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INTRODUCTION


The CALICE collaboration measured properties of electromagnetic and hadron showers in calorimeter prototypes with spatial granularity significantly smaller than in existing calorimeters. The collected data are valuable for tests of different parametrizations of cascade processes in GEANT4. In this paper, pion shower properties measured in 1m3 scintillator-steel calorimeter are compared to predictions of 5 physics lists QGSP_BERT, QGSP_FTFP_BERT, FTFP_BERT, FTF_BIC and CHIPS of GEANT4, v. 9.3. Agreement at the level of ~10% is observed in the energy range of 8-80 GeV, none of the physics lists can be uniquely selected as the best one. 

CALORIMETERS AND BEAM TESTS

The CALICE collaboration constructed prototypes of Si-W electromagnetic calorimeter (ECAL) [1] and scintillator-steel calorimeter (HCAL) [2] to investigate technologies for the new ‘imaging calorimetry’ needed for the Particle Flow reconstruction algorithm [3]. These calorimeters together with precision trackers will allow to reach energy resolution of ~ 3% for the energies E ~ mZ, mW. The cells of ECAL (HCAL) have transverse size of 1 (9-144 ) cm2. The calorimeters are compact, the total depth of ECAL is 19 cm and represents 24 X0 (0.9 λint), HCAL (see Fig. 1) is 100 cm deep with 5.3 λint. To absorb the whole hadron shower, additional hadron calorimeter of 5.8 λint, called Tail Catcher and Muon Tracker (TCMT) was placed behind.  Both calorimeter prototypes underwent in 2007-9 intensive test beam exposures in positron, muon and hadron beams at CERN (Ebeam = 6-80 GeV) and FNAL. They showed good linearity and moderate energy resolution [4-5]. It was realized that the fine granularity of CALICE calorimeters has great potential for checks and subsequent improvements of the different physical models of GEANT4 called physics lists. In order to describe the geometry of the CALICE prototypes, the program Mokka [6] was used, which is capable of simulating full size future ILC detectors. For the reconstruction of data and GEANT4 simulation the program package MARLIN [7] was used. 
Here we refer on the properties of hadron (pion beam) showers which were investigated separately in ECAL and HCAL for showers starting in respective calorimeters. The ECAL of 0.9 λint has a very good spatial resolution for the reconstruction of the shower start point and allows to study the early stage of the shower development. The most sensitive observables are the shower profiles – longitudinal and transverse. For details we refer to the original paper [8] which arrives to the conclusion that FTFP_BERT physics list describes the test beam data best in the energy range 8-80 GeV. 


PION SHOWERS IN HCAL


Data presented in this paper were collected in 2007 in the CERN H6 test beam. The analysis uses π- beams at energies 8-20 GeV and π+ beam energies 30-80 GeV. The pions were selected using the threshold Čerenkov counter in the beam line.   
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Fig. 1. HCAL prototype with 3 transverse sizes 3x3, 6x6 and 12x12 cm2 of scintillator tiles 0.5 cm thick. Behind each scintillator plane a 2 cm thick steel absorber plate is inserted. There are 38 planes in total.
The high granularity of the HCAL allows for the accurate determination of the start of the hadron shower with the accuracy of ± 1 layer (~ 3 cm) in about 74% of events, based on MC studies [9].
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Fig. 2. Longitudinal profile of the π- shower (45 GeV) relative to the calorimeter front (hatched) and relative to the shower start (empty histogram) from GEANT4, FTC_BIC simulation.  

The information on the position of the first interaction of the beam particle (the shower start) is used to investigate the longitudinal shower profile with respect to the calorimeter front face or the shower start (see Fig. 2).
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Fig. 3. The ratio of the mean of the longitudinal shower profile for simulation and data for several physics lists of GEANT4 as a function of beam energy. CHIPS shows tendency to longer showers, the other models have opposite behaviour. 
The longitudinal profile is sensitive to the particle composition of the shower. Its overall shape is governed by electromagnetic processes from the π0→2γ decays and δ-electrons from ionization by charged particles (for detailed distribution see, e.g. [10]). Fig. 3 shows the ratio of the mean depth of the longitudinal shower profile between MC and data. The agreement between data and MC is at the level < 10%, models mostly provide shorter hadron showers.    
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Fig. 4. The ratio between the mean shower radius from simulation and data for several physics lists of GEANT4 as a function of beam energy. All physics lists lead to more compact showers. CHIPS  is closest to the data.

The radial shower profile is important for the re-construction of individual tracks/track segments of charged particles in the shower, the important ingredient for performance of the Particle Flow Algorithm [3]. In Fig. 4., the ratio between the mean shower radius from simulation and data is shown. Except for QGSP_BERT below 10 GeV, all physics lists predict narrower showers than observed in data at levels ≤10%.   
CONCLUSIONS


The CALICE collaboration built and operated successfully electromagnetic SiW and hadron scintillator-steel calorimeter prototypes with very small cell sizes. The data from beam tests with the pion beam provide a powerful tool for investigation of the details of hadron showers. The comparison with GEANT4, v. 9.3 simulations using several physics lists allowed to reveal differences in shower profiles between data and models typically at the level < 10%. None of the physics list describes data perfectly. For the QGSP_BERT one observes effect of the transition to the LEP parametrization at energies 9-25 GeV. The effect of model transition is less visible in the FTF-based physics list. The new CHIPS list gives promising results. 
After the first generation of hadron fine grain calorimeter prototypes which provide energy measurement in the cell with accuracy of typically 14 bits, a new generation of calorimeters with the cell size one order of magnitude smaller was constructed [11-12]. These calorimeters are called digital and record only one (at most two) bit information from a cell. These calorimeters have much simpler front-end electronics. They are now in beam tests and shall verify the hypothesis that the overall sum of hit cells is sufficient for the energy measurement with accuracy comparable or superior to the existing calorimeters which are sometimes called the analog.   
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