Hunting Supersymmetry with Silicon Photomultipliers at the Terascale

Motivation

The Helmholtz-Russia Joint Research Groups have proven to be an excellent opportunity for unique Russian-German co-operations, which has been shown by a previous Joint Research Group (HRJRG 02), which continued successfully the long-lived cooperation between DESY and Russian Institutes. The former Joint Research Group established the strings between the young physicists of new generation working for experiments at different colliders. This freshly proposed Joint Research Group not only tightens the strings further, but also includes a German University with a common effort in an experiment at a running collider. The concept of connecting detector development and operation with data analysis has proven to convey all skills mandatory for a leading particle physicist. Therefore, several young scientists of the former Joint Research Group stayed in particle physics, being employed by internationally recognized research institutes or universities, instead of leaving to industry.

This Joint Research group connects activities of all participating institutes on two levels: Analysis and upgrade projects for a running experiment – the CMS experiment at the LHC – and research and development projects for a detector at a future linear collider (LC), which makes this proposal scientifically extraordinary and exceptional. The activities will be enhanced not only between the German and Russian institutes, but also between the members of the different experiments, which guarantees the feasibility and a fruitful completion of the ambitious goals. 
After several years of development in the framework of detector R&D for a future LC, these devices are now mature and available at moderate costs. Therefore, they are an excellent choice for detector upgrades planned for running experiments at the LHC.  The driving force for challenging detector developments in high-energy physics is always the primary goal of understanding the structure of matter. Therefore, this proposed Joint Research Group is complemented with physics analyses, which can be performed especially with the specific detector components.
The interconnections between the different activities are summarized in Fig. 1 and will be discussed in detail in the following pages.
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Fig. 1: Interconnections between the different research topics 
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Introduction

The major achievement of particle physics in the second half of the 20th century is the development of the Standard Model. It describes three of the four known fundamental forces, the weak, the electromagnetic and the strong force, within the electroweak theory and the quantum chromodynamics. However, it describes only about 5% of the constituents of our universe (intergalactic gas, stars, planets), and cannot explain the origin of Dark Matter (22%) and Dark Energy (74%, see Fig.2). 
In addition, it does not include the fourth force, the gravity, and leaves a number of questions open, among them:

· Do the four fundamental forces unify at large energies? 
· What is Dark Matter made of? 

· Why is there more matter than anti-matter?
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Supersymmetry (SUSY) is one of the most attractive theories providing a framework for the unification of all four forces.  In addition, most SUSY models propose a light stable supersymmetric particle (LSP), being neutral, weakly interacting and therefore invisible for our detectors so far. These LSPs are promising candidates for dark matter.                           Fig. 2: Constituents of the universe (taken       
                        from NASA online)
Within SUSY, to each known elementary particle one partner particle is assigned, which differs by half a unit of spin. Therefore, for every type of boson there should exist a corresponding type of fermion with the same mass and quantum numbers, and vice-versa. As these particles have not been found, SUSY must be a broken symmetry, leading to partner particles of higher mass. As of now these superpartners have not yet been detected, but their masses should be (at least partly) below 1 TeV in order to solve the hierarchy problem and allow unification of the forces. In this case they are expected to be within the reach of the Large Hadron Collider (LHC), which started data-taking in 2010. Searches for predicted effects by SUSY, especially by the simplest realistic supersymmetric model, the so-called Minimal Supersymmetric Standard Model (MSSM), are a main part of the physics program of the LHC and of a future linear collider (LC).
To reach as far as possible into new physics territory, an upgrade of the detectors with novel technology is essential. Therefore, this Joint Research Group comprises detector R&D, construction and operation as well as the physics analysis of the recorded data and timely publication of the achieved new scientific results and insights.

The detector part of this Joint Research Group proposal consists of three main items:

· Detector upgrade activities for the improvement of the CMS HCAL with: 

· Silicon Photomultipliers (SiPMs),

· TCA technology;

· Detector R&D for the CMS Muon Track Trigger;

· Research and development of a hadron calorimeter for the future LC using SiPMs.

The physics part of this Joint Research Group proposal comprises:

· Search for Supersymmetry (SUSY) at the LHC; 

· Optimization of energy reconstruction and muon detection with the upgraded CMS HCAL;
· Phenomenological calculations of various processes connected to SUSY searches at the LHC, taking advantage of the latest results for the proton structure derived from HERA data;
· Theoretical calculations for SUSY and Standard Model processes as well as preparation for precision measurements at the LC.  

Search for Supersymmetry

One of the most important observables for the identification of SUSY events is missing energy, as the LSP is supposed to escape from the detector unseen, thus carrying energy away. Therefore, it is important to measure the total energy deposited in the detector as precise as possible. One of the bottlenecks of this measurement at the CMS experiment is the barrel part of the hadron calorimeter (HCAL), as it is not thick enough to always stop very high energetic particles. Those particles, which escape the inner part of the HCAL, are supposed to be detected by the HCAL outer part (HO). Due to deficiencies of its Hybrid Photo Detectors, the HO is currently not included in the reconstruction. This will change when the HO will be equipped with SiPMs.

The group within CMS, which is developing the reconstruction utilizing the Particle Flow algorithm, is very interested in including the information of HO, as it will improve the measurement of jet energy and missing energy as well. With the upgrade Phase 1, when the HCAL Barrel will also be equipped with SiPMs and can be read out with longitudinal segmentation, further improvement of the energy resolution and linearity is expected, when a weighting algorithm can be applied.

The DESY and SINP MSU groups are both involved in the international worldwide studies of SUSY effects at colliders. One of the common subjects of interest is the search for light gluinos decaying only to 3rd generation squarks in the CMS experiment at CERN and at a next linear collider (LC). The DESY group has experience in data analysis, while the SINP MSU group has expertise in Monte Carlo event generation and modeling of signal and background processes. The Moscow group uses the well-known computer program CompHEP, which was developed in SINP MSU. It allows proceeding from the construction of new model to computation of cross section and distributions and generation of unweighted events. The generated events are presented in Les Houches format, so that the MC event samples are ready to be used by other programs like the CMS-software to take into account realistic fragmentation and detector response. The CompHEP code is very useful in common studies, because it has built in the Lagrangian of the MSSM, so one can compute needed processes of stop production and decay, and easily change MSSM parameters etc. The needed simulations as well as data analysis requires considerable computing facilities. SINP MSU has such a great potential as the TIER-2 center for computing resources.

Both groups are participating in the CMS collaboration at CERN. In the common proposed project a special attention will be paid on possible impact of CMS stop studies on prospects of stop properties measurements in future experiments at the next LC, where they might be used as basic processes to study the LC detector capabilities for investigation of BSM physics.

To perform the precise measurements of corresponding cross sections of new particles, detailed predictions of SM background are needed.
At LHC energies, QCD is believed to be correctly approximated by BFKL or CCFM evolution equations and therefore the cross-sections should be calculated using the kt-factorization QCD approach, where off-shell (depending on the incoming partonic transverse momenta kt) matrix elements are convoluted with the kt-dependent (unintegrated) parton densities. The main advantage of such an approach is that each emitted gluon is assumed to take a large fraction of the energy of the propagating gluon and large logarithms of 1/x are summed up to all orders. The group of SINP MSU scientists (N.P. Zotov, A.V. Lipatov, M.A. Malyshev and co-authors) performs the development of the kt-factorization approach and its phenomenological applications to the different processes. In particular, it was applied to the prompt photon, electroweak boson, heavy-quark and quarkonium production at HERA, LEP2 and Tevatron conditions. In the framework of present research program it is planned to continue these investigations and extend them to the LHC and next LC.

It is planned to study events with isolated photons, which are an important tool to investigate hard interaction processes, as they emerge without the hadronization phase. Good understanding of the production dynamics is also important for searches of new particles decaying to photons at the LHC conditions. First applications of the kt-factorization approach to the photo-, lepto- and hadro-production of prompt photons have already been performed by MSU group, and the results were used by the H1 and ZEUS collaborations to analyze their recent experimental data. In the framework of the present research program it is planned to extend the developed formalism to LHC and LC energies and study more exclusive final states (like photon + jet). These processes are more sensitive to the underlying QCD process than inclusive photon events.

Another subject of planned studies, which is closely related to the prompt photon and W/Z production, is the Drell-Yan pair production. Accurate calculations of these benchmark processes are an essential component for the LHC discovery program, as they are one of the main background processes in new physics searches with lepton final states, in which the DESY group is involved.
The Large Hadron Collider and the CMS Experiment
The following section introduces the Large Hadron Collider (LHC) and the CMS experiment, which is one of the two large multi-purpose experiments at the LHC.

The Large Hadron Collider

The Large Hadron Collider (LHC) at CERN near Geneva is the world’s largest collider, reaching the highest energies, which have ever been achieved at a collider. It has a total circumference of 26.7 km and will reach the energy of 14 TeV in proton-proton collisions. It is designed for a final luminosity of up to 1034 cm-2s-1, where the luminosity is a measure of the beam intensity, useful to calculate the event rate of different processes by multiplying it with the cross section for the process.
Two multi-purpose experiments, ATLAS and CMS (Compact Muon Solenoid), are designed to perform high quality measurements of leptons, hadronic jets and high energetic photons. 
After a very successful startup in 2010 with the energy of 7 TeV and a lower luminosity, the LHC will run until spring 2013, with continuous improvements, while it already now has reached several new world records for a hadron collider, e.g. a luminosity of 4.67 x 1032cm-2s-1. This exceeds the previous world record of 4.024 x 1032 cm-2s-1, which was set by the US Fermi National Accelerator Laboratory’s Tevatron collider in 2010, and marks an important milestone in LHC commissioning.
For the next years the LHC is scheduled for:
· Physics data taking until mid 2013;

· Technical stop for machine development until early 2015;

· Continuous running with small (about 8 week) breaks until end 2018.
This schedule is very important for all upgrade projects, as they have to settle their schedules to the availability of the LHC.
The CMS Experiment

The CMS detector, shown in Fig. 2, has a length of 21.6 m, a diameter of 14.6 m, and a total weight of 14500 t [11]. Specific to CMS is the highest possible magnetic field (3.8 T in the central region), combined with an inner tracker consisting solely of silicon pixel and silicon micro-strip detectors, which provide high granularity at all radii.
The detector is composed of several layers, starting from inside to outside with the tracker, which is used to measure charged particle momentum (pT), followed by the calorimeters, measuring particle energies, the magnet and the muon chambers, which serve as an important of the trigger. 
The hadronic calorimeter (HCAL) is essential for searches for new physics in higher energy ranges – especially for SUSY searches as aimed for in this Joint Research Group – because they rely on excellent jet and precise missing transverse energy measurements.

With the data taken so far, many analyses have been performed, impressively showing that all detectors are very well understood. After the successful re-discovery of the Standard Model, the search for signs of new physics has already reached – and in most cases enlarged – the limits from previous experiments, entering now a new domain at the Terascale. 
[image: image2.emf]
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Figure 3: The CMS Experiment  











Figure 2: The CMS Experiment

CMS Upgrade Projects
For the optimal use of the upgraded LHC machine, the detector needs to be upgraded as well. Detailed studies show for example in case of the CMS HCAL, that a replacement of the Hybrid Photo Detectors (HPDs) by SiPMs can improve its energy resolution and linearity. Figure 3 displays the layout of the CMS HCAL system divided into HCAL Barrel (HB), HCAL Endcap (HE) and HCAL Outer (HO). The left side depicts the current situation and the right side the envisaged situation after the upgrade of the HPD photon sensors with SiPMs.
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Figure 3: Layout of one quarter of the CMS HCAL system with the current segmentation  

  
   (left) and a possible segmentation after the upgrade with SiPMs (right).

SiPMs for the HCAL

Just recently the SiPM technology has become available commercially at reasonable costs. The SiPMs provide the high gain needed for additional longitudinal segmentation of the HCAL. Therefore, the CMS HCAL group is pursuing since quite some time the possibilities to replace the HPDs with SiPMs.

Within the Young Investigator Group of I. Melzer-Pellmann substantial studies have been performed to explore the possible improvement of the energy reconstruction by developing weighting procedures comparable to those of the H1 Experiment at HERA and those of the LC HCAL group.  The simulations have shown that an improvement of the energy resolution of about 8% is feasible, including an improvement of the linearity. This has been verified by simply applying the developed weighting factors to the test beam signals taken in summer 2009, proving the robustness of the method and the achieved improvement.
The upgrade of the HCAL in the barrel (HB) and the endcap (HE) regions is envisaged to take place around 2016/2017 during a prolonged technical stop. This upgrade comprises:

· Replacement of the HPD’s with SiPMs;

· Development of a new Electrical Decoder Unit to accommodate the new depth segmentation; 
· Separate TDC readout for timing information on at least some of the channels;

· New frontend readout with a further developed QIE chips;
· New backend electronics system employing the commercial standard TCA, which provides the necessary flexible and high bandwidths (described in detail below). 

While for most parts of the upgrade the progress of developments look promising, the main challenge seems to be the development of suitable SiPMs, which meet the necessary requirements. Different SiPM sensors with quite opposite characteristics have been investigated, for example 30,000 pixels/cm2 with 1μs recovery time and 5,000 pixels/cm2 with 100ns recovery time, but the optimum also meeting the needed radiation hardness is not yet found. The final choice of SiPM sensors will influence clearly the way of reading out the optical signal with the SiPMs and how to operate and monitor the SiPMs. 

HO Upgrade

As the performance of the HPDs in the HCAL Outer (HO) is strongly compromised from the misalignment between the CMS fringe magnetic field and the electrical field, this is a natural starting point for the upgrade. The HO is divided in five rings. The CMS HCAL group at Fermilab and a group from India have made a collaborated effort to perform the exchange the HPDs of the outer rings (Rings 1 and 2) within the next shut down. The DESY group will replace the central ring (Ring 0) with funding of the Landesexcellence. The aim is to be ready as early as possible, in order to be prepared for the installation of an already burned-in system in case of an earlier shut down. The proposal has been approved in an Engineering Design Review. The exchanged HPD’s will be harvested and stockpiled as spares for running HB and HE.

Already now the HPDs in two readout boxes, one in HO Ring 1 and one in HO Ring 2, have been replaced with in total 144 SiPMs, which are successfully operated.  In these readout boxes the electronics have been replaced by sets of one SiPM card and one SiPM control card, everything else stayed the same.

Using SiPMs, the signal to noise ratio has been measured to improve from ~2:1 with the HPDs at the necessary decreased HV of 6.5 kV, to about ~40:1, as shown in the examples in Fig. 4, which clearly demonstrates the better separation between the pedestal and the muon signal. 
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Figure 4: Comparison of the muon response in HO with HPD (left: blue is pedestal, red is 
                   muon signal) and SiPM (right: left high peak is pedestal, broader maximum is     
                   muon signal).
The TCA Technology for the HCAL

Pre-requisite for a sensible upgrade of the readout is the upgrade of the backend electronics. The current system is not able to cope with the increased data volume provided by a calorimeter with higher granularity, having in mind that the luminosity will increase to a level where zero suppression is no longer as effective as it has proven to be at lower luminosity. More-over the demands on efficient event filtering will be much harder to meet with increasing luminosity, and a more flexible and powerful data path to the calorimeter trigger is needed. 

All these requirements could not be fulfilled easily with the current back end setup based on VME technology and it was decided to take up the challenge of a technology swap and upgrade the back end electronics to TCA.

The TCA technology is on its way to become the new standard for many different kinds of digital applications in high-energy physics. Developed by telecommunication industries, TCA follows the trend of replacing parallel by serial connections. It will be a key technology for DESY for many upcoming projects. The XFEL accelerator control will be much more digitally driven than it was the case for accelerators before. This raises the necessity of high-speed digital communication paths, and it was decided to use the TCA bus for the local data transfer also here.  For XFEL detectors the data rates to be handled are in the same range as for LHC experiments. Also here it was decided to use TCA in different flavors (ATCA and TCA) to transport and process the data coming from the detector.

TCA also plays a major role as base technology for ILC. For all HEP groups at DESY the TCA is the technology of choice. While the requirements of the different TCA projects are quite different, there is a large number of common problems. Achieving synergies by providing common solutions for common problems seems easily possible.

Since DESY and MSU have already gained a lot of experience in the slow control of the HCAL sub-detector CASTOR, one of the preferred fields of activity to start with is related to the control and monitoring of TCA setups. Nevertheless, the flexibility of TCA is not for free: while it took not more then pressing a button to get a VME crate running it is much more difficult to put a TCA crate into operation. Dedicated software is needed to run TCA hardware. Since the hardware and software environment of a large physics experiment like CMS is very special and evolving, vendor propriety software cannot be used and an HEP community open framework for TCA slow control is needed. This includes simple things like switching on and off complete crates as well as individual boards, monitoring of power supplies and fans, keeping track of temperatures and configuring backplanes. It also includes the installation and configuration of the firmware of the FPGAs, which can be found on nearly every TCA board. 

For being involved in these developments covered by a CMS working group, the financial efforts are manageable. We are applying for 40k Euro to setup a TCA development system at DESY and at MSU plus an additional FTE. The hardware investments would be in the order of 10k per site for a TCA crate, a commercial hub card plus one or two HCAL specific AMC cards.
The Muon Track Trigger
The necessity for the proposed MTT arises from the fact that the level-one (L1) trigger rate is affected by mis-measured low-pT muons crossing the trigger threshold. The aim is to limit the trigger rate to the present L1 trigger rate even at luminosities of 1035 cm-2s-1 as envisaged for the LHC phase 2 upgrade. This can be accomplished by either applying a significantly higher pT threshold or by a more efficient L1 trigger, comparable to the present L2/L3 trigger levels (see Fig. 5). A higher pT threshold severely limits the physics capabilities of the CMS detector and therefor it is necessary to measure of pT more precisely. Since the measurement of the drift tubes at low pT is limited by multiple scattering the only way of improving the drift tube measurement is by including some hit at low multiple scattering, implying the inclusion of Tracker information at L1.
The basic idea is to identify a muon hit behind the calorimeters and the solenoid. With this signal a search region inside the Tracker (region of interest) can be defined. Then there are two options to proceed: Either a fast tag is sent to some Tracker layers (L0 trigger) and promising hits are received (selective readout) or a match is done with Track-Trigger primitives (stubs) inside the region. Two different scenarios for the realization of the MTT hardware are considered: One are new RPCs with 2D readout, the other one is an additional layer of scintillator tiles read out with SiPMs, studied by the group of RWTH Aachen University. A software setup for GEANT4 simulations of light transport in 
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Figure 5: Left: The aim is to keep the present LHC L1-trigger rate (~100kHz) also at 
                  luminosities at super LHC (up to a factor 10 higher) without raising the muon-
                  pT threshold. Right: Hardware concept of the MTT.
scintillator tiles and wavelength-shifting fibers was already established. Now detailed studies of the HO light mixers for the SiPMs as well as of scintillator-tile prototypes are underway (see Fig. 6). In the future this setup may also serve to study models of prototypes for the Linear Collider HCAL tiles.
The principle layout as displayed in Fig. 5 is pretty similar to the one of HO. Other than the HO scintillator tiles, the MTT modules however would need to be designed for maximum speed and discrimination power for muons.
Having a similar granularity of about 30x30 cm2 as envisaged with 25x25 cm2 for the MTT, the HO Ring 0 would be an ideal test case to study the feasibility of the concept, the operating conditions and the achievable performance increase. In addition, a trigger link is prepared in the readout of the HO rings, which can be connected to the muon detector. If this trigger link can be established, the data will provide valuable input for further studies. The fact that the HO Ring 0 consists of two layers of scintillators leads to a considerable enhancement of the muon detection efficiency in comparison to the other HO Rings with only one scintillator layer. 
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Figure 6: Left: Scintillator tile with wavelength-shifting fiber and active SiPM surface. 
                  Right: Distribution of incoming photons on the SiPM surface.

Milestones

As the planning for the HCAL upgrade is directly connected to the schedule of the LHC, the milestones are given together with the LHC schedule in Fig.7, as it was shown in major parts during the CMS Upgrade Week in May 2011.
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Figure 7: The HCAL upgrade schedule; activities with participation of Joint Research 

                  Group members are marked in yellow.
A Hadron Calorimeter for the next Linear Collider
The following chapter introduces the concept of a future Linear Collider (LC) and a hadron calorimeter for an experiment at a LC, which meets the requirements of a full particle flow reconstruction, in which each particle in an event is measured individually, holding the potential of optimizing detector performance also at high energies. 

The next Linear Collider
An electron-positron Linear Collider (LC) is considered to be the next big accelerator project in elementary particle physics. It will be the ideal and indispensible facility to perform precision measurements on the new particles and phenomena, which the LHC is expected to reveal. While the energy range of the collider and thus the technology of the accelerator will depend on the physics results from the LHC, the experimental techniques are essentially the same and are being developed in a joint effort in the community.  Two main accelerator techniques are currently under investigation: The International Linear Collider (ILC), which could work in the range 0.5-1TeV, and the Compact Linear Collider (CLIC), which is planned to reach energies up to 3 TeV.

The Hadron Calorimeter Project
There are however additional challenges at a multi-TeV machine such as CLIC, which have recently become the subject of an increased R&D effort at CERN and elsewhere. One of the focal points of this effort is highly granular hadron calorimetry, where the challenges arise from the need for denser structures to cope with higher particle energies, and fast timing response to prevent the increased background from pile-up on the signal. 

Within the framework of the new Joint Research Group we plan to consolidate and extend the applicability of the SiPM technology, and to ensure their competitiveness for the full range of energies considered for a future collider. 
DESY and its Russian partners cooperate since the 1980s on the development of photo-sensors and their applications. In 2003, the first small calorimeter prototype with SiPMs was successfully tested in the DESY test beam and triggered a growing interest worldwide in the technology. In 2006 the groups together with American, British, Czech and French partners commissioned the first large-scale detector prototype at CERN, which established the SiPMs as robust and reliable for mass applications and the finely segmented “imaging calorimetry” as feasible. 
In the framework of the previous Joint Research Group this was further pursued and consolidated. The groups carried out extended test beam campaigns at CERN and Fermilab and cooperated intensively on the analysis of the data, demonstrating the potential of high granularity for the improvement of energy resolution by means of software compensation and applied particle flow reconstruction algorithms to test beam data, thereby validating the predicted jet performance for a future collider.
On the technology frontier, the SiPM scintillator tile system (see Fig. 8) was optimized and simplified. Improved sensor performance, above all in terms of signal over noise ratio, allowed for thinner tiles and thereby reducing the cost-sensitive detector volume, and the new tile and fiber design are scalable in size for arbitrary detector layer dimensions and amenable to mass production. An integrated active readout layer was developed with front-end chips integrated into the detector volume, and indispensible step without which the high transverse segmentation would lead to unmanageable connectivity problems. A prototype layer with new sensors, tiles and electronics has successfully been tested in the DESY test beam. 

In the period covered by this proposal DESY and ITEP plan to jointly address the next integration steps and the extension of the applicability to the high-energy case. At multi-TeV collision energy the calorimeters conceived for the ILC cannot contain the hadron showers anymore sufficiently well, and leakage deteriorates the energy resolution. Since the calorimeter cannot be made deeper, due to limitations for the dimensions of the superconducting coil surrounding it, it must become denser, and tungsten has been proposed as a suitable absorber material, on the basis of simulations. These simulations must be checked with test beam data. Tungsten as an absorber sharpens the integration requirements, since, with respect to steel, individual layers get thinner by about a factor of two and reduce the space available for external layer interfaces and services. 
The groups plan to cooperate on the following topics: 
· CALICE test beam studies with new absorber materials and new active detector elements and and data analysis;

· Electronics integration for fine longitudinal segmentation;

· R&D on SiPM-tile system (see Fig. 8), in particular the development of new SiPMs with improved dynamic range and development of direct tile-SiPM coupling.

CALICE beam tests
Preliminary results from the CERN test beam data have already been presented at conferences and support the particle flow approach while also providing interesting constraints to hadron shower simulations with unprecedented level of detail. The analyses need to be finalized and extended in energy range by including data taken at Fermilab. In the meantime, absorber modules made of tungsten have been produced at CERN for the existing CALICE test beam set-up, and first tests of such a structure using the well understood scintillator SiPM active layers of the large prototype have started last year and are scheduled to continue in 2011. Hadronic interactions with the heavy Tungsten nuclei produce much more neutrons compared to Iron, therefore shower modeling and reconstruction algorithms must be individually analyzed. At a later stage, the second-generation active layers will be used to explore Tungsten: they are not only more compact, but the new electronics also enables timing measurements with nanosecond accuracy. With this feature, the shower evolution and delayed detector response due to slow nuclear de-excitation can be observed, and time stamping capabilities for background rejection be evaluated. 
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Figure 8: Scintillator tile with WLS fiber and SiPM(left; SiPM developed at ITEP and 
                  CPTA (right).

Electronics integration
The concept of an imaging calorimeter cannot be transported from test beam to a whole detector, where the several millions of individual channels cannot be supplied and read out without deteriorating the overall performance with more than an absolute minimum of dead spaces. While this has now been solved in the transverse dimensions, compact layer interfaces for data acquisition, optical calibration and power supply will be designed at DESY now. This is already necessary for a validation of the performance of the embedded electronics with power-pulsing and on-line zero-suppression in a small stack structure for electron beams, and of course also for the timing studies with neutron-rich hadron showers in a Tungsten absorber. 

R&D on SiPM-tile system
One of the key features of the SiPM is its limited dynamic range. The maximal number of photons that the SiPM can detect is usually not larger than the number of its pixels. The non-linearity of the SiPM response can be corrected for using saturation curves measured in the laboratory. We plan to perform detailed studies of the saturation curves, in particular, the effect of the non-uniformity of the illumination of the SiPM by the light coming from the wavelength shifting (WLS) fiber (see Fig. 8). Introducing the gap between the fiber and the SiPM could improve the uniformity and will be subject of the optimization at ITEP, who will produce the SiPM-tile systems that are required for the HCAL prototypes. To simplify the non-linearity correction, ITEP together with the Centre of Progressive Apparatus and Technologies (CPTA, Moscow) will develop new SiPMs with two times larger number of pixels. The influence of the modified pixel geometry on the efficiency and the cross talk will be studied. 

The WLS fiber converts the blue scintillation light into the green region in which the sensors are most efficient and ensure uniform response, independent from the exact position in the tile where the light was generated. With the advent of blue-sensitive SiPMs direct (fibre-less) read-out becomes possible, which in principle can simplify design and production considerably and should also provide a faster detector response. However, uniformity must then be ensured by other means, e.g. special modifications of the tile geometry near the sensor, and the whole system must be re-optimized. ITEP will work on the development of tiles for direct readout, optimization of the photo-sensor matching, and will perform measurements of tile uniformity at the ITEP test beam. The technology for mass production of direct-readout tiles using injection-moulding must be optimized, too. Simulations on this topic will be performed by the RWTH Aachen.

All activities are well embedded in the international R&D effort for detectors at a future LC. They are part of the activities of the international CALICE collaboration, which investigates calorimeter technologies for a liner collider, and where one of the DESY key researchers (FS) acts as spokesperson and project leader for a scintillator HCAL. Recently an integrated research infrastructure activity within the European framework programme 7 has been approved; the AIDA project is a follow-up of the successful EUDET initiative, and the tungsten HCAL development is one of the projects supported by the EU within AIDA. Finally, the planned test beam activity with existing scintillator and new layers and a tungsten absorber structure is one of the show cases for the synergetic cooperation between the ILC and the CLIC oriented detector development. Within this environment, the proposed HRJRG would have a strong impact on the competitiveness of technologies developed DESY and the Russian institutes, and further strengthen the strategic partnership between them. 
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