof
signalsatbothends.
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3.2 Setupofthe BeamTest

Testsof the calorimetermoduleswere performedat the 72 beamline of the KEK-PS. The
maximummomentumavailablewas about4 GeV/c. The electron/pionratio in the beamwas
about1/1000.

Fig 16istheschematiwiew of thesetupfor thebeamtest. We settwo triggercounterg S1,S2
) in front of the movablestagewherethe calorimetermoduleswere mounted. Eachof them
wasa scintillation counterwith a crosssectionof 5 x 5 cn?, andthe distancebetweerthe two
countersvasabout280cm. Thereweretwo gasCerenkowounterg C1,C2) betweerthetrigger
countergo identify electronsandpions. To takeelectrondatathe coincidenceof S1,S2,Cland
C2 signalswererequired,while only the coincidenceof S1,S2signalswere requiredfor pion
data. The electroncontaminatiorin the pion datawerelaterremovedn theoffline analysis.

In orderto preciselymeasureheincidentpositionof the particles we settwo drift chamberg
DC1,DC2) betweenS2 counterandthe movablestage. Eachof themhadreadoutdor vertical
andhorizontalposition,respectively The crosssectionof the drift chambersvere20 x 20cn?,
andthepositionresolutionwasabout2 mm atthe front surfaceof thetestmodules.

In additionto thetestmodulesfollowing detectorsveremountedon the movablestage.

e The leakageshowercounterswhich surroundedthe test modules(seeFig 17). The
counterswere sandwich-typecalorimeterconsistingof scintillator plate ( 2.5 mm thick )
andleadplates( 10 mm thick ), compensatingoo. The scintillation light wasleadinto
two photomultipliershroughtwo wavelengthshifter plateof 2 mm thickness.Theactive
volumeof amodulewas38.5x 18.6 x 100cm? in size.

e Thepreshowedetectorin front of testmodules( upperstream). The preshowedetector
consistedf six layersof a scintillator plate( 1 mm thick ) anda leadplate ( 4 mm thick
), resultingin 4 Xy. ThesepreshowerdetectorwerealsocompensatingThe scintillation
light wasleadinto four photomultipliersthroughtwo wavelength shifter platesof 4 mm
thickness.

¢ The silicon-pad detectorbetweenthe preshowerdetectorand the test modules. The
silicon-paddetectorconsistedf 216 pads( PIN silicon diodesmadein HAMAMA TU ),
onepadwas 300 ;m thicknessand 10 x 15 mn¥ in size,total activeareawas18 x 18
cn?. Thisdetectowassetto testthepositionresolutionfor electronsandthe separatiorof
electrondrom pionsthroughthe preshowedetector In this paperwe did not usethe data
of the silicon-paddetector

All the detectors,namely the test modules,the leakageshower counters,the silicon-pad
detectorandthe preshowedetecterwere mountedon a movablestage. The stagecould move
horizontallyandvertically, aswell asrotatein the horizontalplaneso thatthe incidentangleof
thebeamto thetestmodulescouldbe changed.

All the signalfrom the calorimetersverefed into 12 bit ADCs. The ADC channelshadtwo
differentrangego havean effectivedynamicrangeof 15 bit. The signalsof the drift chambers
werefed into 15 bit TDCs ( samebit type asthe ADC ) whereonebit correspondedtb 100 ps.
Onceaneventwastriggeredall thedataweretakenby a personatomputerf NEC PC98NSR).
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In specialrunsto takethe pulseshapethe signalsfrom the calorimeteraverefedinto a digital
oscilloscopeof 2 GHz sampling. The dataweretransferredo the personacomputer

We took variousdatachangingthe setupof the beamsandthe detectors. The momentumof
the beamwassetof 1.0, 1.5, 2.5and4.0 GeV/c. Theincidentpositionandangleto the test
moduleswere changedvith the movablestage. The datawithout the preshowerdetectorwere
alsotaken.

3.3 Analysis

In the following analysis,only single-trackeventswere used. They were selectedwith the
conditionsgivenbelow

¢ The pulseheightof eachtrigger counter( S1andS2) is consistenwith that of a signal
minimumionizing particle. Fig. 18 showstypical pulseheightdistributionsof thetrigger
counters.

e Therewasoneandonly onehit in eachdrift chamber DC1andDC2).

Thegainof eachchanneln thetestmoduleswvascalibratedwith usingthe electrondatato the
centralregion( 2x 2 cn? ) of eachsegmentsvith anincidentangleof 3° in the horizontalplane
(4, = 3 ). By D. Acosta,etal. ( Ref.[14]), theangulardependencef the energyresolution
is flat at #, > 3°. The electronenergieswere 1.0, 1.5, 2.5, and 4.0 GeV. The responsavas
foundto belinearin therelevantenergyrange. The leakageshowercounterswverecalibratedin
asimilarway. The energyresolutionof the leakageshowercounterdfor electronsvasfoundto
beoy/FE = 24.0%/\/E + 0.4%.

The resultswere comparedwith Monte Carlo simulationbasedon GEANT3. The detailis
describedn Ref.[9].

3.3.1 Energy Resolutionfor Electrons

To evaluatethe energyresolutionfor electronswe useonly the eventswhereelectronshit the
center( 2x2 cn¥ ) of eachsegmentsThetotal energyof thetestmodules( E;zap/scirr ) Was
calculatedasthe sumof the signalsof all the 16 channels.In casethe preshowedetecto PSD
) waslocatedin front, thetotal energy( £') is calculatedwith the following formula

E =« X Epsp + Erpap/scirr

where Epgp is the energydepositmeasuredn the preshowerdetector The coefficienta was
determinedat eachenegy point to obtainthe bestenergyresolution. For the datawithout the
preshowedetectoy E;zan/scrrr IS simply usedasthe total enegy. An exampleof the total
energydistributionis shownin Fig. 19.

By fitting thetotalenergydistributionto aGaussiarfunction,we obtainedheenergyresolution.
Theresultsat §, = 3° with andwithout the preshowerdetectorare givenin Table2 andalso
shownin Fig. 20. Theresolutionscanbe expressedby the following formula.
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14.4 + 1.63% .
o _ 144%163% 4154 103% with PSD
E E(GeV)
15.2 + 1.37% .
= =291 058+ 0.82% withoutPSD
E(GeV)
| Energy | 1GeV| 15GeV| 2.5GeV | 4GeV |

w/PSD || 13.84+0.87| 12.6+ 0.76 | 9.45+ 0.50 | 7.23+ 0.35
w/oPSD | 13.44+0.78| 12.5+ 0.75| 9.53+ 0.31| 6.81+ 0.24

Table2: Enegy resolutions/ E (%) for variousenegy.

The angulardependencef the energyresolutionwas studiedwith 2.5 GeV electronsat
f, =0°,1° 2°,3, 6°and9°. Fig. 21 showstheresultsof the energyresolutionasa function of
theincidentangled,. Althoughtheangulardependences notseenclearly, we observedslightly
worseenergyresolutionat 4, = 0°. We think a resonfor the indistinctangulardependencées
dueto thelow beamenergy

3.3.2 Position Resolutionfor Electrons

Theincidentpositioncanbe obtainedfrom the testmodules. The position( x, y ) weightedby
theenepy is calculatedas

> ik
==
> E;

. 2 ViEs

- LiE
where( z;,y; ) and E; arethe centerpositionandthe energydepositof ;'the channel. In this
analysisthe datawithout the preshowerdetectoris used. Fig. 22 showsthe scatterplot of
the incidentpositionsmeasuredy the drift chambersandthe positionderivedfrom the above
formula, wherethe electronsof 4 GeV energywereincidentwith a horizontalangle( 4, ) of 3°
to thetestmoduleswithout the preshowedetectorin front.

Using theseplotsandassuminghatthe positionsmeasuredy thedrift chambersarecorrect,
we can get functionsfor further correction. We usedthe tangentialfunction here. We show
thedistributionof thedifferenceof the correctedpositionandthe positionmeasuredby the drift
chambersn Fig. 23. Thedistributionsarefitted to Gaussiansandtheresolutionsarecalculated.
Theresultsatd, = 3° aresummarizedn Table3 andshownin Fig. 24. Therelationbetweerthe
positionresolutionandelectronenergycanbe expresse@s
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6.2+ 0.3mm

0, = ————+06x02mm atb, =3° without PSD
E(GeV)
47+ 0.3mm
o, = &0 = Zomm +1.4+02mm até, =3° without PSD
E(GeV)

The differenceof the behaviorsbetweenthe x-coordinateandthe y-coordinatels considered
to bedueto the differenceof the beamspotat the variousbeamenergy The positionresolution
dependson the incident point and at the edge of one segmentthe test moduleshave better
resolutionbecausewe can get more information aboutthe incident point from the adjacent
channels.

Theangulardependencef thepositionresolutionis studiedwith thedataof 4.0 GeV electrons
atd, = 0°,3°,6° and9°. Fig. 25 showstheresultsof the energyresolutionasa function of the
angled,. Theangulardependencerasnot seen.

3.3.3 Energy Resolutionsfor Pions

We use the pion datawith incident angle of 0° for the energyresolutionfor pions. The
contaminationof electronsin the datais removedoffline using the information of Cerenkov
counters.We calculatethe total enegy asthe sumof all the signalsfrom the testmodulesand
leakageshowercounters.Similar to the casefor electronsijf the preshowedetectowaslocated
infront,a X Epgp isfurtheraddedo thetotalenergy An exampleof thetotalenergydistribution
is shownin Fig. 26. Theenergyresolutionsat eachenergypointsarelistedin Table4. Theyare
alsoshownin Fig. 27.

315+ 1.79%
g = 2222207 9,06+ 1.19%with PSD
E E(GeV)

301+ 1.82%
9 = = SPER 7454 1.15%without PSD.
E E(GeV)

The large constantterm reproducedoy the simulation[9]. It may be causedby the further
showerleakagefor pion from thetestmodulesandleakageshowercounters.Becausef serious
problemat high energywe wantto checkit experimentallyby locatingfurtherleakagecounters.

| Energy|| 1GeV| 15GeV| 2.5GeV| 4 GeV |
[ x 6.94+ 0.13] 5.33+ 0.12] 4.37+ 0.10] 3.74+ 0.09
Yy 6.52+ 0.16| 4.97+ 0.11| 4.45+ 0.09] 4.12+ 0.09

Table3: Positionresolutions/ E (mm)for variousenegy.
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| Enegy | 1GeV| 15GeV|  25GeV | 4 GeV |

w/ PSD || 40.294+ 1.03| 35.12+ 0.61 | 28.63+ 0.48 | 24.94+ 0.44‘
w/oPSD || 37.97+ 1.02 | 31.62+ 0.79 | 26.34+ 0.65| 22.54+ 0.39

Table4: Enegyresolutions / E (%) for variousenegy

Theratio of signalamplitudefor electrongo pionsarecalculatedas

e_Ae_ 119
h Ap

whereA, and A, werecoefficientsof linearfit in thelinearity measurementn this analysisve
didn’t take accountof the further showerleakagefor pionsfrom the testmodulesand leakage
showercounters. The valueof theresult( e/h = 1.19) suggestsdhat the testmodulesare not
exactlycompensating.

3.3.4 Electron ldentification

We canidentify electrongrom pionsusingcalorimeterdy utilizing the differencein thelateral
showerprofile of electromagneti@and hadronicshowers. The preshowerdetectorcanalsobe
usedfor electronidentification. As theresponsef the preshowedetectolis almostindependent
of the lateralshowerspreada combinationof the calorimetersandthe preshoweidetectorcan
improvefor electronidentification.

In addition,we may be ableto separateslectronsandpionsby utilizing the differencein the
time structureof electromagnetiandhadronicshowers.

Electron Identification from Lateral Shower Spread

To characterizeéhelateralshowerspreadve definedheretwo variables. Oneis thecontainment
valueC definedas

i Ei (i; Center of 9 Modules)

¢= Y, E; (7 All test modules + Sandwich)

The suffix : includesthe centersegmentocatedat the beampositionandits eightneighboring
ones,while the suffix j includesall testmodulesandthe leakageshowercounters. The other
variableis the lateralshowerspreads definedas

o _ LiD2E
T LB
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where D; is the distancefrom the beamposition determinedby drift chamberdo the center
positionof eachsegment.Fig. 28 showsthe distributionsof C' and S for electronsandpionsof
momentun?.5GeV/c.

In the preshowerdetectorthe distribution for pion has a peak which corresponddo the
responseof a single minimum ionizing particle, while the energydepositsfor electronsshow
broaddistributionsat much higherregion. Fig. 29 showsthe pulseheightdistributionsin the
preshowedetectorfor electronsandpionsof momentun.5GeVi/c.

The scattemlots of the preshowedetectorsignalandC' or S valuesareshownin Fig. 30 and
Fig. 31, respectively Thesefiguresindicatethe electronidentificationwith the testmodulesin
combinationwith the preshowedetector

We get the electronefficiency and the pion rejection factor as the following expressions,
respectively

NE...
Electron ef ficiency
1 YN Ea
. L NP,y
Pio recti ctor
on rejection factor NP,

N E,.;; wasanumberof single-trackeventsselectecoy DC and N E..,; wasa humberof electron
eventsselectedoy the calorimeteror PSD,wherewe usedelectrondata. N P,; and N P.,; are
samedefinition,wherewe usedpionone. To compareheaboveanalysisdy pionrejectionfactor
with fixed electronefficiency variouscutsapply to the data. They aresummarizedn Table5.
Althoughthe energyis low, resultsaregood. Especially the testmodulesin combinationwith
the preshowerdetectothavegoodcapabilityto the electronidentification. ( At the 98%electron
efficiencythe pion rejectionfactoralreadyexceed$0. )

| Electronefficiency | 90% | 95% | 98% |

PSD 10.5| 9.56| 7.77
Cvalue 21.4| 14.1| 7.49
Svalue 24.7| 155| 9.78
PSD+ C 94.3| 74.1| 50.6
PSD+ S 94.3| 79.8| 61.0

Table5: Pionrejectionfactor for varioustechnique.

Electron Identification from Time Structure

Electromagnetior hadronicshowershavedifferenttiming time characteristicsThe differences
betweerelectronandpion signalscamefrom thefollowing characteristics.
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1. Thelongitudinalshowerspread.As thetypical hadronicshowersspreacbveralargerarea
thanelectromagnetishowersthe hadronicshowergesultin broadersignals( largepulse
widths).

2. Theneutroncomponentn hadronicshowers.This effectappearsn tail of the signals.

3. Thelongitudinaldepthat showemaximum? Theshallowshowemaximumsof electrons
causethelargeanddefinitetiming differenceof the signalsat bothends.

We haveinvestigatedwo methods,oneis a pulsewidth to characterizehe abovefirst and
secondtems,andtheotheris thetiming differenceto characterizéhe abovethird one. We used
both the testsmodulesandthe specialtestmodule( havinga readout deviceat eachend, see
section3.1). In thespecialruns( seesection3.2) thesignalwerefedto thedigital oscilloscope,
theinformationof the time structureof showerswvereextracted.For the testsmoduleswe have
investigateda pulsewidth of the signalsto characterizeéhe pulseshape.Onthe otherhands for
the specialmodulewe haveinvestigatedhe 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 the specialtestmodulein orderto obtainthe best
separatiorof electronsfrom pions. Fig. 32 and 33 showthe distributionsof the pulsewidths
for electronsandpionsof momentum4 GeV/cwith the testmoduleandthe specialtestmodule,
respectively The incidentpositionto the testmoduleswasthe centerof the segmeniandthe
incidentanglewas 3° in the horizontalplane. On the other hand,in caseof the specialtest
modulethe incidentpositionwaschangedo the edgeandthe incidentanglewasalsochanged
to 6° to avoidthe beamhitting the light guideand phtomultiplier Becauseof this conditionthe
distribution of electronswith the specialtestmodulewas broaderthan that with testmodules
and thereforethe pion rejectionfactor with the specialtest modulewasworse. The electron
efficiencyandthe pionrejectionfactoraresummarizedn Table6 and 7.

| Electronefficiency | 93.6%| 97.0%| 98.3%|
| PWD | 6.92] 4.10| 3.65]

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

Thedistributionsof thetiming differenceof the signalsfor electronsaandpionsincidentto the
specialtestmoduleareshownin Fig. 34. The energyincidentangleandincidentpositionwere
4 GeV, 6° andedgeof the segment. As the timing differenceis almostindependenfrom the

3By D.Acostaetal. [17] somesignalsfor hadronicshowershavetwo peakscomingfrom thedirectlight andthe
light reflectedoff thefront endof thealminizedfibersatthe high energy( 40 GeV or larger). As thedeepershower
maximumcausehebroadersignals the hadronicshowergesultin thebroadersignals.In ourtestmodulesthefront
endof thefiberswerepolishedandpaintedwith white reflector andthis effectwasn’tseenatthelow energy
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pulsewidth we canusethemin combination.Thescatterplot of themareshownin Fig. 35. The
electronsefficiencyandpionsrejectionfactorarealsocollectedin Table7.

By D.Acostaet al. [17] the time structurehas high sensitivity of the separatiorelectrons
from pions. They reportedthe pion rejectionfactor is measuredo exceed1000at the energy
of 80 GeV by the analysisof the pulsewidth. On the otherhand,the othergroup[15] report
that no separatiorwas possibleby timing discriminationat the low energy( below 10 GeV ).
They explainedthattheir calorimeterwastoo shortto detectit. Their calorimeteris only 1.32
interactionlength. It will be impossibleto measurethe total energyfor the pions with their
detectorandthus,it is almostimpossibleto detecthelongitudinalshowerspreadandtheneutron
componenby thepulsewidth analysis.Ourresultsshowthepossibilityof theseparationthough
it is a little. The reasonof the low sensitivity of the separatiorwill be dueto the low beam
energy

| Electronefficiency || 90% | 95% | 98% |

PWD 295| 229| 191
D 2.85| 2.53| 2.17
PWD+ TD 6.90| 4.85| 3.20

Table7: Pionrejectionfactor with the specialtestmodule. The PWD showsthe methodof the
pulsewidthsand TD showsthe methodof thetiming difference.

3.4 Discussion

In this section,we describethe finding for the studiesof the compensatind?b-scintillatorfiber
calorimeterthroughthe constructionand the beamtest. We also discussfurther studiesto be
done.

Performances

From the aboveresultsof analysis,we found the following performance®f the compensating
Pb-scintillatorfiber calorimeter

e Theyhavebestenergyresolutionfor bothelectromagnetiandhadronicshowersn theone
bodytypesatthe present.

e Theyalsohavegoodpositionresolutionfor electromagnetishowers.

e Thereis room for argumenton the e/%. If the compensatioris complete,the energy
resolutionfor hadronicshowersarefurthergood.

¢ In the combinationwith the PSD, the calorimeterhave good capability to the electron
identification from lateral shower spread. But due to the low energy the electron
identificationfrom time structureis notcleat
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As awhole,we canfind thegoodperformancesf thatcalorimeter

TechnicalDifficulties in Constructing

But throughconstructingof our testmodules,we found severaltechnicaldifficulties; a large
numberof handlingfibers,makinggrooves,control paintingtechnic,andsoon. Thefollowing
itemsaresomeproblemsof our constructingvhenthe massproductionis considered.

¢ In orderto increasehelight yield, we polishedthe both fiber edges.We expended great
dealof timein doingthework, it may be possibleonly to cut with diamondcutter

¢ We usedgroovedPb plates,it was simple but too many processwas needed. Many
processesicreasdargecost. Theconstructiorof thecollider experimentsisuallyneedsa
hugecostandit is seriougproblemto comeexpensive We shouldsuppresshe costaslow
aspossible.

¢ Moreover usingthe Pbplatesbecomdlifficult to supportit, whenwe setupit in thebarrel
region. It is desirableo usePB blocks,if it’spossible.

e Paintingis a problem,too. Paintingmadespacebetweenlead plates,non-uniformity of
the moduleheight. Indeed,onetestmoduleof 5 cm in heightmadeof only 22 or 23 Pb
platesof 2 mm andthe centerof thetestmodulewasfallenin afew mm. Becausef these
effectsthedeadspacdncreasesthe uniformity maybeworse,andthe energyandposition
resolutionmight beworse.

Up to the presentwe havenot founda bestway yet.

Further Studies

On the otherhand, a lot of tasksareremained. We describethe further studiesto be donein
future.

o We mustperformthetestswith thetestmodulesatthe high energy For the centerof mass
enegy will bedesignedas300-500GeV, thebeamenergyof testsof the calorimetemeeds
atleastahundredGeV.

e Thesimulationstudiesarealsoimportanttasks. We will haveto definethe parametersf
thecalorimeterexactly Therearemanyparameterfor the Pb-scintillatorfiber calorimeter
(diameterof fibers,volumeratio of Pbto fibers,crosssectionof areadoutchannelandso
on), andeachparametehavemuchinfluenceon the performanceof the calorimeter To
defineparameterss mainly investigatedy the simulation.

e Thelongtermstability is alsoimportantin along standingexperimentssuchasJLC. For
the fiber calorimetey the responsef scintillating fiber is changedr down. Becausdhe
enegy resolutionis direct dependingon the numberof photons( light yield ), the low
responsavill causeheworseenepy resolution.
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e The study of necessityof the preshowerdetectoris remained. The preshowerdetector
locatedin front of fiber calorimetermay reducethe dependencef incidentposition( see
section3). This subjectis alsoassociateavith the developmenbf the photondetectors
operationalvith strongmagneticfield ( seenextsection).

4 Testsof Photon DetectionDevices

4 Becausef thinking to locatethe calorimeterto insidethe solenoid we needto developa high
sensitivity photondetectorsoperationalwith strongmagneticfield. The hadroniccalorimeters
are usuallymadewith samplingconfigurationandtheir outputphotonsare not enoughto read
outwith PIN silicon photodiodesIn casethe preshowedetectordhaveto readout, their output
photonsarealsonot enough.Therequiredvalueis 10° orderof gainunderthe magnetidield of
2.0Tesla.

In thisreportwe presentesultsof thetestsof threetypesof photondetectiondevicesn strong
magneticfield ; a fine-meshphotomultiplier( FMPMT ), a hybrid photodiode( HPD ), anda
vacuumavalanchghotodiode( VAPD ). Strongmagneticfield upto 2.5 Teslawereappliedfor
FMPMT andHPD, andupto 1.0 Teslafor VAPD.

4.1 Photon DetectionDevices

A schematicview of the FMPMT is shownin Fig. 36. An incoming photonis converted
on the photocathodento a photoelectronthen acceleratedyy the electrostaticfield, hit the
fine-meshandproductsomesecondaryelectrons. Similar to photomultipliersthe acceleration
and productionwere repeatedn pairs and a large numberof the electronsis gatheredand
produceghe outputcurrentat the lastdynode. It is well knownthatthe FMPMT is operational
in magneticfields lessthan~ 1 Tesla [29]. Howeverfor future collider experimentsmuch
higher magneticfield is expected.In this testwe useda HamamatuH2611SXA(24)FMPMT
[30]. Thisis oneof testpiecesaimedat very highgainby increasingrumberof dynodeaupto 24
stagesParametersf the H2611SXA(24)arelistedin Table 8.

HPD is a new photondetectordevelopedby DEP in collaborationwith Canberra]NFN and
CERN-LAA project[31] [32]. A basicconfiguratioroftheHPDis shownin Fig.37. Thesameas
FMPMT, anincomingphotonis convertedn the photocathodento a photoelectronaccelerated
by the electrostaticfield toward the PIN silicon photodiode. The accelerateghotoelectrons
stopin the depletionvolume by generatingelectron-holegpairs. The gainis proportionalto the
phtoelectronacceleratingvoltage. The collection of this chargeproducesthe output current
pulsesof the HPD. We testedcommerciallyavailableHPD PP350B [33]. Parametersf the
PP350Barelistedin Table 8. Sincedetailedstudywasalreadyreportedin reference[32] for
prototypeHPD, we somewhatoncentratédhereon the resultswith magneticfield of 2.0 Tesla
and2.5Tesla.

VAPD is a hybrid photondevicesimilar to HPD, usinga large-areaavalanchgyhotodiode(
APD) [34] insteadof a PIN silicon photodiodeasthe photoelectrordetectof35]. Fig. 38 shows

4The contentof this sectionwill besubmittedasa paper
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aschematioziew of the VAPD. As afirst stepthe accelerateghhotoelectrondy the electrostatic
field generate lot of electron-holegpairsin the APD. In the APD by theusualavalancherocess
oneelectron-holepair generatesnanyelectron-holegairsasa secondstep,the VAPD resultsin
havingmuchhighergainthanthe HPD. Severatestresultswithout magnetidield werereported
in reference$36]. Herewe reportits performancan magneticfield upto 1 Tesla. Thoughthe
setupfor VAPD wasthe sameasthatfor the othertwo deviceswe couldnotapplymagnetidield
morethanl Tesladueto somemagneticmaterialinsidethe VAPD. Parametersf the VAPD are
alsoshownin Table8.

| Parameters [ FMPMT |  HPMT |  VAPD
Photo-cathode 36mm 25mm 18 mm
Dynodediameter 36mm - -
Anode/Sidiameter 36mm 25mm 16 mm
PC-Anode/Stdiameter 19mm 5.6mm ( 6 mmmax)*3
maxPCvoltage -2.7kV -8.0kV -15.0kV
maxbiasvoltage - 75V 2250V
Gainw/o magnetidield | 1.2 x 108¢D 1600 1.0x 10°
Quantumefficiency 20% (420nm) | 20% (480nm) | 23% (450nm)
Risetime 2.1ns*? 8ns 9ns

Table8: Parametersof the FMPMT, HPD, and VAPD takenfrom technicaldata. (*1) Gain
at -2.0kV. (*2) Risetime of commecial tube R2450-09. (*3) This distanceis not controlled at
fabrication process.

4.2 Setupin Strong Magnetic Field

The testswere carried out at the PhotonSynchrotronExperimentalHall of KEK. Due to the
limitation of theavailability of magnetstestsweredoneusingtwo magnets Onewasaso-called
8D320 normal conductingbendingmagnetupto 2.0 Teslaand the other was a so-calledSKS
superconductingpectrometemagnet [37] upto 3.0 Tesla. Unfortunatelythe SKS magnetwas
underquenchtraining, magneticfield only upto 2.5 Teslawas available. The dataat 2.0 and
2.5 Teslaweretakenwith the SKS magnetwhile thoseat 2.0 Teslaandbelow weretakenwith
8D320magnet.Dataat 2.0 Teslatakenwith the SKS magnetandwith the 8D320magnetshow
no significantdiscrepancyThedataat 2.0 Teslawith the 8D320magnetweretakenduring both
rampingup andrampingdownthemagneto checkthereproductivity Theyagreedo eachother
very well.

The setupis shownin Fig. 39 schematically A blue LED of 450 nm [38] was directly
mountedabovethe photocathod®f the devices. Distribution of light on the phtocathodevas
measuredavithout magnetidield usingtheslits havingvariousdiameters.Theresultis shownin
Fig. 40. The LED havesomelight spreadandat the largeangleit wasn'tneglecteecause¢he
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photo-electronsre missingthe dinodedueto the tilted electrontrajectoryalongthe magnetic
field. In thefollowing sectionswe takeit into accountwith estimation.Variationof light output
of the LED dueto the magneticfield wasmeasuredo be lessthan1.5 % for all measurement
conditions( SeeFig. 41) andit is neglectedn thisanalysis.

Dataaretakenwith a CAMAC chargesensitiveADC. The samesetupwasusedfor all three
devicesexceptfor the opticalfilter.

Numberof photoelectrong N, ) for the FMPMT was obtainedfrom the width ( ¢ ) of the
pulseheightdistribution;

M \?
v (3,
g

where)M is themeanof the pulseheightdistributions.Forthe otherdevicesheywereestimated
fromthatfor theFMPMT, with theattenuatioriactorof theopticalfilter andquantunefficiencies.
Thegain( G ) wasobtainedrrom the NV, and/;

M 0.25x 107%2C

X .
Nye ~ 16x10%C

G =

Pulse-topulsefluctuationof the LED light yield was obtainedfrom the width of the pulse
heightdistributionof HPD. As a large numberof photons( exceedone million photons) are
inputted, photonstatisticscould be neglectedn the HPD measurementSubtractingthe noise
contributionfrom thewidth, pulse-to-pulsdluctuationwasestimatedo be 0.7%andnegligible.

We alsomeasuredhe uniformity of the pulseheightwith FMPMT andHPD without magnetic
field afterthetests.Resultsareshownin Fig. 42 andFig. 43, respectively As we observedjood
uniformitieswith them,theseeffectsareneglectedn this analysis.

In thefollowing subsectiomesultsof the measurement®r eachdevicearepresented.

4.3 Results
4.3.1 FMPMT

Wemeasurethegainof theFMPMT for variousmagnetidield strength.Thetilt anglef between
thedeviceaxisandthe magnetidield wassetto be0° and35°. Theresultsareshownin Fig. 44.
The nominal high voltage ( HV ) for the FMPMT was 2.7 kV. Howeversomemeasurements
atlow magneticfield were performedwith lower HV. The measurementare normalizedto the
gainatthenominalHV usingtheknownHV-gainrelation. Error barsshownin thefiguredenote
the normalizationerrors. If the magneticfield is parallelto the deviceaxis ( # = 0° ), thegain
decreaseuiterapidly. Ontheotherhand,in the caseof § = 35°, thegainis significantlyhigher
in generalandexceedd 0° evenat2.5 Tesla.

In Fig. 45 the gainis plottedfor varioustilt angles. The gain changesnore steeplyasthe
magneticfield getsstrongerandthe highestgainis # = 35° in everymagneticdfields. Thesecan
be explainedby the lossof electronsandthe self-shieldingof dynodeq29], both are causedy
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the electrontrajectlytilted alongthe magnetidfield. Thelossof electronds calculatedrom the
parameter®f the configurationin Table8. The photoelectron®riginatingat the centerof the
photocathodetartto misstheanodeat# = 40°. On the otherhand,the self-shieldingeffectsof
dynodescanbe explainedthatsomesecondarelectronsemittedfrom the upperof a dynodeare
re-absorbedby the dynodeitself. It is # = 35° that mostelectronscanreachthe next stageby
passinghroughholesof the mesh.

Accordingto the measurementsherequiredhigh gainis easilyachievedwith the FMPMT in
thestrongmagnetidield, if thedeviceaxiscanbe appropriatelysetwith respecto the magnetic
field.

4.3.2 HPD

We measuredhe gain of the HPD in various magneticfield. The gain dependenc®n the
magneticfield strengthand on the tilt angleare shownin Fig. 46 and 47, respectively As is
expectedgainreductionwasnot observedor the magneticfield beingparallelto the HPD axis,
while a significantgaindecreasevasobservedor 6 = 60°.

The gainis reducedin tilted magneticfield becauseof two reasonspneis the enegy loss
of photoelectrongn the surfacedeadlayer of the silicon [33], andthe otheris the shift of the
photoelectroimageon the silicon. The photoelectronsosetheir energieseforeenteringthe
depletionregionin the surfacedeadlayer. For the tilted magneticfield, incidentanglesof the
electronsareno morenormalto the silicon becaus®f thecycloid motion,andtheenergylossin
the surfacedeadlayerincreases Assumingthat electricand magneticfields areuniform inside
theHPD, exactorbit equationcanbe numericallysolved. We obtainthatthe gainis reducecdby
17 % for thecaseof § = 60°.

The other origin of the gain reductionis the loss of photoelectronglue to the shift of the
photoelectronmagein the magneticfield. Fromthe measuredlistributionof the LED light on
the photocathodethelossof photoelectronss calculatedo be22 % for thecaseof § = 60°. The
calculationis consistentvith the measuremerdandthe behaviorof HPD is roughly explainedoy
theseeffects.

4.3.3 VAPD

The VAPD hasalmostthe samestructureasthe HPD, andis expectedo work understrong
magnetidfields. In Fig. 48 thegainis plottedfor the magneticfield strengthup to 1.0 Tesla. In
Fig. 49 the gainis plottedfor varioustilt anglesat 0.5 Tesla. For ¢ = 60°, in contrastwith the
HPD casethegaindecreaseguiterapidly downto ~ 1/30of thatwithout magnetidield.

Assumingthatelectricandmagnetidields areuniforminsidethe VAPD, the effectof cycloid
motioncanbecalculated.Thegainreductiondueto thetilted incidentangleis very smallbecause
of the high electricfield, andis calculatedo be only 6 % effect. The effectof the photoelectron
imageshift is largerdueto the small APD diametey andis calculatedto be reductiondownto
1/6. Howeverthe measuredeductionis muchbiggerthancalculationsandtheseeffectsalone
can’texplainthe behaviorof the VAPD.
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4.4 Discussion

Theperformancef themarenotsufficientin somepointsfor our requirementsahigh sensitivity
photondetectorsoperationalwith strongmagneticfield ( 10° orderof gain underthe magnetic
field of 2.0Tesla). TheFMPMT hasastrongdependencef tilt angle( # ), andit is notdesirable.
Thegainof theHPD is too low to usefor the hadroniccalorimetersor the preshowedetectors.
Butif thegainwill beimprovedin future, it is mostcapable. The VAPD is too expensive.

5 Conclusion

A samplingcalorimeterconsistingof 1 mm diameterscintillation fibers embeddedn Pb had
beenconstructedndtestedor electronsandpionsof below4 GeV energy Thevolumeratio of
Pbto fiberswassetat approximatelyd:1 in weightin orderto achievethe compensation.
Theenergyresolutiorfor electronsvasmeasuredo be14%)// E(GeV”) plussufficientlysmall
energyindependenterm with PSD. The positionresolutionfor electronswas measuredo be

roughly6mm/,/E(GeV'). Theenergyresolutionfor pionwasmeasuredo be30%y/\/ E(Gel)
plus7.5% constanterm. Thislargeconstantermwascausedy incompleteshowercontainment.
Thevariouswaysto discriminateelectronsaandpionswereinvestigated Evenat thelow enepy,
the separatiorby using the lateral showerspreadwas good. Especially the test modulesin
combinationwith the preshowedetectomhavegoodcapabilityto the electronidentification. ( At
the 98%electronefficiencythe pionrejectionfactoralreadyexceed$0. ) But theseparatiorby
usingthetime structurewasnot good. We obtainedonly afew pion rejectionfactoratthe4 GeV
energy

The resultsare consistentroughly with the resultsof the other groupsexperimentg14] ~
[27] and our simulationstudy The behaviorof the testmodules( containedthe specialtest
module) arewell explained.Althoughat thelow energy the compensatind?b-scintillatorfiber
calorimetershowsa high performanceTheseresultsconfirmusthatit is acandidatdor theJLC
calorimeter

We havealsotestedthreetypesof photondetectiondevicesin strongmagneticfields. The
FMPMT andHPD arefoundto be operationalup to 2.5 Teslawith appropriatdield directions,
andtheir behavioris reasonablyunderstood.The testof the VAPD wasratherlimited in terms
of themagnetidield strength andthe behaviorundertilted magneticfield is not fully explained
yet. Howeverthedeviceis alsooperationahtleastin axial magnetidfield of 0.5 Tesla.

The developmentof the photon detectiondevicesare significantly and one of the many
problems.The performancef themarenot sufficientin somepoointsfor ourrequirementg see
section4.4). In futurewe haveto improvethemandachievetheserequirements.

At last, | hopethe early realizing of JLC experimentsand I'm looking forward to the new
physicsatJLC-I.
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APPENDIX

A Calorimeter

A.1 Principle

® The calorimetersareanimportantclassof detectorusedfor measuringhe energyandposition
of particle by its absorption. The incident particle will interactwith the material, generating
secondaryarticleswhichwill themselvegeneratdurtherparticlesandsoon, sothata cascade
or showerdevelops. The showeris predominantlyin the longitudinal direction, but will be
subjectto sometransversespreadingdue both to multiple Coulomb scatteringand transverse
momentumof the producedparticles. Eventuallyall, or almostall, of the primary energyis
depositedasionization or excitationin the calorimetey and givesa signalin the detectorpart
of the devices. A responseof the signalis proportionalto the numberof showerparticlesor
the energyof theincidentparticle. Thus,the absorptionprocesss statistical,andthe fractional
energyresolutionA £/ E variesas E~1/2,
Thereareseverareasonsvhy calorimeterareimportant,especiallyat high enepgies;

¢ theycandetectneutralaswell aschargedarticlesby detectinghe chargedsecondariesf
theincidentparticlescausehe shower

¢ they canachievea precisionenergymeasurementsvenat high energiedbecausef the
fractionalenergyresolutionA E/ E variesasE~/2,

Sincethecharacteristicef electromagnetiandhadronicshowersaaresomewhatifferentit is
conveniento describesachseparately

Electromagneticshowers

When a high-energyelectron,positronand photoninteractswith matterwe haveseenthat the
dominantprocessis dueto bremsstrahlundor e* and pair productionfor +. Thusthe initial
particle( et or v ) will leadto a cascadef e pairsandphotonsvia thesetwo processesand
this will continueuntil the energief the secondaryelectronstall below the critical energyFE.,
whereionizationlossesqualthosefrom bremsstrahlung £. ~ 600MeV/Z).

In a simplemodel,eachparticle( et or ~ ) travelsoneradiationlength( Xo; seelatter) and
theninteractswith the matterby thesetwo processe¢ bremsstrahlungr pair production). If
theinitial particlehasenergyE, > E., thenaftert radiationlengthsthe showerwill contain2!
particleswith meanenergyFE/2!. ThecascadstopsapproximatelywhenFEy/2! = E,.. Therefore,
the numberof generationsip to the maximumis ¢ = In(Ey/ E.)/In2, andnumberof particlesat
themaximum»n,,,, = 2" = Fy/E..

The mainfeaturesof this simplemodelareobservedkexperimentallythe energyresolutionof
an electromagneticalorimeterdependn statisticalfluctuations,andit is typically AE/E ~
0.05/\/F, whereF is measuredn GeV.

5The contentof this subsectioris quotedfrom Ref.[39]. A detailis seenin Ref.[40].
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Hadronic showers

Althoughhadronicshowersarequalitativelysimilarto electromagnetiones showerdevelopment
is far more complexbecausemanydifferent processesontributeto the inelasticproductionof
secondanhadrons. The scaleof the hadronicshoweris determinedoy the nuclearabsorption
length( \o; we definedit asnuclearinteractionlength,seelatter). Sincethe )\ is largerthan
Xo, hadroncalorimetersare thicker devicesthan electromagnetiones. Another differenceis
thatsomeof the contributiongo thetotal absorptiormaynot give riseto anobservablesignalin
detector An exampleis a leakageof secondarymuonsandneutrinosfrom the calorimeteyand
thelossof ‘visible’ or measure@negy for hadrongs typically 20-30% greatertthanelectrons.

Theenergyresolutionof calorimeterss in generaimuchworsefor hadronghanelectronsand
photonsbecausef thegreaterfluctuationsn thedevelopmentf thehadronshower An example
is the numberof 7°s producedn the early stagesf the cascadeBecausahe ° decayswo 7s,
the showermay developpredominantlyasan electromagnetione. Thesevariousfeaturedead
to anenergyresolutionof typically AE/E ~ 0.5/v/E, whereF is measuredn GeV.
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A.2 Definition of the Xg and Ag

Theradiationlength( X ) is definedas

= — 4u
JX’O “ ."4.

183

wherer.=e?/mc? is the classicalelectronradius, Ny is Avogadros number Z and A arethe
atomicnumberand massnumberof the medium,and a=e?/4re, fic is the electromagnetidine
structureconstant.

Theenergylossby thebremsstrahlunin traversingathicknessiz of medium( (—dE /dx)prem
) andthe averageenegy of a beamaftertraversinga thicknessr of medium( < £ > ) will be
shownin the nextformulawith usingtheradiationlength;

dE FE

dx Xo’

and

< E>= Epexp (—;((0)

Becausehe pair productionprocesss closelyrelatedto electronbremsstrahlungthe cross-
sectionis characterizedtby the radiationlengthandis givento agoodapproximatioroy

TNg 1
Opair = &R - -
P 9 14 JXO

Thebeamlossby the pair productionin traversingathicknessiz of medium( (—dI/dx)pair )
andthe beamintensityafter traversinga thicknessr of medium( 7 ) will be shownin the next
formula;

and

I(x) = Ipexp (—i)

wherel is initial beamintensity( I photons) and A=(A/Noopa:)=7/9X, is the meanfree path
of photonby pair production.
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Ontheotherhand,the nuclearabsorptiorn( or interaction) length( A\ ) is definedby

.14_
oe ()
° NoGiner/

which governghe probability of anineleasticcollision.

30



A.3 Compensating

A compensatings oneway of improvemenbf the energyresolutionfor hadronicshowers.By
Richardwigmans[10], therearetwo component®f the hadronicshowerspneis 7° component
(7 — 27; so,electromagneticomponen) andthe otheris purelyhadronicone. If theresponse
(or‘visible’ energy) of thesecomponentss differ, a signalaverageof electrongs not equalto
thatof pions( thesignalratioe /1 # 1), andtheenergyresolutionwill benotto scalewith £—1/2
andworse.Thesignalratioe/h = 1 is amainkey of thecompensating.

It is well known that the compensatings achievedby using 238U asabsorber Low-energy
neutronsfrom nuclearbreakupcausefissionin the uranium,andthus their is convertedinto
chargedparticleionizationand measured.In Ref. [10], R. Wigmansreportsthe compensating
can also be achievedfor lead and eveniron calorimeterstheoretically In fact, a variety
of absorber/detectatombinationscan be madecompensatingprovidedthat the responseo
the neutron shower componentis adequatelyamplified with respectto the chargedshower
componentsThis maybeachievedwith hydrogenousctivematerial.

For the combinationof Pb and scintillator samplingcalorimetey it was predictedthat the
compensatingan be achievedif the volumeratio of leadto scintillator is setat 4:1. In case
of completecompensationthe Monte Carlo simulationsuggestghat the energyresolutionof
Pb-scintillatorsamplingcalorimeter( sandwichtype ) for hadronicshoweris AE/E = 40%/
VE. But in experimentalstudies, ZEUS test group reportedthe signal ratio ¢/ was not
exactlyequall andresultedin worseenergyresolutiong12]. And the signalratio e/ of the
Pb-scintillatorfiber calorimeterwasalsonot exactlyequall [18]. Theseresolutionsandsignal
ratiosaresummarizedn Table9.

| Constitution | EM | HAD | eh | GroupandRef. |
Pb10mm/scinti2.5mm(cal - 40%A/FE | exactlyl R. Wigmang[10]
Pb10mm/scinti2.5mm(exp) 23%A/E | 44%K/E | 1.05 ZEUStest[12]
Pb/scinti=4/11mmp(exp) | 13%ANE | 30%A/E | 1.15 | SRACAL collab.[18]

Table9: Enegyresolutionsandsignalratio of e/hfor compensatingb-scintillator calorimeter
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A.4 Examples

A calorimeteiis classifieda homogeneoutypeandasamplingtype. Theformeris homogenized
with absorberanddetector( suchasa block of lead glass), the lateris separatedhe absorber
(e.g. ametalsuchaslead) anddetector( scintillator, MWPC etc.). An energyresolutionof the
samplingcalorimeterfor electromagnetishoweris roughlyshownas

A CRION

where(o/E), is the energyresolutiondueto samplingfluctuationsand (¢ /E)y, is the energy
resolutiondueto photoelectrorstatistics.Thus,the samplingfrequencyaswell asthelight yield
is importantto improve the energyresolutionof samplingcalorimeter For the homogeneous
calorimeterthe(o/E), is absentaindthelight yield is dominantsubject.

Onthe otherhand,accordingto the detectedparticles,we canalsodistincta electromagnetic
showercountersand a hadronicones. The hadroncalorimetersare usually build as sampling
typesbecaus¢helargeandheavydetectorareneedo absorktheall particlesof hadronicshower
(Ao > Xo; seeAPPENDIX A.1:hadronicshower).

In Ref. [41] andRef. [42], mostof calorimetersarewell reviewed. | pick up andshowthe
typical enegy resolutionsof severalkypesof calorimetersn Tablel0.

| Constitution | EM | HAD | Group |
Pbglass 6.3%N\E - ORAL
Csl 2% atl GeV - CLEO
BGO 1.8%at1 GeV - L3
Pb2mm/GAS3.2mm 18%AE - ALEPH
Pb2mm/LgAr2.75mm  10%AE - SLD

Pb3.2mm/Scintismm| 13.5%k/F - CDF
Fe50mm/GAS3.2mm - 80%AE | ALEPH
Pb6mm/LgAr2.75mm - 45%HK/E | SLD
Fe25mm/ScintilOmm - 80%A/E | CDF
U3.2mm/Scinti3mm 23%KNE | 44%KE | ZEUS

Table10: Examplesof severaltypesof calorimeters.
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B Algorism

B.1 Thrust
TheThrust T is definedas

T — max [Zi“j?'m]

>i [P
wherep; is the momentunof thei-th particlein anevent. Theunit vectorii is calledthrustaxis

anddefinedat maximizedT .

B.2 Acoplanarity

The Acoplanarity A is definedas

- 372
A = 4min [Lm ;n|]
i@

wherej5; is the momentumof the i-th particlein an event. The unit vectorn’ is definedat
minimized A.
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C Comparison

C.1 Performanceof CompensatingPb-scintillator Calorimeter

The compensating’b-scintillatorcalorimeter( sandwichtype) is one of the solutionsfor the
JLC calorimeter Enegy resolutionsof calculation[10], simulation[11], andexperimen{12]
aresummarizedn Tablel1.

| Constitution | EM HAD | GroupandRef. |

Pb10mm/scinti2.5mm(cal - 40%A/E | R. Wigmans[10]
Pb4mm/scintilmm(sim) | 14%AE | 52%A/E | Y. Fuijii [11]
Pb8mm/scintimm(sim) | 20%A/E | 53%A/E | Y. Fujii [11]
Pb10mm/scinti2.5mm(exp)23%A/E | 44%AE | ZEUStest[12]

Table11: Theperformanceof the compensating’b-scintillator calorimeter
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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
has superiorperformanceshan sandwichtype. The Pb-scintillatorfiber calorimeterhasthe
following meritsin general.

e goodenergyresolutiondueto fine samplingfrequency
e if thecalorimetelis compensatingurthergoodenegy resolutionfor hadronicshower

e goodpositionresolutionfor electromagnetishowermecaus¢hefine read-outrosssection
canbeachievedy usingthefibers

¢ smalldeadspacéecausehephotoelectronareledtotherearof detectobythescintillating
fibers

¢ smalldetectordueto usingthelead(Pb)absorber

Experimentally thoseexcellentperformancenavebeenreportedby severalgroups [14] ~
[27] andtheyaresummarizedn Table12.

| Constitution | EM | HAD | POSITION | GroupandRef. |

Pb/scinti=4/11mmyp | 13%AE | 30%A/E | 17mmA/E(49cm?) | SRACAL collab.[14]
Pb/scinti=4/10.5mmp | 9.2%hA/E - 2mmA/E(4x4cn?) |  RD1collab.[22]
Pb/scinti=1.8/11mmy | 9.7%hA/E - 3mmA/E(4x4 cn?) | S.Dagoretetal. [21]

Table12: Experimentalesultsof the compensatingb-scintillatorfiber calorimeter
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Figure1: Thrustdistributionsfor ¢t signaland TV *+17~ backgoundwith all but the thrust cut
indicatedby an arrow. ( Thisfigureis quotedfromRef.[3].)
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Figure 2: (a) An exampleof enegy scanto determinem; and «as(mz) where each point
correspondso 1 fb~1. (b) Thecontourresultingfromthefit to datapoints. ( Thisfigureis quoted
fromRef.[3].)
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Figure3: (a) Thereconstructedop momentundistribution at the ¢¢ threshold,compaed with

the theoretical expectationgor m; = 150GeVand a,(my) = 0.11,0.12,and0.13. TheMonte
Carlo eventsvere generatedvith a,(m ) = 0.12andplottedwith no acceptanceorrection. (b)

Themomentunpeakpositionasa functionof «,(m ). Thedottedlinesindicatethe 1-o bounds
expectedor anintegratediuminosityof 100fb~1. ( Thisfigureis quotedfromRef.[3]. )
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Figure4: Typical ete~ — h°Z° eventswith m,0 = 120GeV, (a) h° — bb and Z° — v, (b)
h® — bbandZ° — ee, (c) h° — bbandZ° — ¢q. In pictures(a)to (c), thesolid curvesrepresent
tracksof the chargedparticlesin the centraltrackingchambemwith a magnetidield of 2.0 Tesla
andactiveradiusof 0.3to 2.3m, while the dottedlinesshowphotonemissionsThesurrounding
boxesare electomagneticclusters,and the lengthsof the boxescorrespondo their enegies. (
Thisfigureis quotedfromRef.[2]. )

41



Discovery Run
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Figure5: Thereconstructednassdistributionsfor the threedecaychannelswith an integrated
luminosityof 30fb~1. (a) Them)" distributionfor thedecaychannel® — bb and Z° — vu. (b)
Them) distributionfor thedecaychannelh® — bb and Z° — 1+i~. (c) Them: distribution
for the decaychannelh® — bb and Z° — ¢q. In thefigures,the hatchedhistogramsare for the
signalprocessete~ — h°Z° with m ;e = 80,100,120,and 140 GeV Theblank histogramsare
for thebackgioundprocesste~ — 2929, ( Thisfigureis quotedfromRef.[2].)
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Figure6: Thecontourof thetotal width of 2°. In this calculation,m, = 150GeV mgysy = 1
TeV, therefore, m;, < 120 GeV Thetotal width of the Standad Model Higgs ( m.4.,, ) for this
regionis a fewMeV at maximum.( Thisfigureis quotedfromRef.[2]. )
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o, xBr(h->bb) in MSSM
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Figure7: o, x Br(h° — bb) in the MSSMcompaedwith that of the Standad Model. ( This
figureis quotedfromRef.[2].)
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Figure8: Thecontourof Br(h° — 77) in the a, and m,, plane. The parametersof the Higgs
bosonare adjustedo obtainm,; = 100GeV ( Thisfigureis quotedfromRef.[2].)
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Figure9: An exampleof the acoplanaritydistributionfor the 2-jets+ 1 leptonfinal statesfrom
thelighter charginopair productionsn thecaseof mg = 400GeV M, = 400GeV ;1 = 250GeV
andtans = +2. TheMonteCarlo datacorrespondo an integratedluminosityof 10fb—* at /s
= 500GeV Thesolid histogramis the chargino pair, while the dashedand dottedhistogramare
backgoundsfromthe 1V pair anderW, respectively( Thisfigureis quotedfromRef.[2]. )
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FigurelO: Theenegydistributionofthe2-jetssystem#omthelighter charginodecaydgor Monte
Carlo data correspondingto an integratedluminosity of 20 fb—%, where the Supersymmetric
parametersare the sameaswith Fig.9. Thesolid line is the bestfit curve,the dashedand dotted
line correspondsheexpectedackgoundsfromthe 1V pair andev1V, respectively( Thisfigure
is quotedfromRef.[2]. )
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Figure1l: Theenegy distribution of the W bosonfromthe lighter chamgino decaysfor Monte
Carlo data correspondingto an integratedluminosity of 50 fb—!, where the Supersymmetric
parametersare mg = 70 GeV M, = 400 GeV i = 250 GeV andtans = +2. Thesolidline is
thebestfit curve,thedasheddot-dashedanddottedline correspondshe expectedackgounds
fromthe W pair, evW, andthe others( WW Z, eeW W, vvW W ), respectively ( Thisfigure is
guotedfromRef.[2].)
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Figure12: Reconstructedijet massresolutionfor Higgs bosonin theete~ — Z°1° process.(
Thisfigureis quotedfromRef.[1].)
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Figure13: Schematicrawingof the JLC detector ( Thisfigureis quotedfromRef.[1].)
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Figurel4: Schematizviewof Spaghettcalorimeter
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Figurel5: Thecrosssectionof leadplate.
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Figure16: Setupof thebeamtest.
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Figurel7: Arrangemenbf calorimeters.
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Figure18: Typical pulseheightdistributionof thetrigger counters.
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Figurel9: Total enegydistributionfor 2.5Ge\klectionsatd, = 3° withthePSD.Thecorrection
ofthe Epsp is applied. (A) Thesignaldistributionof the PSD.(B) Thetotal enegy distribution
of testmodulesbefore correction. (C) The scatterplot of PSD versusLEAD/SCIFI. (D) The
total enegy distribution of test modulesafter correction. The enegy resolution( o /E =
9.45 4 0.50%is obtainedby gaussiarfit.
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Figure20: Enemy resolutionfor electonsof 4, = 3°, asa functionof the \/E~/2. Thesolid
line representthe resultingof linear fit to the datawithout PSD,and dashedine representone
with PSD.
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Figure21: Enemgy resolutionof electionsfor 2.5 GeVwithoutPSD,asa functionof theincident

angled,.
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Figure22: Scatterplot for 4 GeVelectons,showingthe positionfromDC ’s data versusfrom
LEAD/SCIFI'sdata. (A) x-coodinate,(B) y-coodinate. We usethe datatakenwithoutPSDat
6, = 3°. Thesolidline is theresultfromfitting with the tangentfunction.
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RESIDUAL DISTRIBUTION
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Figure23: Residualdistributionfor electionsof 4 GeV (A) x-coodinate,(B) y-coodinate. We
usethedatatakenwithoutPSDat ¢, = 3°. Theresultfromgaussiarfit is alsofigured.
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Figure24: Positionresolutionfor electonsasa functionof the ,/E~%/2. (A) x direction,(B) y
direction. We usethe datatakenwithoutPSDat 4, = 3°. Thesolid line is theresultfromlinear
fit.
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Figure25: Positionresolutionof electionsfor 4.0 GeVwithout PSD,asa functionof theangle
0.,.
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Figure 26: Total enegy distributionfor 2.5GeVpionsat §, = 0° with the PSD.Theenegy is
normalizedby election shower Theenegy resolution( o /E = 28.63+ 0.48% s obtainedby

gaussiarfit.
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Figure27: Enegy resolutionfor pionsof §, = 0°, asa functionof the ,/E~/2. Thesolid line
representthe resultingof linear fit to the datawithout PSD,and dashedine representonewith
PSD.
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Lateral Shower Development (2.5GeV 3degree)
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Figure28: Distribution of thelateral showerspread. (A) C' valuefor electionsof 2.5GeV (B) S
valuefor electionsof 2.5GeV (C) ' valuefor pionsof 2.5GeV (D) S valuefor pionsof 2.5GeV
Thecutof >0.94for C' valuegivesthe 95%election efficiencyandthe 14.1pion rejectionfactor.
Thecutof <36.5for S valuegivesthe 95%election efficiencyandthe 15.5pion rejectionfactor.

63



PSD Signal
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Figure29: Thepulseheightdistribution of PSD.(A) 2.5 GeV Electrons, (B) Pions. Thecut of
>2130givesthe 95%election efficiencyandthe 9.56 pion rejectionfactor.
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Figure30: Scatterplot of PSDsiganlversusC value. Thecirclerepresentgheelectondata,the
opensquae reptesentghepionone. We usethedatatakenat #, = 0° and2.5GeVbeameneqy.
Thecut of PSD>1900and C>0.9 give the 95% election efficiencyand the 74.1 pion rejection

factor.
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Figure31: Scatterplot of PSDsiganlversusSvalue. Thecircle representgheelecton data, the
opensquake representshepionone. We usethedatatakenat §, = 0° and2.5GeVbeamenengy.
The cut of PSD>1995 and S<50 give the 95% election efficiencyand the 79.8 pion rejection
factor.
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Pulse Width
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Figure 32: Thedistributionsof the pulsewidths ( PWD) with the testmodule. The datawas
takenwith the digital oscilloscopeof 2GHzsampling.(A) 4.0 GeVelections,(B) 4.0 GeVpions.
Theincidentpositionand anglewere the centerof the segmentnd 3° in the horizontalplane.
Thecutof 5.7 < PWD < 6.7 givethe 97%election efficiencyandthe 4.1 pionrejectionfactor.
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Pulse Width
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Figure33: Thedistributionsof the pulsewidths( PWD) with the specialtestmodule. Thedata
wastakenwith the digital oscilloscopeof 2GHzsampling. (A) 4.0 GeVelections,(B) 4.0 GeV
pions. Theincidentpositionand angle wetre the edgeof the segmentand 6° in the horizontal
plane. Thecutof 4 < PWD< 6.17 givethe 95% election efficiencyandthe 2.29pion rejection
factor.
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Arrival Time Difference
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Figure34: Thedistributionsof the timing differenceq TD ) of the signalsat bothends.We use
the specialtestmoduleand the datawastakenwith the digital oscilloscopeof 2GHzsampling.
(A) 4.0 GeVelections, (B) 4.0 GeV pions. Theincidentposition and angle were the edgeof
the segmenand 6° in the horizontalplane. Thecutof 6.55< TD < 9.0 givethe 95% election
efficiencyandthe 2.53pionrejectionfactor.
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Figure35: Thescatterplot of the pulsewidths( PWD) andtiming differenceq TD ). We usethe
dataincidentto the specialtestmodule takenwith the digital oscilloscopeof 2GHzsamplingat
the4.0 GeVbeamenegy. Theincidentpositionand anglewere the edgeof the segmenand 6°
in the horizontalplane. Thecutof4 < PWD < 6.43and6.5< TD < 9.0givethe 95%election
efficiencyandthe4.85pionrejectionfactor.
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Figure36: Configurationof FMPMT.
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Figure37: Configurationof HPD.

Figure38: Configurationof VAPD.
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Figure39: Schematiwiew of thetestsetup.
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Figure40: Thedistributionof the LED light onthe photocathode.
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Figure4l: DependenceftheLED light yield onthe magnetidield strength.
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Figure42: Uniformity of FMPMT.
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Figure43: Uniformity of HPD.
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Figure 44: Dependencef the FMPMT gain on the magneticfield strength. The data are
normalizedat -2.7 kV high voltage.
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Figure45: Dependencef the FMPMT gain on thetilt angle. Thedata are also normalizedat
-2.7kVhighvoltage.
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Figure46: Dependencefthe HPD gain on themagnetidield strength.
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Figure47: Dependencefthe HPD gain onthetilt angle.

81



Figure48: Dependencefthe VAPD gain on the magneticfield strength.
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Figure49: Dependencefthe VAPD gainonthetilt angle.
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