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This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein do not necessarily state
or reflect those of the United States Government or any agency thereof.



The e/Tr and 7r°/Tr Ratio_ Measured, and
Monochromatic 7 and 7r°Beams Explored in the DO Test Calorimeter

Michael A. TartaslJa,for the DO Collaboration"

Fermi National Accelerator Laboratory, Batavia, IL 60510 USA
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The e/_"responseratioof the DO end calorimeterhas been measured by comparing data

from 10 to 150 GeV/c electronand pion beams. The "intrinsic"e/_"of the fine-hadronicrood-

tilehas alsobeen studiedwith the pions alone,by selecting_r°-likeshowers containedwithin

individuallayersof the calorimeter.The measurements are compared to GEANT Monte Carlo
simulations.

A techniqueto generate monochromatic testbeams of photons and neutralpions was

successfullyinvestigated.Preliminaryresultsfrom centralcalorimetermodules exposedto these

beams are discussed,and are compared to calculatedexpectations.

1 INTRODUCTION calorimeter modules[1, 2], performed in 1990

and 1991. First, the e/l" ratio[2] measure-
This paper discussestwo indepen- ments are presented. The analysisof re-

dent topicsregardingbeam testsof the DO sponse to electronand pion beams is de-

"'THE DO COLLABORATION-Universidsd de scribed,and resultsare compared to GEANT

losAndes,Bogota,Colombia;UniversityofArizona; Monte Carlosimulationsperformed withtw-)

BrookhavenNationalLaboratory;Brown University; hadron showergenerators;one oftheserepro-

Univer_,ityofCalifornia,Riverside;CentroBrsailiero duces the energy dependent ratiowell,and

de Pesqui_asFisicas,Rio de Janeizo,Brasil;CIN- the other does not. An alternativeapproachVESTAV, MexicoCity,Mexico;ColumbiaUnive.rsity;
DelhiUniversity,Delhi,Indis; FermiNationalAccel- has alsobeen takento study theinherente/_"

eratorLaboratory;FloridaStateUniversity;Univer- ratioby focusingon the response to pions

sity of Hawaii; University of nlinois, Chicago; Indisn_ alone in the homogeneous fine-hadronic rood-

University;IowaStateUniversity;LawrenceBerke- ule.In thiscase,the %" responseisextracted
IcyLaboratory;Universityoi"MaryL_d;Universityof
Michigan;MichiganStateUnivermty;MoscowState by isolatingshort, mostly-electromagnetic
University,Ru._/a;New YorkUniversity;Northeast- (_r0) showers,by virtueof the finelongitu-

ern University;Northern]]linoi_Univerdty;North- djnalsegmentationof the calorimeter.This

westernUniversity;UniversityofNotreDame; Pan- method has differentsystematicconditions,
jab University, Chandigarh, India; Institute for High
EnergyPhysics,Protvino,Ru_is;PurdueUniversity; and illnmlnatessome basiccharacteristicsof
RiceUniversity;UniversityofRochester;CEN Saclay, the calorimeter.

France;StateUniversityoi.New York,StonyBrook; Second, a simple modificationoi"the

SuperconductingSupercoUiderLaboratory,Dallas; beam linemade itpossibleto generatepho-
'ratsInstituteofFundamentalResearch,Bombay,
India; University of Texas, Azlin_oa; Texas A&M ton and neutral pion beams. Wi_h a small
University. target station plus an efficient c.b_arged parti-
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de vetoplacedinthebeam linejustupstream into1.3interactionlength(Lint),30 radia-
of the calorimeter,electronbremsstrahlung tionlength(L,.ad)layers;thusa pionshower

and pionchargeexchangewerefoundtopro- longitudinallycontainedina singlelayeris
duce significantratesabove backgroundfor dominantlyelectromagnetic.

eventsat the beam energy. Preliminary Electron(e)and pion(_r-)energyscans,
calorimeterresultsand simplemodel calcu- from 10 to 150 GeV, wererecordedat77val-
lationsareusedtobeginexploringthebeam uesof1.95,2.30,2.55.At theIcwest77,small
propertiesand thecalorimeter'sresponse, lateralleakageofpionshowersoccursoutthe

sideofthecylindrical]]Imodule.Due tothe
1.1 DC) TEST CALORIMETER limitednumber ofelectronicschannelsused

in thetest,a wedge-shapedsectorin cbw_s
The DQ (test)calorimetermodules[li instrumented.PreamplifiergainsweremonL

arestacksofuranium plateswithgapsfilled
toredregularlywithspecial(beamoff)pulser

by liquidargon and readoutpads on sig- mns, and pedestaldatawererecordedduriag
nalboards. Pads aregangedlongitudinally (and between)beam spillstomonitorbase
in layersto form a pseudo-projectivetower

linelevelsthroughoutthe exposures.Fre-
geometry. The readouthas granularityof quentrunsatbenchmark positions(_7= 1.95
0.1unitin both pseudo-rapidity(r/)and az- for100 GeV e, and rI = 2.30and 2.55for

imuthalangle (Cb),exceptthe thirdlayer 100 GeV _'-)were recordedtomonitorthe
electromagnetic(EM) sectionwhichismore apparatusstability(betterthan2%).
finelysegmented,_r/ = ACb : 0.05.Layer
thicknessesvary,and are describedbelow. 1.1.2 Load 2
Materialswere insertedin the testcryostat

(and Monte Carlo)at the correctlocations FortheLoad 2 (1991)test,thecryostat

tosimulatetheDO cryostatwallsand vertex contained4:centralcalorimeter(CC) dec-
chamber wall(LoadI). tromagnetic(CC EM), 2 fine-and 2 coarse-

The cryostatcont_inlngtheloadofrood- hadronic(CC FH, CH) modules,configured
ulesand preamplifierelectronicsissupported identically'_oan octantoftheD{_ ringofCC

on a massivetransporter.The deviceis modules. Calibrationprocedureswere slm-
abletopositionmodulespreciselyinthetest i.laxto thosein Load I. The neutralbeam
beam, to _ I mm, tosimulatea desired_/,cb testsoccurredduringtheLoad 2 mn and de-

particletrajectoryat thecollider.An (X,Y) tailsarediscussedinSection3.

PWC islocatedon thecryostatto measure
incidentchargedparticlepositions. 1.2 DQ TEST BEAM LINE

1.1.1 Load 1 The beams ofelectronsor negativepi-
onsweremade ina 3-bendspectrometer.For

The Load I(1990)testsexposedtheend each eventthe beam momentum was mea-

calorimeter(EC) electromagneticand inner- suredto 0.25% (thebeam KMS was 1.5%).
hadronic(EC EM & III)modules,whichwere There were two helium Cerenkovcounters
subsequentlyinstalledat D{_ . The modules to identifyelectrons;theseprovidedtagged
werearrangedasinD{_ withthebeam inci- datawithlessthan 10-4 e contaminationin
denton theEM, followedby theIH.Of par- the lr- beam. The triggerrequiredthree

ticularimportanceto thisstudyisthefact beam-definingscintillatorsincoincidenceand

thatthe EC IH issegmentedlongitudinally no halo scintillatorsignal.A scintillation



counterwas locatedafterthecryostattotag weightswhich optimizelinearityand resolu-

punch-throughparticles,followedby an iron tion,ratherthanalteringthee/Trratio.
shieldand scintillationcounterto identify

muons (/_). 2.1.1 Event Selection

Events used in thisanalysiswere re-

1.3 DETECTOR SIMULATION quiredtohavetheappropriate(_erenkovtag,
and no muon tag. At 10 GeV, additional

The DO testapparatuswas modeled
f_removalwas necessarybecausemultiple

usingthe GEANT version3.14Monte Carlo
scatteringcausessome muons to miss the

(MC) program[3]. The calorimeter was simu-
tag scintillator, ar, d because the _ and z-

lated with a uranium plate/argon gap geom- calorimeter energies overlap. These muons
etry, with EM and hadronic particles tracked were identified by their very narrow trans-
down to low energies of 10 keV and 100 keV,

verseenergydistributioninthe calorimeter.
respectively.Pion showerswere simulated

Trackingcutswere appliedto ensurea re-
with two hadron generators:NUCRIN and

liablemomentum measurement. For pions,GHEISHA. Uranium noisethatexistsinthe
lessthan I GeV energyinthefirstlayerwas

data was not incorporatedinthisversionof
requiredtoremove ivteractionsupstreamof

theDO MC. However,thisintroducesonlya thecalorimeter.
slightresolutionsmearingand no biasinthe

averageresponse. 2.1.2 Analysis

The raw pulseheightforeach elec-
2 THE e/TrRATIO tronicchannelwas correctedby subtract-

ing the averagepedestal(takenduringthe
The e/r responseratioofa calorimeter spill),and applyinga correctionforchannel-

isimportantbecauseitcaninfluencelinearity to-channelgainvariations(withina fewper-

and the abilitytomeasurehadronjetener- centof unity).Sampling weightsforeach
gies.The MC isreliedupon heavilytomodel layerwere thenapplied:theseweightswere
responsetohadronicjets,soitiscrucial_hat determinedby fitstoenergyscandatawhere
itaccuratelyreproducesingleparticleda,a. linearityand resolutionwere optimizedover

We presenttwo independentdeterminations the10-150GeV range.The fitvaluesagree

ofe/_"usingLoad 1 dataand MC. withthedE/dx samplingfractions,exceptfor
thefirstEM layerwhere upstreammaterial

2.1 THE e/_rMEASUREMENT must be takenintoaccount.
The detectorresponsewas calculatedthe

There aresystematicdifferencesin the same way forboth lr-and e. The corrected
responsetopionsand electronsinextracting pulseheightwas summed forallcellsin a

thee/_"ratio.First,thecryostatmaterialaf- _ x _b= 1.5 x 1.5regioncenteredon the
fectse and z- showersdifferently.Second, beam position.Totalpulseheightdivided

the EM and IIImodule samplingfractions by measuredparticlemomentum gavethere-

are different,whichallowssome freedomto sponseforeachevent.Foreachbeam setting
adjustthe rela_.iveEM/I]'Iweightand alter the responsedistributionwas wellfitby a
the e/_"ratio.Adjustingtheweightsaffects Gaussianfunction,whose mean valuewe re-

linearityand resolution.We choosethose fertoasthe<response>.The measuredraw



e/_"ratioisthen: 1.2o_ v , ........ , .
< e response>/ <CTr-response>.

The raw e/_"resultsagree,withiner-
CorrectedData

rors,forthe7/positions(2.30,2.55)at which 1.lM ---o.-- GEANT/GHEISHA
full longitudinal containment is expected. AI-
though the average pion shower is contained, \

fluctuationscauseenergytobe lostfrom the _ I.I0 "t
summed region,leadingtoa reductioninthe _ _,

< _'-response>.To estimatethisleakage
we relyupon the Monte Carloas described 1.0s
below.

1,00 ........ - ........

2.1.3 Monte Carlo Comparison 0 so I00 150
Beam Momentum {GeV/c)

To testthat the Monte Carlorepro-

ducesthegeneralcharacteristicsofthedata, Figurel:Correcteddataand MC e/_rversus
we comparedpulseheightspectrainindivid- energy.

ual layers;the agreementisgood. The r/-

dependentpionresponse,which checksIon- instr:tmentedregions,we appliedthe same
gitudinaland lateralleakage,alsoagrees r/,_bcutsto MC as data,and studiedthe
wellwith data. The transverseshape was changein < _r-response>versusthewin-

compared by plottingthe averagecellpulse dow size.The GHEISHA resultsand leakage-
heightversusI?at constant_b.The agree- correcteddataareplottedagainstenergyin
ment isgood when thebeam positionspread Figurei.
isincludedintheMC.

2.2 THE _r°/TrMEASUREMENT

Table I: By usingonlypionsto studythe e/_"
Uncorrectede/lrratios, ratio,we can bypasstheissuesofupstream

Energy Data GHEISHA NUCRIN materialand relativeEM and IIIsampling
10GEV 1.16 1.26 1.31 weights,and explorethe inherentvaluefor

25 I.II I.I0 1.19 the hadron calorimeter.The largesample
50 1.09 1.07 1.16 (several× 10s) of 100 GeV pion showers
I00 1.07 1.08 m makes itpossibletostudythere_Avelyrare

150 1.06 1.05 -- occurrence(approx.10-3 per_'-)in which
Statistical errors are < 1%. most of the pion energy is deposited in a sin-

gle layer of the EC IH calorimeter. Such

events are caused by charge exchange inter-
The ,mcorrectede/_"ratios(averaging actionsthatresultin_.0productionand elec-

t}= 2.30,2.55results)are displayedin Ta- tromagneticshowerdevelopment.
bleI. The GHEISHA generatorreproduces We selectpionswith lessthan 5 GeV

the data quiteweil,whileNUCRIN signifi- depositedintheEC EM layers,and plotthe
cantlyoverestimatesthe measured e/_r.To < response> versusthefractionofthetotal

estimatetheenergylostfrom windowed and energythatiscontainedwithinone layerof



the EC lH; e.g., layer 1 (ml). Fig. 2 shows 300
that the response goes up as the IH1 fraction

approaches unity, and clearly demonstrates A 275 - .,.-*---#
that e/a" is greater than 1. _ - -,-

The <response> for pions with more _ 250 -"'-*'-+--'---_----'*"-----
than90% oftheenergyinany one hadronic

I 225 -
layer (IH1-4), we call the < z ° response> k
(Extrapolation to 100% containment in a v 200 r', , , _ I , , , , I , , , , I , z I ,
layer gives the same result, within errors). 0 0.25 0.5 0.75

Comparing this to all pions showering within EIH1/EtotallH
the H-I, we obtain the 7r°/Tr ratio in Table 2.

The same quantity was evaluated with the Figure 2: < z- response> versus fraction of

Monte Carlo by starting _r° showers at the energy contained in the first EC H'I layer.
front of an I1-Ilayer. The Monte Carlo ratio,

also shown in Table 2, is slightly above the
however, that a small fraction of pions will

data but agrees within errors, deposit a significant amount (> 1 GeV) of
energy in the first EM layer (they were re-

moved from this analysis). Further studies of
Table 2: this effect on the e/z ratio for data and MC
100 GeV Data and Monte Carlo z°/Ir ratios. are in progress.

Data GKEISHA

-'_'°/_r = 1.061 + 0.008 1.081± 0.010

3 NEUTRAL BEAMS

One may expect some dilution (mostly, The DO calorimeter was designed to

but not a/l r °) in the data, since electron study hard scattering processes in _p col.U-
showers are somewhat shorter than the layer sions through electron, photon, and jet iden-
thickness of 30 Lrad. Some studies of the < tification and measurement. The identifica-

lr° response> have been made by selecting a'- tion of electron and photon (7) signals is rill-
showers that are also transversely electron- ficult in a hadron environment, and back-
like (narrow), and with Load 2 data in which grounds from _r° production are a formidable

the second hadronic layer is also 30 Lrad, but challenge for many topics of study. The MC
the third layer is 25 Lr,d. The preliminary shower simulation plays a crucial role in un-
determination is that the z°/I¢ ratio in data derstanding what details best contrast the

is underestimated by 2 + 2%. signal to backgrotmd, and how well algo-

The MC agrees with both the e/_r and rithrs can recognize the subtle differences
r°/_ " results. These two numbers differ be- between them. lt is thvs important to con-

cause the electrons lose a few percent of their front the MC with data wherever possible.
energy in the vertex chamber and cryostat Charge-exchange production[4] of _r°'s
walls, which most pions do not. Therefore the (CEX) that occurs early in the calorimeter

lr°/_r ratio reflects the underlying response of limits the ability to distinguish a single lr-

the /H module, while the e/'lr ratio gives a from an electron. To study this process, we
better representatiov of the globa/ca/or/me- recorded samples of such events by triggering
ter response to electrons and pions. Note, on neutral states produced by the _r- beam in



targetsplaced2 metersupstreamofthecryo- 3.2 Pions
stat.Detailsof the_r° dataand preliminary

resultsarediscussedinsection3.2. The 7r° datawere recordedat 25 GeV

We founda similartechniquecan select for17= 0.05only.This energysettingwas
7 events,in which an electronhas radiated chosenforphysicsinterest,as wellto com-

most of itsenergywhilepassingthrougha promisebetweenthe energy-dependent(ris-

thinradiator.We werethusableto collect ing)pionintensityand (falling)CEX cross-
largesamplesofhighlymonochromaticpho- section.Comparison e and z'-mms were

tonsattheelectronbeam energy.The 7 data takenforenergyscalenormalization.

setsand resultsaredescribedin section3.3. The CEX cross-sectionexperiments[4]
Featurescommon to both 7 and _.0beams folmd thateventswith multiple7r°'soccur

arediscussedbelow, at about the same rateas single_'°'s.To
explorethe systematicsof signaland back-

ground,we usedbothlow-Z(15cm polyethy-

lene)and high-Z(5cm and 10 cm iron)tar-
3.1 General Features gets. In additionto no-targetbackground

runs,dataweretakenwitha 2 Lr,.dleadcon-

The triggerfortheneutralbeams re- verter,and witha prototypeDO Upgrade
quiredthe usualbeam coincidenceand was scintillatorpre-showerdetector.These data

vetoedby any chargedparticleemergingfor- areunderstudytodeterminethemultiple_r°
ward from thetargetby a pairofI/4"-thick contentby countingconvertedphotons.

scintillators.The beam transversesizewas The totalraw triggerrateforthe neu-
2" × 4", and the veto covered an 8" × 16" tral pion beam was .0050 -{-.0005 per incident
area. The inefficiency of this veto was about _r-. Near the beam energy, the showers are
10 -6 for charged particles. The 5" × 5" electromagnetic and transversely narrow and
cryostat-mountedPWC gave an additional electron-like.The _.0peak nearthebeam en-

99%-ei_cientchargedparticleidentification ergyin Fig.3 issimilarat thehigh end to
oflline.In both neutralbeams thisPWC the electronspectrum,but has much more

showed veryfew chargedtrack(presumably tailon thelowside.Thismay be due toneu-
conversion)events, tronswluch emergefrom the CEX reaction

Triggerratesand scintillatoref[iciencies withsmallbutfiniteenergytransferred,that
were monitoredthroughoutthestudies,and isnotdepositedin,_narrowcalorimeterroad.
were stable.The ratesforboth beams are Thiseffectwillbe studiedinthefuturewith

dominatedby upstreaminteractionsthatac- theGEANT Monte Carlo.

cidentaUysatisfythe trigger.Typicalraw The neutralpionratesareabouta factor

CC EM calorimeterpulseheightspectraare oftwoabovethosecalculatedfromthe20mi-
shown inFigures3 and 4,for25 GeV neutral crobarnCEX cross-sectionat25 GeV, consis-

pion and photon eventswith no PWC hits. tentwiththeexpectationthatthemultiple-
Signalsare clearlyvisibleabovebackground _.0productionrateisequivalenttoCEX. Fur-

atthebeam energy.ArrowsaredrawninFig- therwork isin progressto understandthe
ures3 and 4 to show theenergyabovewhich ratesand beam compositionix).more detail.

preliminarysignalratesaremeasured.(The Theseev,ratsareunderstudytoenhancethe
cutoffvalueforratemeasurementsat other understandingof_.0identificationintheDQ
settingswas scaledwiththebeam energy). EM calorimeter.
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Figure3:P_w totalpulseheightspectrumfor Figure4: Raw totalpulseheightspectrum

25 GeV 7r°beam (Polyethylenesample).The for25 GeV 3,beam (BL sample).The arrow
arrow shows the cutoffvalueforratemea- showsthecutoffvalueforratemeasurement.
surement.

3.3 Photons agatesparticlesthroughmaterialin !% /,rad

it' steps.
"_i The photon datawere recordedat 10 The measured7 ratesareinreasonable
!! and 25 GeV, forr/= 0.05and 0.45.Compar- agreementwiththemodelforE/,._100MeV

i isonelectronrunsweretakenat eachsetting (thereissome dependenceon the radiator
! to normalizethe calorimeterenergy scale, thickness).The calorimeterenergyspectra

_ Two thin targets were utilized: a) the beam for 7 and e are indistinguishable, except that
. line-only (BL) case, with about 157{ Lrad ma- the mean 7 energy is approximately 100-

terialdownstreamofthefinalbend magnet, 200MeV lowerthanthee.A carefulanalysis
and b) a 2 mm Pb foil(PB),addingan add]- ofthe7 and e calorLm,etexenergiesisunder-

tional35% L,ad,was placedbeforetheveto. way toconstrainE! a_d improvethemodel.
The raw neutraltriggerratewas .0134- With thesimpleMC model,onecanpre-

.001perincidentelectron,independentofen- dictthenumber ofradiatedphotonsand their

ergy.The photonsignalrates(abovecutoff) energies.TypicaLlymore than one 7 isra-
scaledinverselywiththeincidentelectronen- diated;howeverthissimplemodel indicates

ergy,asonewouldexpectforbremsstrahlung. (Fig.5)thatmost ofthetimea single3'car-

: A simplemodel forthephotonbeam is riesaLIoftheenergy.Occasionally(25% for
an incidentelectronradiatesallbut a small BL, about 50% forPB) a second3'carries
fractionofitsenergywb.i]emoving through more than 5% oftheenergy.The 3'energy

the thinradiator.The remainingenergyis spectrumisfoundtobe insensitivetoE/.
belowsome cutoffvalueE lthatisinsufficient The longitudinalshowerprofiles,plotted

toescapetheradiatorand penetratetheveto. inFig.6,offerclearevidencethatthesepar-
To calculateratesand beam propertiesunder tidesarephotons.Photonsinbothdataand

thisscenariowe obtaineda 1-dimensionaIEM MC startshowering,on theaverage,about
showerMonte Carloprogram[5]whichprop- I Lrad deeperthan electrons.This isbe-
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cause energy deposition does not occur, un-

til the 7 converts. The individual layer pro- Figure 6: Average e and 7 shower profiles,
MC and Data (smooth curve, not fit).files hold more information than the average

shower shape, and comparison with MC is in

progress, mance of the D_ End Calorimeter Electro-

magnetic Module", Lawrence Berkeley Lab-

oratory Report LBL-31378 (to be published
4 CONCLUSIONS in Nucl. Instr. & Meth.); S. Ab_hi, a

al., "Beam Tests of the DO Uranium Liquid.
We find good agreement between DO Argon End Calorimeters," Fermilab-PUB-
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Monte Carlo calculations of the e/z" and z'°/x Meth.).
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largelymonochromatic signalsabove falling itorsD.F.Anderson,M.Derrick,H.E.Fisk,

backgrounds at the beam energy. The pre- A.Psra, C.M.Sazama; World Scientific,
1991.

liminaryratesare in good accord with pre-

dictions,and we anticipatefurtherstudiesof [3]R. Brun, et al.,CERN/DD/EE/84-1,
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