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Abstract. A comparisorbetweenthe Geant4Monte-Carlosimulationof CMS Detectors Calori-
metric Systemanddatafrom the 2004 Test-Beamat CERN’s SPSH2 beam-lineis presentedThe
overall simulatedresponseagreeqyuite well with the measuredesponseSlight differencesn the
longitudinalshower profilesbetweerthe MC predictionsmadewith differentPhysicsLists areob-
sened.
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INTRODUCTION

A seriesof Test-Beanmeasurementsasbeenperformedon the calorimetricsystemof
CMS overthelastfew yearsin orderto optimizethe designandstudyits performance.
Detailed Monte-Carlosimulationsof the test-beamconfigurationin 2004 have been
madeandthe resultscomparedwith the test-beanmeasurementfresentednereis a
comparisorbetweertheresultsfrom the 2004 Test-Beanandthe Geant4-basellonte-
Carlosimulationsperformedat the sametime.

The CMS detector

The CompactMuon Solenoiddetectof CMS)[]] is oneof the generalpurposedetec-
torsfor the Large HadronCollider (LHC) thatis beingassembledt CERN. A cross-
sectionof the detector(Fig.1) identifiesthe major sub-system®f the apparatusThe
Pixel Detector Silicon Tracker, Preshaver, ElectromagneticCalorimeter(ECAL) and
Hadronic Calorimeter(HCAL) are positionedinside the superconductingolenoidal
magnetgeneratinghe strong4T magneticfield. Outsideof the solenoidarethe Muon
Detectorembeddednto the magnets returnyoke, andthe Very-Forward Calorimeters.

Following the cylindrical symmetryof the apparatusmostsub-detectorsonsistof a
BarrelandEnd-capparts,labeledwith a"B" or "E" respectely in furtherreferences.
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FIGURE 1. CMS- detectorsubsystems

HBI1: tower—wise readout — normal, as in CMS
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FIGURE 2. a)Calorimetricsystemsresenion main moving tableof Test-bean2004 (framed).Pivot

pointcorrespondso beam-crossingointin CMS; b) Two differentread-ouschemegor the HB wedges:
Tower-wise (top) andLayerwise (bottom)

CMSCalorimetric System

The Calorimetric Systemof CMS consistsof the ElectromagneticCalorimeter
(ECAL) Barrel (EB) and Endcap(EE) parts, Hadronic Calorimeter(HCAL) Barrel



(HB), Endcap(HE) andOuter(HO)! parts,andthe Very-Forward Calorimeter(HF).

ECAL

The ElectromagneticCalorimeter[2] is a homogeneougalorimetermadeof over
80,000lead-tungstatéPbWO,) crystalsequippedwith avalanchephoto-diodegAPDS)
for readout.The crystalsin the barrel have a front face of ~ 22x22mn? and are 23
cm (~ 26 radiationlengths)long. Following the overall 18-fold ¢-symmetryof the
barrelpart of CMS, the EB crystalsare organizedinto 36 SuperModules(18 in each
positiveandnegative Z-direction)covering2(® in ¢-directionandpseudo-rapidityange
of |[n| < 1.5. EachECAL crystalis read-outindependentlyby two AvalanchePhoto
Diodes(APDS).

HCAL

TheHadronicCalorimetef3] isasamplingcalorimetemwith ~ 50mmthick copperab-
sorbermplatesinterlearedwith 4mmthick scintillator sheetgbarrelpart). Again, follow-
ing the overall 18-fold ¢-symmetryof the barrelpartof CMS, the HB is organizednto
36 "wedges"(18 in eachpositive andnegative Z-direction)covering2Q° in g-direction
andpseudo-rapidityangeof |n| < 1.5. Scintillator tiles are optically groupedtogether
in towerscoveringequalsurface(0.087x0.087)in n — ¢ spaceandareread-outogether
(singleelectronicxchannepertower, asshovn onFig.2b)- top) by Hybrid PhotoDiodes
(HPDs).

Thicknessf HB in thecentralregion (|n| = 0) is ~ 90cm (or ~ 6 nuclearinteraction
lengthsA), which is someavhatthin. For thatreasonHB is complementedvith scintil-
lator tiles embeddedn thefirst muonabsorbettayerjust outsidethe magnetcoil, thus
forming the OuterHadronCalorimeter(HO).

HF

The Very Forward Calorimeter (HF) is a Cherenkv quartz-fiber steel absorber
calorimeter covering the very high pseudo-rapidityregion (3 < |n| < 5) in CMS. Its
designis driven by the requirementdor extremeradiationhardnessiecessaryn this
partof the detector

1 Not labeledin Fig.1,HO is situatedin theimmediateoutsideof the magnetcoil, embeddedn thefirst
layerof muonabsorberandconsistsof Barrel partonly



The 2004 Test-beamsetup

Thefollowing elementf the calorimetricsystemof CMS werepresenin the 2004
test-beam:

+ Two wedgesof HB.

« Onewedgeof HE.

« A 7x7 matrixof prototypeECAL crystalsyead-ouby individual photo-multipliers.
+ Onewedgeof HO.

+ Onewedgeof HF.

All detectorelements,except HF wedge,were mountedon a moving table (see
Fig.2a)), allowing for beam particlesto be sentto different (i, ¢) sectionsof the
calorimeter The HF wedgewasmountedon a separate¢ableandwaspositionedin the
beamindependentlyownstreanof the maincalorimetricsystem.

The H2 beam-lineof CERN’s SPSacceleratomwas arrangedas shavn in Fig.3 to
allow productionof thefollowing particlebeamtypes:

- hadrongmainly ) with momenta2 — 300GeV /c
« muonswith momenta80, 150GeV /c
« electronsvith momenta9 — 100GeV /c

The Very Low Enegy ("VLE Setup")part of the beam-linewas usedto producethe
beamparticlesbelov 10GeV /c. Thefollowing detectorsvereusedfor particleidentifi-
cation(P1D) andbeamcleanup:

» ThreeWire ChambersWC A,B,C - usedfor taggingof interactionsn the beam-
line;

« Two Cherenkv counters:CK2 - usedfor electrontagging,and CK3 usedfor
pion/protontagging;

« Threescintillators:V3, V6 andVM - usedfor muontagging.

HB readout

By re-arranginghe Optical DecouplingUnits (ODUSs) of the two HB wedgestwo
differentreadoutschemesvere implementedHB1 was read out tower-wise as usual
(top of Fig.2b),while HB2 wasreadoutlayerwise (bottomof Fig.2b)thusallowing for
measuremerdf thelongitudinalshawver profilesin the calorimeter

MONTE-CARLO SIMULATION

The completeTB2004 setupwas simulatedusingthe CMS software,which internally
emplgys the Geant4toolkit[4, 5]. A very detailedsimulationgeometrywas used,as
presentedn Fig.4. The versionof Geant4usedwas 6.2_p02.The simulationswere
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FIGURE 5. The"banana'plot - HCAL signalvs. ECAL signal- of a9 GeV /c pion. a)Test-beandata;
b) MC Simulationwith includedGaussiamoise;c) MC Simulationwithout noise.
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FIGURE 6. Comparisorof detectoresponséo pion beamof variousmomentawith the Monte-Carlo
predictionsobtainedwith two physicslists
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repeatedwith all four physicslists (LHEP, QGSR QGSC, FTFP) for High Enegy
PhysicsCalorimetryavailablein PACK 2.5

Simulateddetectorresponsevas studiedat the simulatedhit level - i.e. enegy de-
positedin active materials.The digitization stepwas not simulated.Also, no detailed

2http://geant 4. web. cern. ch/ geant 4/ physics_|ists/



TABLE 1. TB2004datasets

TB Data Simulation
Very Low Enegies(VLE)
2,3,5,7,9GeV mainly 7t beam 2,3,5,7,9GeVer, itt, p, KT beam
with/without ECAL with/without ECAL
HB1/HB2 HB2

Full particleidentification

MediumEnegies

10,15,20GeV e*, " beam 10,15,20GeV e*, i, p, K* beam
with/without ECAL with/without ECAL
HB1/HB2 HB2
Partial particleidentification
High Enegies
30,50,100,150,30GeV e*, " beam| 30,50,100,150,80GeV e*, ", p, K* beam
with/without ECAL with/without ECAL
HB1/HB2 HB2

simulationof the detectomoisewasperformed Simple,gaussian-distribtednoisewith
amplitudesmatchedo theonesobsenedin therealdetectorsvasusedwherenecessary

RESULTS

We considerhereonly theresponsef the ECAL andHCAL detectorgo variousbeam
particles HO andHF detectorsverenotusedin this study Onthe Monte-Carlosidewe
have found that all three"calculated"(or "model-based"physicslists (QGSP QGSC
andFTFP)shawv similarresults sowe only useQGSPasanexampleof the"calculated"
physicslists,andwe compardt to the"parametrized'physicslist LHEP.

Detectorresponse

Fig.5shovstheso-called'bananalot” - HCAL vs.ECAL response of thecombined
systemto a 9GeV /c pion beam.The left plot shons the responseof the detectors
measuredn TB2004. Middle plot is the simulatedresponsewith included gaussian
noise.Right plot shavs the simulatedresponsewithout noise.Several featuresof the
TB2004setupbecomeevidentfrom this comparison:

 Thereis electroncontaminationn the pionbeam(thespotatEgca. = 9, EncaL =0
in Fig.5a);

« Smallfractionof the pions- perhapsiueto scatteringn thebeam-linecomponents
- misscompletelythe ECAL crystalsleaving signalonly in the HCAL,;

» Thereare muonsin the beam,leaving only a minimum-ionizing-particlesignal
in both calorimeters.Thesecould be the resultof pion decayin flight, or beam
contaminatior(thespotat Ecca. = 0.3GéeV, Eqcar = 2GéV in Fig.5c).
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FIGURE 7. Linearity of pionresponsea) CombinedsystemECAL + HCAL; b) HCAL alone.

Thesedfindingsclearlyindicateinefficienciesin the beamparticleidentificationdetec-
torsandthe muonvetoes.To eliminatethe effect of thesecontaminationshe following
(geometricallcutswereapplied:

» Eventsin the vicinity of the (EecaL = 0, EqcaL = 0) region were excludedfrom
theanalysis;

» Pioneventswith EgcaL > 0.8 x EpeamWereexcludedfrom theanalysis;

» the exact cut valueswereoptimizedfor eachbeamtype to maximizethe cleaning
efficiency;
» thesamecutswereusedbothfor TB dataandMC simulation.

With thesecutsapplied,a reasonablygood agreemen{seeFig.6) wasachieved be-
tweenthereconstructe@negy spectraof pionsin wide momentunrange.Thecleaning
processwas not efficient in the lowestmomentumrange(2,3GeV /c), so thosepoints
wereexcludedfrom thecomparison.

Anotherimportantquantity - the linearity of response alsoshowns goodagreement
with the predictionsobtainedwith both physicslists (Fig.7). The left plot shavs the
linearity of responsdor the whole system(ECAL+HCAL), while the right plot com-
pareghelinearity of responsédor theHCAL alone.Thiswasaccomplishedby requiring
only a MIP signalin ECAL andin the first readoutiayer (LO) of HCAL. In this second
configuration(HCAL alone),the calorimeteris clearly too thin to completelycontain
the shavers of high-enegy pions, and a significantleakageis obsened for enegies
above 50GeV. As we cansee,the QGSPphysicslist doesnot reproducethis leakage
very precisely which could be an indication of differencesn the predicted/simulated
longitudinalshaver profiles(seenext section).

Longitudinal shower profiles

The only significantdifferenceobsened amongthe MC simulationsperformedwith
different physicslists (LHEP, QGSR QGSC,FTFP)was the predictionof the longi-
tudinal shaver profiles. Fig.8 compareghe longitudinal shover profiles for pions of
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FIGURE 8. Longitudinalprofilesof simulatedpion shavers.Threedifferentenegiesandfour Physics
listsareshavn.
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FIGURE 9. Longitudinalprofilesof 300GeV pion shovers- MC simulationcomparedo TestBeam
2004data

3 differentenegies (2,10,100GeV) obtainedwith the different physicslists. Clearly,
at high enepies (100 GeV) the predictionsof parametrized_.HEP list startto differ
from the predictionsof the calculated QGSR QGSC,FTFP)lists. Comparisorof these
shower profileswith the onemeasuredn TB2004in Fig.9 indicatesthatthe prediction
of theLHEP physicslist agreedetterwith thedata.This resultis in agreementith the



differencesn theamountf enegy leakageseenn Fig.7.

CONCLUSION

The measuredesponseof the combinedECAL+HCAL calorimetricsystemin Test-
Beam2004 agreegyuite well with the Monte-Carlosimulationsbasedon Geant4.The
parametrizedPhysicsList (LHEP) shows betteragreementvith data,while the model-
basedQGSPlist seemdo predictshortershaversthanwe measured.
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