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AbstratThis report desribes the work done in the DESY summer student program atthe CMS group related to the hadroni alorimeter (HCal). During this programMonte-Carlo events desribing the energy deposition due to partile showers in theHCal were generated. The generated events were used to ompare di�erent showeralgorithms among eah other and with test beam data. Methods for the improvementof the energy resolution and linearity of the alorimeter have been disussed inreferene to the planned CMS HCal upgrade.
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1 IntrodutionFor approximately 2014 a hardware upgrade of the HCal of the CMS is planned. Itwill inlude the longitudinal division of the single towers into 4 readout hannels. In thefollowing report the advantages of this upgrade will be shown and di�erent approahesdisussed.
• The seond hapter gives an overview over the CMS detetor. It fouses on thehardware espeially on that of the hadroni alorimeter.
• The third hapter shows how the Monte-Carlo events were generated and how thedi�erent shower algorithms behave. It also ompares the Monte-Carlo events withreal data.
• In the fourth hapter the weighting of the events and the advantages of this proe-dure are shown.
• The �fth hapter onludes this report and gives an outlook.2 Compat Muon Solenoid (CMS)

Figure 1: Cut through the CMS detetor (from [1℄).The CMS detetor is, next to ATLAS, one of the two main experiments at the LHC.Like most detetors it is omposed of di�erent layers serving the di�erent purposes the2



detetor should meet.The layout of the detetor is shown in �gure 2. In the following setion the di�erent partsof the detetor are shortly disussed.2.1 Inner traking systemThe inner traking system of CMS is surrounding the interation point in order toprovide measurements of the trajetories of harged partiles. It has a length of 5.8mand a diameter of 2.5m. It onsists of a silion pixel detetor and a silion strip detetor.The solenoid provides a homogeneous 4T �eld in the full volume of the traker. Theative silion area of the traker is about 200m2.Right around the interation point the pixel detetor is assembled. It ontributes trakingpoints in r, ρ and z. The dimensions of the silion pixel are 100 x 150 µm. It onsists ofthree barrel layers loated 4.4, 7.3 and 10.2 m from the interation point and 2 end-apdisks loated at z = ±34.5 and z = ±46.5 m. Therefore, a detailed 3D traking an beahieved.The silion strip traker onsists of an inner barrel with 4 layers and endaps omposed of3 disks eah and an outer barrel assembled out of 6 layers with endaps onsisting 9 layerseah. The outer barrel extends up to a radius of 1.1m with respet to the interationpoint. Overall, the detetor is omposed of 15,148 strip modules.Challenges in onstrution were �nding radiation resistant materials to withstand the highpartile �ux and providing the desired granularity without introduing too muh materialfor read out eletronis into the system.2.2 Eletromagneti alorimeter (ECal)The ECal is assembled of 68,524 lead tungstate rystals. The high density of therystals allows the alorimeter fast detetion and radiation resistane. With 80% of thelight being emitted within 25 nm, the sintillation deay time lies in the same order ofmagnitude as the bunh rossing of the LHC.2.3 Hadroni alorimeter (HCal)The hadroni alorimeter of the CMS detetor is a sampling alorimeter, dividedinto two parts. The barrel alorimeter inside the solenoid is omplemented by an outeralorimeter. The barrel alorimeter extends from R = 1.77m to R = 2.95m, while theouter alorimeter or tail ather extends from the outer rim of the solenoid. A samplingalorimeter is assembled of alternating layers of absorbing material and sintillating ma-terial. 3



The alorimeter onsists of 18 wedges in Φ diretion. Eah wedge is divided into 4 se-tors. Therefore the barrel is divided into 72 setions in Φ diretion. The η diretion,desribing the division in referene to the angle to the beam-pipe, there are 16 divi-sions to eah side of the vertial diretion. This results into an η − Φ segmentation of
(∆η, ∆Φ) = (0.087, 0.087).In the CMS barrel HCal brass is used as the absorbing material, exept for the �rst andlast layer whih are made out of stainless steel. The brass absorbers are made out of
70% Cu and 30% Zn. In Table 1 the layout of the di�erent layers is shown.The barrel alorimeter ontains 17 layers of sintillating material as shown in Table 2.Layer 0 of the sintillators is loated in front of the steel front plate and is therefore madeout of a material with higher radiation hardness.At the urrent state, the readout of the alorimeter does not involve a longitudinal seg-mentation. All sintillator signals are ombined in one readout hannel. For the CMSupgrade a longitudinal division into 4 readout hannels is planned. Di�erent readout de-signs have to be onsidered in order to optimize the gain of that upgrade.Layer Material Thiknessfront plate steel 40mm1-8 brass 50.5mm9-14 brass 56.5mmbak plate steel 75mmTable 1: Absorber thikness in the barrel HCalLayer Material Thikness0 Biron BC408 9mm1-15 Kuraray SCSN81 3.7mm16 Kuraray SCSN81 9mmTable 2: Sintillator thikness in the barrel HCal2.4 MagnetThe superonduting solenoid magnet of CMS has been designed to reah a magneti�eld of 4T. The winding is omposed of 4 layers. The solenoid has length of 12.5m and aninner diameter of 6.3m. The iron return yoke has a length of 13m and an outer diameterof 14m. 4



2.5 Muon systemThe Muon system onsists of several parts. 250 drift tubes (DTs) give two oordinateseah. The DTs are arranged into three layers. The middle layer measures the oordinateparallel to the beam while the other two measure perpendiular.Fig. 2.5 shows the priniple of the measurement. Partiles passing through the 4.2 mwide drift tubes ionize the gas ontained within. The eletri �eld in between the wire(pointing into the page) and the tube walls aelerates the eletrons, resulting in seondaryionizations and the hit is deteted via the breakdown of the �eld. With the known driftspeed of the eletrons, the distane of the hit to the wire an be alulated. The otheroordinate is given by the position on the wire where the hit is deteted.

Figure 2: Shemati layout of the DTs (from [1℄).The endap disks ontain 540 athode strip hambers (CSCs). These give 2 oordi-nates via a grid of opper strip athodes with perpendiular wire anodes (f. Fig. 2.5).

Figure 3: Shemati layout of the CSC (from [1℄).5



3 Simulating DataOne of the most important things in testing a new design for a detetor is the sim-ulation of Monte-Carlo events. Simulated data have the advantage, that the true valuesfor the di�erent properties are, unlike in the real experiment, aessible. Therefore, thedetetor an be evaluated on its preision and o�set. The parameters gained from thesimulated events an then be used for saling and evaluating the real data.3.1 Geant3 programA Geant3 based program was used to simulate events.[2℄ Unlike the CMSSW software,it ontains information about the energy deposition in the absorbers, needed to alulatethe total energy deposition. Via the ommand �make hadron� a exeutable �hadron� isreated on a 32-bit mahine. In order to use the Galor shower algorithm, a seond exe-utable program �hadron_g� is reated via �make hadron_g�.The exeutable program is run via a run �le, �run_geant.sh�, in whih on�gurations anbe made. In the run_geant.sh �le the number of generated events, the beam energy, thetype of partile and the position from whih the partile is send to the target (i.e. ontothe ECal, diretly onto the HCal, et.) an be de�ned. Also the random number seedan be hanged in that �le.The shower algorithm used in the simulation an be adjusted in the hal.txt_head �levia the value of HADR. The TRIGGERS value de�nes the number of events ontained inone �le.The on�gurations are stated in Table 3.Partile type on�gurationEletron 3.Muon 5.Pion 8.Proton 14.
Algorithm on�gurationGheisha 3Fluka 4Miap 5Galor 6Starting point z-Valuewith ECal -110without ECal -60diretly onto 1st HCal sintillator -48.5Table 3: List of on�gurations for simulation programDuring the summer program the Monte-Carlo events as shown in Table 4 were reated.6



After simulating the events, they are stored in .root �les, eah ontaining 100 events. Forfurther analysis the events should be stored in �les ontaining all events of one on�gu-ration.In order to ahieve that, a root based program �skim� that ombines all events into one�le was used.[3℄ The program is also used to rename variables in a sensible way.3.2 Shower algorithmsFor over a deade it has been tried to simulate hadroni showers as realistially aspossible. In this report 4 di�erent shower algorithms, Fluka, Gheisha, Miap and Galor,have been used. As the omparison with the test beam data will show non of theseperfetly simulate the proess. They di�er in various quantities.In Fig. 3.3 the frations of the energy that are deposited via eletromagneti, hadroniand invisible means are shown. One an easily see the di�erent behavior of the algorithms.The most obvious di�erene is probably the signi�antly higher invisible fration and thetherefore lower eletromagneti fration in the Gheisha algorithm.In the e/π-ratio shown in Fig. 3.3 again the Gheisha algorithm behaves di�erently. The
e/π-ratio is de�ned by

Eemeas
Eπmeas ,where Eemeas is the measured energy when sending a eletron beam diretly onto the HCaland Eπmeas is the measured energy when sending a pion beam diretly onto the HCal. Inaordane to the graph it is therefore obvious, that Gheisha is the only shower algorithmin whih the energy deposition for pions is bigger than that for eletrons.3.3 Comparison to test beam resultsIn a test beam experiment at CERN [4℄, the results shown in Fig. 3.3 have beenmeasured by shooting an pion beam diretly onto a part of the HCal. Comparing theseresults to the simulated events gives information about the quality of the Monte-Carlodata.In Fig. 3.3 the energy distribution per layer from the Monte-Carlo events is shown. Thedi�erent algorithms don't di�er signi�antly in this property. However, the di�erene tothe real data taken with the test beam is learly visible. Therefore it an be onluded,that non of the shower algorithms perfetly desribe reality.
7



Algorithm Partile Starting point Energy [GeV℄ EventsFluka, Gheisha, Miap, Galor e diret HCal 5 50 000Fluka, Gheisha, Miap, Galor e diret HCal 10 50 000Fluka, Gheisha, Miap, Galor e diret HCal 20 50 000Fluka, Gheisha, Miap, Galor e diret HCal 30 50 000Fluka, Gheisha, Miap, Galor e diret HCal 50 50 000Fluka, Gheisha, Miap, Galor e diret HCal 100 40 000Fluka, Gheisha, Miap, Galor e diret HCal 150 40 000Fluka, Gheisha, Miap, Galor e diret HCal 225 35 000Fluka, Gheisha, Miap, Galor e diret HCal 300 35 000Fluka, Gheisha, Miap, Galor pi diret HCal 5 50 000Fluka, Gheisha, Miap, Galor pi diret HCal 10 50 000Fluka, Gheisha, Miap, Galor pi diret HCal 20 50 000Fluka, Gheisha, Miap, Galor pi diret HCal 30 50 000Fluka, Gheisha, Miap, Galor pi diret HCal 50 50 000Fluka, Gheisha, Miap, Galor pi diret HCal 100 40 000Fluka, Gheisha, Miap, Galor pi diret HCal 150 40 000Fluka, Gheisha, Miap, Galor pi diret HCal 225 35 000Fluka, Gheisha, Miap, Galor pi diret HCal 300 35 000Fluka, Gheisha e ECal 10 50 000Fluka, Gheisha e ECal 20 50 000Fluka, Gheisha e ECal 30 50 000Fluka, Gheisha e ECal 50 50 000Fluka, Gheisha e ECal 100 40 000Fluka, Gheisha e ECal 300 35 000Fluka, Gheisha, Miap, Galor pi ECal 5 50 000Fluka, Gheisha, Miap, Galor pi ECal 10 50 000Fluka, Gheisha, Miap, Galor pi ECal 20 50 000Fluka, Gheisha, Miap, Galor pi ECal 30 50 000Fluka, Gheisha, Miap, Galor pi ECal 50 50 000Fluka, Gheisha, Miap, Galor pi ECal 100 40 000Fluka, Gheisha, Miap, Galor pi ECal 150 35 000Fluka, Gheisha, Miap, Galor pi ECal 225 30 000Fluka, Gheisha, Miap, Galor pi ECal 300 30 000Table 4: List of events generated8
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Figure 4: Energy frations for the di�erent shower algorithms.
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Figure 6: Energy per layer measured at the test beam. Layer 12 was damaged. [4℄

Figure 7: Energy per layer for the di�erent shower algorithms.10



4 WeightingThe relative energy deposition for eletromagneti and hadroni showers di�ers by anon-negligible amount. The di�erent response in�uenes the energy resolution and thelinearity of the alorimeter. To truly identify the energy of the deteted partiles onetherefore would need to di�erentiate between eletromagneti and hadroni energy depo-sition. This an be done via the varying energy density of the showers.The energy density of hadroni showers is signi�antly smaller than that of eletromag-neti showers. Therefore a possibility to orret for the di�erent response would be tointrodue a energy density dependent weighting fator. The weighting fators are alu-lated from
wi(ρi, E

beam) = 〈
Etruth

i

Emeas

i

〉.With su�iently realisti Monte-Carlo simulations, weights for the di�erent energy den-sities an be produed. A di�erent approah would be to �nd a funtion �tting thoseweights in order to be able to weight every energy deposition exatly aording to itsenergy density. The root based weighting program used in this work [5℄, uses Monte-Carlo events to generate weighting fators and weight the events with those. The goalis to realize an improvement in the linearity and the energy resolution. That is possiblefor energies up to 100 GeV. For higher energies the weighting does not improve the results.4.1 Readout shemes and weighting resultsFor the planned CMS upgrade in 2014, the upgrade of the HCal involves a hange ofthe readout-system of the sintillators. At the urrent state all sintillators are read outin one hannel by a Hybrid Photo Detetor (HPD) for the upgrade a hange to SilionPhoto Multipliers (SiPM) is planned. Due to the smaller size a di�erentiated readout inseveral hannels beomes possible. It is planned to introdue a 4 hannel readout design.In the following a few readout designs are disussed. The numbering sheme starts withthe lowest sintillator i.e. 1448 refers to a design where the 0th hannel is read outseparately followed by two bloks of 4 sintillators eah (1-4 and 5-8) and a blok of 8 inthe end (9-16). The designs tested in this work are 1448, 2555, 15551 and 233333. Sine4 hannels are planned in the upgrade, 1448 and 2555 are partiularly interesting.In Fig. 4.1- 4.1 the energy resolution for di�erent designs using the di�erent algorithmsare shown. Fousing on the 4 hannel designs, one an learly see, that the 2555 designisn't gaining as muh through the weighting as the 1448 design. This an be easily seenif a funtion
(

σ(E)

E

)2

=
a2

E
+ c2,11



where σ(E)
E

is the energy resolution, a is the sampling term and c the onstant term, isused to �t the points. The parameters and the relative improvement is shown in table4.1. The same holds true for the linearity as shown in Fig. 4.1- 4.1.In Fig. 4.1 and Fig. 4.1 a omparison between the di�erent algorithms for the 1448 designis shown. Overall 1448 seems to be the better hoie for improvement via the weighting.Algorithm a [%℄  [%℄ rel. Impr. a [%℄  [%℄ rel. Impr.[%℄ [%℄1448 readout design 2555 readout designFluka 81.1 3.7 81.1 3.7weighted Fluka 66.3 7.5 18.3 68.4 4.9 15.7Gheisha 114.9 0 114.9 0weighted Gheisha 96.7 4.4 15.8 96.6 0 15.9Miap 83.7 0 83.7 0weighted Miap 65.9 6.4 21.3 69.6 2.9 16.9Galor 95.3 0.8 95.3 0.8weighted Galor 74.0 7.2 22.3 77.4 4.3 18.815551 readout design 233333 readout designFluka 81.1 3.7 81.1 3.7weighted Fluka 64.5 7.9 20.5 69.1 5.4 14.9Gheisha 114.9 0 114.9 0weighted Gheisha 94.0 5.1 18.2 97.4 0 15.2Miap 83.7 0 83.7 0weighted Miap 65.0 6.6 22.3 70.3 3.1 16.0Galor 95.3 0.8 95.3 0.8weighted Galor 72.5 7.6 24.0 79.0 4.3 17.1Table 5: Improvement of the �t results for weighted events.5 ConlusionThe weighting onsiderably improves the energy resolution and the linearity of theMonte-Carlo events. The 1448 readout design gives better possibilities for improvementthan the 2555 system. In order to �nd the most promising readout design for the upgrademore investigations have to be done, e.g. with a modi�ed CMSSW version that providesthe absorber information as well. 12
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Figure 8: Energy resolutions for the di�erent readout-shemes for the Fluka algorithm.
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Figure 9: Energy resolutions for the di�erent readout-shemes for the Gheisha algorithm.13
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Figure 10: Energy resolutions for the di�erent readout-shemes for the Miap algorithm.
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Figure 11: Energy resolutions for the di�erent readout-shemes for the Galor algorithm.14
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Figure 12: Linearity for the di�erent readout-shemes for the Fluka algorithm.
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Figure 13: Linearity for the di�erent readout-shemes for the Gheisha algorithm.15
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Figure 14: Linearity for the di�erent readout-shemes for the Miap algorithm.
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Figure 15: Linearity for the di�erent readout-shemes for the Galor algorithm.16
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Figure 16: Energy resolution for the di�erent shower algorithms for the 1448 readoutdesign.
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Figure 17: Linearity for the di�erent shower algorithms for the 1448 readout design.17
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