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Abstract. A comparisonbetweentheGeant4Monte-Carlosimulationof CMS Detector’s Calori-
metricSystemanddatafrom the2004Test-Beamat CERN’s SPSH2 beam-lineis presented.The
overall simulatedresponseagreesquitewell with themeasuredresponse.Slight differencesin the
longitudinalshower profilesbetweentheMC predictionsmadewith differentPhysicsLists areob-
served.
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INTR ODUCTION

A seriesof Test-Beammeasurementshasbeenperformedon thecalorimetricsystemof
CMS over thelast few yearsin orderto optimizethedesignandstudyits performance.
DetailedMonte-Carlosimulationsof the test-beamconfigurationin 2004 have been
madeandthe resultscomparedwith the test-beammeasurements.Presentedhereis a
comparisonbetweentheresultsfrom the2004Test-BeamandtheGeant4-basedMonte-
Carlosimulationsperformedat thesametime.

The CMS detector

TheCompactMuonSolenoiddetector(CMS)[1] is oneof thegeneralpurposedetec-
tors for the Large HadronCollider (LHC) that is beingassembledat CERN.A cross-
sectionof the detector(Fig.1) identifiesthe major sub-systemsof the apparatus.The
Pixel Detector, Silicon Tracker, Preshower, ElectromagneticCalorimeter(ECAL) and
Hadronic Calorimeter(HCAL) are positionedinside the superconductingsolenoidal
magnetgeneratingthestrong4T magneticfield. Outsideof thesolenoidaretheMuon
Detectorsembeddedinto themagnet’s returnyoke,andtheVery-ForwardCalorimeters.

Following thecylindrical symmetryof theapparatus,mostsub-detectorsconsistof a
BarrelandEnd-capparts,labeledwith a "B" or "E" respectively in furtherreferences.



FIGURE 1. CMS- detectorsubsystems

b

L 
a 

y 
e 

r

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

3 4 5 6 7 8 9 10 11 12 13 14 15 1621η =
16

15
14

10

6
5

4
3

2
1

0

7
8

9

11
12

13

L 
a 

y e
 r

beam

HB2: Layer−wise readout − for longitudinal shower profile studies
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FIGURE 2. a) Calorimetricsystemspresenton mainmoving tableof Test-beam2004(framed).Pivot
pointcorrespondsto beam-crossingpoint in CMS;b) Two differentread-outschemesfor theHB wedges:
Tower-wise(top) andLayer-wise(bottom)

CMSCalorimetricSystem

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



(HB), Endcap(HE) andOuter(HO)1 parts,andtheVery-ForwardCalorimeter(HF).

ECAL

The ElectromagneticCalorimeter[2] is a homogeneouscalorimetermadeof over
80,000lead-tungstate(PbWO4) crystalsequippedwith avalanchephoto-diodes(APDs)
for readout.The crystalsin the barrel have a front faceof � 22x22mm2 and are 23
cm ( � 26 radiation lengths)long. Following the overall 18-fold φ -symmetryof the
barrelpart of CMS, the EB crystalsareorganizedinto 36 Super-Modules(18 in each
positiveandnegativeZ-direction)covering20o in φ -directionandpseudo-rapidityrange
of

�
η
���

1� 5. EachECAL crystal is read-outindependentlyby two AvalanchePhoto
Diodes(APDs).

HCAL

TheHadronicCalorimeter[3] isasamplingcalorimeterwith � 50mmthickcopperab-
sorberplatesinterleavedwith 4mmthick scintillatorsheets(barrelpart).Again, follow-
ing theoverall 18-fold φ -symmetryof thebarrelpartof CMS, theHB is organizedinto
36 "wedges"(18 in eachpositiveandnegativeZ-direction)covering20o in φ -direction
andpseudo-rapidityrangeof

�
η
�	�

1� 5. Scintillator tiles areoptically groupedtogether
in towerscoveringequalsurface(0� 087x0� 087)in η 
 φ space,andareread-outtogether
(singleelectronicschannelpertower, asshownonFig.2b)- top)byHybrid PhotoDiodes
(HPDs).

Thicknessof HB in thecentralregion (
�
η
���

0) is � 90cm(or � 6 nuclearinteraction
lengthsλ ), which is somewhat thin. For that reasonHB is complementedwith scintil-
lator tiles embeddedin thefirst muonabsorberlayer just outsidethemagnetcoil, thus
forming theOuterHadronCalorimeter(HO).

HF

The Very Forward Calorimeter(HF) is a Cherenkov quartz-fiber, steel absorber
calorimeter, covering the very high pseudo-rapidityregion (3  �

η
�  5) in CMS. Its

designis driven by the requirementsfor extremeradiationhardnessnecessaryin this
partof thedetector.

1 Not labeledin Fig.1,HO is situatedin the immediateoutsideof themagnetcoil, embeddedin thefirst
layerof muonabsorber, andconsistsof Barrelpartonly



The 2004Test-beamsetup

Thefollowing elementsof thecalorimetricsystemof CMS werepresentin the2004
test-beam:

• Two wedgesof HB.
• Onewedgeof HE.
• A 7x7matrixof prototypeECAL crystals,read-outby individualphoto-multipliers.
• Onewedgeof HO.
• Onewedgeof HF.

All detectorelements,except HF wedge,were mountedon a moving table (see
Fig.2a)), allowing for beamparticles to be sent to different � η � φ � sectionsof the
calorimeter. TheHF wedgewasmountedon a separatetableandwaspositionedin the
beamindependentlydownstreamof themaincalorimetricsystem.

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

• hadrons(mainly π � ) with momenta:2 
 300GeV � c
• muonswith momenta:80� 150GeV � c
• electronswith momenta:9 
 100GeV � c

The Very Low Energy ("VLE Setup")part of the beam-linewasusedto producethe
beamparticlesbelow 10GeV � c. Thefollowing detectorswereusedfor particleidentifi-
cation(PID) andbeamcleanup:

• ThreeWire Chambers:WC A,B,C - usedfor taggingof interactionsin thebeam-
line;

• Two Cherenkov counters:CK2 - usedfor electrontagging,and CK3 usedfor
pion/protontagging;

• Threescintillators:V3, V6 andVM - usedfor muontagging.

HB readout

By re-arrangingthe Optical DecouplingUnits (ODUs) of the two HB wedgestwo
different readoutschemeswere implemented:HB1 was readout tower-wise asusual
(topof Fig.2b),while HB2 wasreadout layer-wise(bottomof Fig.2b)thusallowing for
measurementof thelongitudinalshowerprofilesin thecalorimeter.

MONTE-CARLO SIMULA TION

The completeTB2004setupwassimulatedusingthe CMS software,which internally
employs the Geant4toolkit[4, 5]. A very detailedsimulationgeometrywas used,as
presentedin Fig.4. The versionof Geant4usedwas 6.2_p02.The simulationswere



FIGURE 3. SPS’s H2 beam-line.TheVLE sectionis usedfor production/selectionof very low beam
energies(2 - 10 GeV)

FIGURE 4. MC simulationgeometry
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FIGURE 5. The"banana"plot - HCAL signalvs.ECAL signal- of a 9 GeV � c pion.a)Test-beamdata;
b) MC Simulationwith includedGaussiannoise;c) MC Simulationwithout noise.
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FIGURE 6. Comparisonof detectorresponseto pion beamof variousmomentawith theMonte-Carlo
predictionsobtainedwith two physicslists

repeatedwith all four physicslists (LHEP, QGSP, QGSC, FTFP) for High Energy
PhysicsCalorimetryavailablein PACK 2.52.

Simulateddetectorresponsewasstudiedat the simulatedhit level - i.e. energy de-
positedin active materials.The digitization stepwasnot simulated.Also, no detailed

2 http://geant4.web.cern.ch/geant4/physics_lists/



TABLE 1. TB2004datasets

TB Data Simulation

VeryLow Energies(VLE)

2,3,5,7,9GeV mainly π � beam 2,3,5,7,9GeVe� , π � , p, K � beam
with/withoutECAL with/withoutECAL
HB1/HB2 HB2
Full particleidentification

MediumEnergies

10,15,20GeV e� , π � beam 10,15,20GeVe� , π � , p, K � beam
with/withoutECAL with/withoutECAL
HB1/HB2 HB2
Partial particleidentification

High Energies

30,50,100,150,300GeV e� , π � beam 30,50,100,150,300GeVe� , π � , p, K � beam
with/withoutECAL with/withoutECAL
HB1/HB2 HB2

simulationof thedetectornoisewasperformed.Simple,gaussian-distributednoisewith
amplitudesmatchedto theonesobservedin therealdetectorswasusedwherenecessary.

RESULTS

We considerhereonly theresponseof theECAL andHCAL detectorsto variousbeam
particles.HO andHF detectorswerenotusedin thisstudy. OntheMonte-Carlosidewe
have found that all three"calculated"(or "model-based")physicslists (QGSP, QGSC
andFTFP)show similar results,soweonly useQGSPasanexampleof the"calculated"
physicslists,andwecompareit to the"parametrized"physicslist LHEP.

Detector response

Fig.5showstheso-called"bananaplot" - HCAL vs.ECAL response- of thecombined
systemto a 9GeV � c pion beam.The left plot shows the responseof the detectors
measuredin TB2004. Middle plot is the simulatedresponsewith includedgaussian
noise.Right plot shows the simulatedresponsewithout noise.Several featuresof the
TB2004setupbecomeevidentfrom this comparison:

• Thereis electroncontaminationin thepionbeam(thespotatEECAL
�

9,EHCAL
�

0
in Fig.5a);

• Smallfractionof thepions- perhapsdueto scatteringin thebeam-linecomponents
- misscompletelytheECAL crystals,leaving signalonly in theHCAL;

• Thereare muonsin the beam,leaving only a minimum-ionizing-particlesignal
in both calorimeters.Thesecould be the result of pion decayin flight, or beam
contamination(thespotatEECAL

�
0� 3GeV, EHCAL

�
2GeV in Fig.5c).



a) b)

FIGURE 7. Linearityof pion response:a)CombinedsystemECAL + HCAL; b) HCAL alone.

Thesefindingsclearlyindicateinefficienciesin thebeamparticleidentificationdetec-
torsandthemuonvetoes.To eliminatetheeffect of thesecontaminationsthefollowing
(geometrical)cutswereapplied:

• Eventsin the vicinity of the (EECAL
�

0, EHCAL
�

0) region wereexcludedfrom
theanalysis;

• Pioneventswith EECAL � 0� 8 � Ebeamwereexcludedfrom theanalysis;
• theexactcut valueswereoptimizedfor eachbeamtypeto maximizethecleaning

efficiency;
• thesamecutswereusedbothfor TB dataandMC simulation.

With thesecutsapplied,a reasonablygoodagreement(seeFig.6) wasachieved be-
tweenthereconstructedenergy spectraof pionsin widemomentumrange.Thecleaning
processwasnot efficient in the lowestmomentumrange(2� 3GeV � c), so thosepoints
wereexcludedfrom thecomparison.

Anotherimportantquantity- the linearity of response- alsoshows goodagreement
with the predictionsobtainedwith both physicslists (Fig.7). The left plot shows the
linearity of responsefor the whole system(ECAL+HCAL), while the right plot com-
paresthelinearityof responsefor theHCAL alone.Thiswasaccomplishedby requiring
only a MIP signalin ECAL andin thefirst readoutlayer(L0) of HCAL. In this second
configuration(HCAL alone),the calorimeteris clearly too thin to completelycontain
the showers of high-energy pions,and a significant leakageis observed for energies
above 50GeV. As we cansee,the QGSPphysicslist doesnot reproducethis leakage
very precisely, which could be an indicationof differencesin the predicted/simulated
longitudinalshowerprofiles(seenext section).

Longitudinal shower profiles

Theonly significantdifferenceobservedamongtheMC simulationsperformedwith
different physicslists (LHEP, QGSP, QGSC,FTFP) was the predictionof the longi-
tudinal shower profiles.Fig.8 comparesthe longitudinal shower profiles for pions of
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2004data

3 differentenergies (2,10,100GeV) obtainedwith the differentphysicslists. Clearly,
at high energies (100 GeV) the predictionsof parametrizedLHEP list start to differ
from thepredictionsof thecalculated(QGSP, QGSC,FTFP)lists.Comparisonof these
shower profileswith theonemeasuredin TB2004in Fig.9 indicatesthat theprediction
of theLHEPphysicslist agreesbetterwith thedata.This resultis in agreementwith the



differencesin theamountsof energy leakageseenin Fig.7.

CONCLUSION

The measuredresponseof the combinedECAL+HCAL calorimetricsystemin Test-
Beam2004agreesquite well with theMonte-Carlosimulationsbasedon Geant4.The
parametrizedPhysicsList (LHEP) shows betteragreementwith data,while themodel-
basedQGSPlist seemsto predictshortershowersthanwemeasured.
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