Subsequent simulation confirmed that this effect was due to the change of path length of low momentum electrons (between 1 and 10 MeV/c) through scintillator layer in strong field and only the electomagnetic components in hadronic showers contributed to this effect. Fig. 1. 35 shows a Monte Carlo study of dependence of this effect on the distance between the upstream absorbers and the scintillator packages placed in 9mm gaps between absorbers. The scintillator package consists of a 2mm plastic front cover plate, a 4mm scintillator and a 1mm plastic back cover plate. To set the scale, the radius of electron trajectory in a 4 Tesla field is ~0.8mm per 1MeV/c. Therefore as the scintillator moves away from the upstream absorber, in field parallel to the scintillator plane, low momentum electrons (a few MeV/c) no longer reach the scintillator.


This effect introduces a requirement for placement of scintillator package in gap between absorbers in HB. Since calibration data will be taken in the calibration beam line without a magnetic field, it will be very desirable to have minimal extrapolation from the calibration beam data (in 0 Tesla) to the CMS HB data (in 4 Tesla). In additon, gravity may push down the scintillator packages toward the front in absorber gaps at the top of HB and increase the HB response, while at the bottom of HB, it would push them toward the back and thus decrease the response. With a thicker plastic plate (2 mm thick) in front giving a larger distance between scintillator and front absorber and forcing the package toward the back, we can limit the B field effect in HB to less than 2%.
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Fig. 1. 35: Monte Carlo study on response of HB to 50 GeV pions in 4 Tesla field relative to response in 0 Tesla field with different air space between upstream absorber and scintillator package placed in 9mm gap between absorbers. The scintillator package consists of a 2mm plastic front cover plate, a 4mm scintillator and a 1mm plastic back cover plate.
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1.5.4  HB/HE Simulation


Test beam data have been extensively used to study a response of the combined ECAL and HCAL system to single particles with various HCAL configurations in order to optimize the configuration. Normalized to this test beam data, GEANT simulations with detailed descriptions of the CMS detector geometry have been performed to extend the study to the CMS environment for further design optimization. 


For good jet and missing ET measurements the calorimeter has to be as hermetic as possible. Any holes due to cracks and dead material, or lack of stopping power i.e. insufficient depth for showers seriously spoil the measurements. We have made special attempts to reduce the energy leakage and keep a uniform response in the hadron calorimetry over a wide range of rapidity. In the following we will describe our GEANT simulation and results from the simulations on shower leakage and the calorimeter response to single hadrons and jets in the rapidity range |h|<3.


1.5.4.1 Simulation Program


The hadron calorimetry simulation was performed within the framework of the CMS general simulation program CMSIM. In addition to detector simulation with GEANT, CMSIM has interfaces to physics event generators and event reconstruction programs including a clustering code for jet finding. 


The geometries used for the studies reported here are shown in Fig. 1. 44. TDR-0 corresponds to the baseline design and TDR-2 corresponds to the baseline plus two additional layers in HB. The ECAL consists of 23cm long crystals followed by a 2cm aluminum plate, a 4cm aluminum layer and a 2cm steel plates which represent respectively the crystal support structure, cooling, electronics, cables and a back plane in the ECAL mechanical structure. The HCAL consists of layers of a 5.0cm (7.9cm in endcaps) copper absorber followed by a gap with a scintillator package. The first and last absorbers are made of 7cm steel plates. Outside the solenoid two layers of HO are implemented in the muon system. The gap between HB and HE is 12cm wide and filled with 'cable material' (density 1.88g/cm3) for the cables and pipes of the inner detector. In the endcap a preshower detector, made of 1.68cm lead with sampling Si layers, is placed in front of the ECAL. GHEISHA is used for hadron shower generation and energy cut values in GEANT are set to 1MeV for electrons and photons, and 10MeV for hadrons.











Fig. 1. 44:  Geometries in GEANT simulation:  the baseline (TDR-0) and the baseline plus two layers in HB (TDR-2).


To study the response to jets we created shower libraries. A shower library stored the calorimeter system (ECAL+HCAL) response to single particles in 18-rapidity ´ 6-energy bins for each HCAL configuration. Three thousand events were generated in each bin.


1.5.4.2 Single particle response


The expected resolution in measurements of single pions energies between 4 and 300 GeV is shown in Fig. 1. 45 for TDR-0. The stochastic and constant terms are obtained from the energy dependence of a Gaussian fit to the data in the energy range 20-300GeV. At a given incident energy the resolutions vary very little (<5% at 4GeV and <2% at 300GeV) in a wide rapidity range up to 2.8 and degrade beyond h=2.8 rapidly because of shower leakage through the inner edge of HE. (Note that the forward calorimeter (HF) was not included in this study.) Around the boundary between HB and HE at h=1.3~1.4 the resolution degrades by 1-2% due to energy loss in the 'cable' material in the crack region, and energy leakage through the relatively thin part of the calorimeter in the region of the crack. In the thinner or in the cracks region main issue is however not the Gaussian resolution but rather the population of the low energy tail.

















The resolution for TDR-2 can be inferred from test beam data discussed in Section 1.5.3. At the GEANT simulation level the Gaussian resolution for TDR-2 is nearly identical to TDR-0. The simulated energy distributions for TDR-0 and TDR-2 are compared in [FIG-SK03] for 300 GeV single pions. Low energy tails are small in both cases and with two additional layers (TDR-2) an improvement can be seen in the central region h~0.0-0.3 and in the crack region h=1.3-1.4. 





1.5.4.3 Jet response


The expected Gaussian resolution for jet ET measurement fitted over the ET  30 to 300 GeV range with a fixed cone size of dh´df = 0.74 2 are shown in Fig. 1. 46 for TDR-0. The stochastic term improves with increasing rapidity due to the energy increase with rapidity for a given ET. The degradation at the HB-HE boundary is less than 1%.

















                         Fig. 1. 46: Jet energy resolution of HB and HE.


Reconstructed jet ET distributions are shown in Fig. 1. 47 in the central part at h =0.1 for TDR-0 and TDR-2.  Fig. 1. 48 shows reconstructed ET distributions for ET  = 300GeV at four different rapidities.














Fig. 1. 48: Jet energy measurements at ET = 300 GeV for different h.


1.5.4.4 HB-HE boundary


The geometry of the HB-HE boundary has been extensively studied prior to the TDR designs. The study showed that any projective cracks and dead material damage significantly the energy measurements and thus the missing ET performance of the detector. In some designs the performance was very sensitive to the width of the cracks. The study concluded that in addition to HCAL, the ECAL should be hermetic with overlapping lips if possible. The present TDR design, with a crack at 53° to the beam line, is the best solution among those considered.because the resolutions showed the least variation with rapidity and the slowest build-up of the low energy tail with increasing crack size.


Fig. 1. 49 shows distributions of reconstructed energies for 300GeV pions with a baseline 12cm crack and for wider 15cm and 18cm cracks. Compared to TDR-0, TDR-2 shows narrower distributions on the low energy side of the peak for all three crack sizes and a significantly slower build-up of the low energy tail below 200GeV, which is about 3s below the mean at 300 GeV incident energy.

















Fig. 1. 49: Reconstructed energy for 300 GeV pions incident on the HB/HE boundary for different crack sizes in TDR-0 and TDR-2..


1.5.4.5 ECAL-HCAL boundary


Shower particles from interactions in the crystals may spread in the space between ECAL and HCAL in the 4 Tesla field. In TDR-0 the distance between the back face of the crystals and the front face of HCAL is 27cm (56cm, 29cm) at h=0.0 (1.2, 2.2) along the particle direction. We have investigated the effect of this gap in various observables. Although this gap increases with rapidity in the HB region, our single particle and jet simulations show no significant degradation neither in the Gaussian resolutions nor in the low energy tails with increasing rapidity in the HB region.


To illustrate the effects of the magnetic field, [FIG-SK08] shows distributions of reconstructed energies for 100 GeV pions with and without the 4 Tesla field. A small degradation (<1.5%) is observed in HB, while there is no significant degradation in HE. This effect of the magnetic field includes shower spreading in the HCAL-ECAL interface region as well as the path length effect in the HB absorber gaps discussed in 1.5.2.4.





1.5.4.6 HO simulation


The HB inside the solenoid is too thin to fully absorb the showers of most energetic particles expected. HO provides extra thickness as shown in Fig. 1. 50 to contain energetic showers and reduces the low energy tails in energy measurement.  Fig. 1. 51 shows the reconstructed energy distributions for pions (ET =200GeV) in the muon ring (h=0.33-0.86) next to the central ring without HO and with HO1 and HO1+HO2, where HO1 is a HO layer before the first iron yoke and HO2 is a layer behind the iron yoke. A clear suppression of the low energy tail is seen with the addition of the two HO layers.





