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Abstract

The CMS experiment has designed a strategy to validate Geant4 physics models using collision data
from the LHC. Isolated charged particles are measured simultaneously in the tracker as well as the
calorimeters. These events are selected using dedicated triggers and are used to measure the response
in the calorimeter. Measurements of mean response, resolution, energy sharing between the electro-
magnetic and hadron calorimeters, shower shapes are directly compared with predictions from the
various physics models in the Geant4 description. The broad range of energies available in collision
data allows stringent tests of the accuracy of the models in reproducing the observed distributions.
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1 Introduction

CMS experiment has been validating the physics modelseiNG 4 [1, 2] using an elaborate set of measurements
in dedicated test beam setups. The single particle resjiotiseprototype CMS calorimeters has been measured in
these experiments using hadron beams over a large rangergfyeMeasurements of the single particle response
from collision data at the Large Hadron Collider are alsadusdesting the predictions of GANTA4.

The CMS calorimeter system consists of ElectromagnetiéB@nd Hadronic (HCAL) calorimeters. The ECAL
uses an array of lead tungstate crystals providing an extetieasurement of the response of electrons, positrons
and photons. The HCAL is situated behind the ECAL and is canttd of alternating layers of brass absorber
and plastic scintillator which sample the energy respofisharged and neutral hadrons. This composite system
has a non-linear response for low energy hadrons due to theampensating nature of both these detectors and
to the non-matching electron/hadron response between tE has an all silicon tracking device in front of
the calorimeter system. This, together with the large magfield provided by the Superconducting solenoid,
measures momenta of the charged particles with a high defemeuracy.

Isolated charged particles can be used to validate varigpects of the shower code inEGNT4. The momenta

of these particles are well measured by the tracker. Théretecandidates are used in testing the lateral profile
of electromagnetic showers. Response and resolution Bigeld hadrons can be compared to predictions from
GEANT4. For these studies, one needs to ensure that there is remtoation due to other nearby particles.

CMS experiment has observed some isolated abnormal enepggits in the calorimeter systeme&NT4 physics
models are also used to understand the source of these evemtyualitative as well as on a quantitative basis.

2 Response Measured at the Test Beam

Dedicated measurements were carried out with prototypeeoCMS calorimeter in the test beam facility at
CERN [3]. Two production wedges of the barrel hadron caleten (HB), one prototype module of the hadron
endcap (HE), and eighteen trays of the outer hadron caltemielO) were exposed to hadron beams in the H2
beam line of the Super Proton Synchrotron (SPS). Two setsnsf were used to tune the simulation of hadronic
showers. The runs during 2004 used a prototype electroniagradorimeter assembled by putting together 49
lead tungstate crystals in a matrixk 7. During 2006, this matrix was replaced by a super-modulaebiarrel
electromagnetic calorimeter (EB). The platform holding thodules could be moved along thandr directions
allowing the beam to be directed onto any tower of the caletémin order to mimic a particle trajectory from
the interaction point of the CMS experiment. Monochromaécondary and tertiary beams were used having a
momenta between 2 and 350 GeV/c. Auxiliary beam counters wezd to select pure beam interactions.

Both calorimeters were calibrated using 50 GeV/c electreamniis. The energy response, resolution, and shower
profiles were measured for different beam momenta. Figurbolvs plots of the energy response (ratio of
the energy measured in the calorimeter to the incident maumef the beam) for incident— and proton
beams as a function of momentum. Four different physics (36SPBERT_EML, QGSPFTFP.BERT_EML,
QGSRBERT_CHIPSEML and FTFRBERT_.EML are used in these comparisons. The first three physits lis
utilize the QGSP model of EANT4 to describe the high energy interaction of hadrons whigeftturth list uses
the FTFP model. The Bertini cascade code is used for the l@rggrinteractions of pions, kaons, protons and
neutrons. The intermediate energy component is descripe&B, FTFP and CHIPS in the first three physics lists
while the fourth list does not require any different physiesdel for the intermediate energy region. As can be
seen from the figure, the Monte Carlo simulation agrees whighdata to a level of 3% for—. For low energy
protons, the difference become larger10%) at low energies.

3 Electromagnetic Showers

LHC collision data are used in commissioning various congodsiof the CMS detector. In that process, emphasis
is given to the set of observables which are directly depende GEANT4 shower code. Isolated electromag-
netic showers are selected from the data (and also from Moat® samples) on the basis of matching energy
and momentum measurements and energy sharing between BE@AH@AL. Widths of such showers in the
electromagnetic calorimeter are compared between dat®ante Carlo.

Figure 2 shows a comparison of widths of electromagnetigvehgin the non bending plane) between data and
Monte Carlo. The width is narrower in the barrel calorimetich corresponds to lower noise level. The Monte
Carlo distributions match very well with those observechia tlata.
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Figure 1: Mean energy responses for (left) and protons (right) as a function of incident pagichomentum.
Predictions of the four physics lists QGEERT EML, QGSPFTFP.BERT_EML, QGSPBERT_CHIPSEML
and FTFPBERT_EML are also shown.
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Figure 2: Comparison of widths of electromagnetic showaleng» direction) between data and Monte Carlo in
the barrel and in the endcap electromagnetic calorimeter.



4 |solated Hadrons from Collision Data

Isolated charged particles are selected from the datactedleising the minimum bias trigger (with the help of the
beam scintillators). As the luminosity increases, the munn bias trigger are highly suppressed by prescaling the
rate. This makes this path less useful for the collectiosagited charges particles. The high level trigger provides
a trigger path of minimum bias events and this is used in thk himinosity runs.

Events are selected to have only one well reconstructedapyirertex which is close to the nominal interaction
point. Good track candidates are then selected and tedteesi are well isolated from other charged and neutral
particles. Tracks are first selected on the basis of closasféke track to the primary vertex in the transversg) (
plane as well as along the beam axis, {Ref the track fit and number of tracker layers used in the memsents.

It is important that the tracks do not interact before reaglihe calorimeter surface. This is checked by looking at
the number of missing hits in the inner and outer hit pattefrise reconstructed hits. All tracks with missing hits
in the inner and outer hit patterns are rejected.

The tracks are extrapolated to the calorimeter surfaceladalorimeter cell corresponding to the impact point
is identified. A matrix of xn cells, corresponding to the granularity of the calorimetdls, around the impact
point is defined as signal zone and consequently a matrixedfl livith N > n) is defined as isolation zone. From
a study of lateral shower profile of hadrons in the test beadirmsimulation, signal zone is chosen to be a matrix
of 11x11 crystals for the ECAL and>33 towers for the HCAL.

The extrapolated cell needs to be well isolated from all otiherged and neutral particles. Isolation with respect
to charged particles is obtained by extrapolating otherggthparticles (selected with slightly looser criteriajian
examining if the extrapolated point is within a matrix of>831 crystals for the ECAL andx’7 towers for the
HCAL. Isolation against neutral particles is assured frostualy of energy deposited in an annular region around
the signal region. The energy in the annular region in the EQXtween 1515 and 1k 11 crystals) is required

to be smaller than 0.5 GeV and in the HCAL (betweetV7and 5<5 cells) is required to be less than 3 GeV. The
purity of the signal is found to be better than 90% from a stofylonte Carlo sample of minimum bias events.

Energy response is measured as the ratio of energy of theasddirack in the signal zone to the momentum of
the track. Comparisons are done using the full spectrumeoétiergy responses or using the arithmetic mean of
the distributions. Measurements are done for the mean gmesgonse as a function of the track momentum in
the barrel | < 1.131), the endcap (1.653 |5| < 2.172) and the transition (1.134 || < 1.653) region. The
granularity of the detectors and background conditionsldferent in these three regions.
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Figure 3: Response measurements as a function of track momen three different regions of the calorime-
ter. Data distributions for tracks with momentum betweem@ &1 GeV/c are compared with results from the
simulation.

Figure 3 shows the combined calorimeter response for tigick®menta between 9 and 11 GeV/c. These measure-
ments, done in the three differemtegions, are compared with the Monte Carlo. There is a redsemgreement

in the barrel. The figure shows a slightly broader peak in tha ¢h the endcap region (see the middle plot in
Figure 3) suggesting possible discrepancy in the scaliagétr the endcap region.

Figure 4 shows the measurements of mean calorimeter respbdisolated tracks as a function of the track mo-
mentum. The same measurements from data and minimum biate anlo sample are shown on the same plot.
While the agreement is quite consistent between data andeM@erlo in the barrel and in the transition region,
there is some systematic difference in the endcap region.
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Figure 4: Mean response measurements as a function of trawientum in three different regions of the calorime-
ter. Monte Carlo prediction is compared with the data. Thedlcolumns refer to barrel (left), endcap (middle)
and transition region (right). The top rowis- and the bottom row is—.
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Figure 5: Ratio of mean response measurements betweenmblidcamte Carlo as a function of track momentum
in three different regions of the calorimeter. The thre@inuois refer to barrel (left), endcap (middle) and transition
region (right).

Figure 5 shows the ratio of the response between data andeMZarto as a function of track momentum in the
three calorimeter regions. As can be seen from the figureadheement in the barrel region is well within 2-3%.
In the transition region, the agreement is at the levet 6% while in the endcap, the ratio is systematically above
1.

5 Abnormal Calorimeter Hits

Rare but anomalous high energy deposits are observed irakheénceters. Isolated single crystal hits are seen in
the barrel ECAL calorimeter (EB) and long tails are obseiinetie distributions of energy deposit in the forward
hadron calorimeter (HF). These tails are seen in eithet sihéwng fibres. Figure 6 shows evidence of two types of
anomalous energy deposits. The plot on the left showshiigioins of energy deposits in the barrel electromagnetic
calorimeter where a clear excess is seen at the high enekgy'kee plots on the right shows the correlation of
energy deposits between the long and the short fibres wheggetkils are seen with only one of the fibres fired.

Filters based on topological properties and timings aresld@ed to remove these abnormal hit events. These
tools are very effective in eliminating the abnormal hitsnfrthe data sample. For example, the left plot of Figure
6 shows the data distribution after the noise filter where alveerves good agreement between data and Monte
Carlo. However, one needs to understand the source of tharnitthe effect of these in a crowded environments.

Anomalous crystal hits in the barrel electromagnetic ¢aleter are identified to be due to energy deposits in
the thin silicon layers of the APD’s (induced by heavily ininig particles produced in the epoxy layers by neu-
trons). Anomalous hits in the forward hadron calorimeterduwe to Cerenkov light produced by the penetrating
component of hadron showers in the fibres and in the windoviseoPhoto Multiplier tubes sitting behind the
absorber.

The silicon layers in the APD and the PMT window material @tyger with the fibre bundle behind the HF ab-
sorber) are treated as sensitive detector in the simulatiom improved neutron transport code is used from
GEANT4. The resulting simulation code could explain the distiiu sensitive to spikes in EB. This variable
which compares the energy ok2 matrix versus the energy in the trigger crystal has a spikbe data which
could not (could) be explained by Monte Carlo without (witthglusion of energy deposit in the APD (see Figure
7).

The showers in the forward hadron calorimeter are produgéchbsporting all hadrons within HF usinge@nT4
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Figure 6: Distributions of energy deposit in the barrel EC@éft) compared to the prediction of Monte Carlo.
The red points refer to the data after the application of thisenfilter. The plot on the right refers to a scatter plot
of energy deposits in the long and in the short fibres.
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Figure 7: Comparison of data and Monte Carlo for the rationafrgy depositin a 22 crystal matrix to the energy
in the most energetic crystal. The Monte Carlo distribugiane obtained without (left plot) and with (right plot)
the inclusion of energy deposits in the thin silicon layetiref APD.
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hadronic models. The electromagnetic components of stsoiwdiF are replaced using a parametrization. The
resulting simulation code explains the measured energytrgpe as well as anomalous hit rates in HF rather well
(see Figure 8).

6 Summary

CMS has been validating the physics models insigKer4 using its test beam as well as collision data. Several
physics lists inside the most recent version &A&T4 provide good agreement of the energy response, resolution
of 7+ and protons. More work is needed to improve the physics forjKand hyperons.

Electromagnetic physics in€ExNT4 gives a good description of shower shapes for electron hotbp candidates

in the collision data. Isolated charged particles are useddasure calorimeter response of hadrons as a function
of particle energy. These are used to compare data with Moaute predictions. There is an impressive agreement
between GANT4 predictions and data in the barrel region. The agreemergens in the endcap region. This is
currently under investigation.

Rare anomalous hits in the calorimeter can be explained) tisenpresent transport codes iE&NT4. Thus bulk
as well as rare events can be handled by the physics modaia@iEANT4.
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