Proposal for a Helmholtz-Russia Joint Research Group

Application of Silicon Photomultipliers in Collider Experiments
Executive Summary
The aim of the proposed project for a Helmholtz-Russia Joint Research Group is the continuation of the long-lived and very fruitful cooperation between DESY and Russian Institutes towards new activities imminent at the LHC and for a future LC. Within the project several excellent young Russian scientists and students are supported, opening the possibility for a future career in high energy particle physics. That this ambitious goal can be reached has been successfully proven within the almost three years of the still running Helmholtz-Russia Joint Research Group (HRJRG-02).
The combination of detector activities employing and further developing new technologies with very early physics topics as well as long-term searches for hints of new physics proposed in this Joint Research Group makes the project scientifically extraordinary and exceptionally suited for evolving scientific careers. Profiting from unique synergy effects by intensive knowledge exchange between different communities is a specific characteristic of this proposal. The profound experience collected at HERA was the basis for an outstanding good start at the LHC in operating a detector component and directly launch physics analysis with the very early data. In the area of detector development the competence collected in R&D studies for a linear collider project will flow directly into an imminent project at the LHC. 
The main focus point of the envisaged Helmholtz-Russia-Joint-Research Group is the so-called Silicon photomultiplier (SiPM). These devices are a novel technology for the detection of photons which is employed in various areas of physics. A very prominent and successful application in particle physics is their use in the hadronic calorimeter for a detector at a future linear collider (LC). During the long time of R&D the LC HCAL group has collected vast experiences in studying and operating SiPMs.
Now the new technology of SiPMs is on its way into the experiments at the LHC. This fact opens the unique opportunity to pursue this technology at both the LC and the LHC and to exploit maximally the possible synergy effects with the proposed Helmholtz-Russia Joint Research Group. In the CMS Experiment at the LHC two groups are studying the use of SiPMs in upgrade projects to enhance the detector performance for physics analyses. The CMS HCAL group plans the replacement of the present photon-detectors with SiPMs in the near future. The CMS MTT (Muon Track Tag) group studies the possibility to increase the Muon trigger ability on a longer time scale by a layer of scintillators read out with SiPMs in front of the Muon chambers.

The project presented in this proposal profits from the strong synergy effects in the use of the SiPMs at a future LC (DESY and other German LC groups) and the LHC. By integrating analogous components important for the Muon detection, as pursued at the RWTH Aachen, the Joint Research Group is expanded to include a German University and contributes to the networking within Germany, especially with activities embedded within the Helmholtz Alliance “Physics at the Terascale”. In the context of the CMS HCAL upgrade also the developments for a new readout system employing the modern concept of (-TCA technology are pursued. This leads to further synergy effects with the LC community as well as with the photon research community, where presently standards are being defined for the XFEL machine and the detectors.  This direction helps to maintain key competences in central data acquisition obtained in the long years of HERA running and to educate young academics in this central area with hands-on experience. 
The driving force for challenging detector developments is the primary goal to answer  fundamental questions in physics and to understand the structure of matter using sophisticated experiments. Therefore the project includes crucial physics activities placed around the specific detector components. The CASTOR calorimeter, being constructed with crucial contributions by the soon ending Joint Research Group, takes fruitful data and physics analyses are in progress already. Especially the energy flow analysis is closely connected to the Helmholtz YIG recently proposed by R.Ulrich, bridging between the Helmholtz programmes of astroparticle physics and elementary particle physics.     

The goal of the CMS HCAL upgrade is an improved energy reconstruction and muon trigger efficiency. Both are crucial for any physics analysis and therefore also in direction of the three mainstream areas: top rediscovery and searches for the Higgs-Boson as well as for new super-symmetric particles, in which DESY and the Russian Institutes are deeply involved. Especially the running Helmholtz YIG by I.Melzer-Pellmann for SUSY particle searches specifically contributes to algorithms improving the energy reconstruction. Accompanying calculations in phenomenology for LHC processes make use of HERA results and theoretical calculations for top production at a LC complete the round picture and emphasize the aim to exploit synergy effects as much as possible.
The scope of the project is kept as flexible as possible in order to be able to attract more third party funding as it has been achieved already with contribution from the Landesexcellence Hamburg. The proposed Joint Research Group is tailored to allow efficient participation in this programme by selecting important key topics where existing expertise of participating Helmholtz and Russian institutes can be brought in and further developed. Within the Joint Research Group experts in data analysis and detector development from the HERA, LHC and LC communities work closely together. This procedure catalyzes a permanent knowledge exchange and ensures that developments for the future take the as advanced as possible starting point and pay their return at the earliest date: a very efficient way of using the invested funding. The activities of the Joint Research Group fit naturally into the framework of the Helmholtz Alliance between DESY and German Universities, taking advantage especially from the Virtual Detector Laboratory, the Analysis Center and the National Analysis Facility.
Conducting the activities of the Joint Research Group as proposed in this document will sustain the strong role of the participating Russian institutes and DESY in particle physics over the next years. The Joint Research Group provides the basis for a successful, long-term participation in fore-front experiments of particle physics.  

Motivation

The Helmholtz-Russia Joint Research Groups have been proven to be an excellent opportunity for unique Russian-German co-operations. A soon ending Joint Research Group  continued successfully the long-lived very fruitful cooperation between DESY and Russian Institutes beyond the common efforts for particle physics experiments at the past HERA collider  towards new projects at the present Large Hadron Collider (LHC) and the future linear collider (LC). The former Joint Research Group established the strings between the young physicists of new generation working for experiments at different colliders. In this freshly proposed Joint Research Group the start-up phase changes gears and speed. It not only tightens the strings further, but also includes now 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. Having developed an excellent profile during the three years of a Joint Research Group the young members obtain a real perspective for playing an important role in particle physics in future. Due to this successful concept several of the young scientists of the former Joint Research Group are now not in industry, but stayed in particle physics being employed by internationally recognized research institutes or universities.
The combination of detector and physics activities proposed in this Joint Research Group makes the project scientifically extraordinary and exceptional. Within the project, mainstream activities followed up presently at DESY and the related Russian institutes are connected, which guarantees the feasibility and a fruitful completion of the ambitious goals. The central focus point lies in the application of the novel technology of Silicon Photomultipliers in collider experiments. After several years of development in the framework of detector R&D for a future linear collider (LC), these devices are now mature enough 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 is the primary goal of particle physics to understand the structure of matter. Therefore this proposed Joint Research Group is complemented with a considerable share for physics analyses, which can be performed especially with the specific detector components. 
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Figure 1: Components of the proposed project for a Helmholtz-Russia Joint Research Group.
1. Introduction
The standard model of particle physics describes the interaction of sub-atomic particles employing three of the known four forces: the electro-magnetic and the weak, unified in the electro-weak force, and the strong force. Several different theoretical approaches exist to embed the fourth force, the gravitation, into this framework. Most models require a novel fundamental symmetry (super-symmetry, SUSY) predicting a wealth of new, elementary particles. All the various models predict different phenomena, which can be tested experimentally only at extreme high energies, with very rare processes or with the existence of exotic particles. Also tiny deviations from the predictions of the Standard Model could hint indirectly to a possible extension towards a complete theory incorporating all four forces.

The Standard Model predicts properties and characteristics of the interactions between elementary particles in their structure, but not in their strength. Therefore several parameters, like the coupling constants and masses, of the Standard Model have to be determined and measured experimentally. Also the mechanism how the elementary particles obtain their masses is not finally determined, usually the Higgs mechanism is assumed. It leads through symmetry-breaking to massive particles and predicts as a consequence a so-called Higgs-Boson, which has not yet been observed. It is the challenge for the present collider, the very high energetic proton-proton collider, the Large Hadron Collider (LHC) at CERN, to find the Higgs-Boson and/or SUSY particles after having started the initial data taking at a reduced beam energy end of 2009. The task for a future linear collider with electrons and positrons, will be the accurate measurement of their properties with highest precision.  In an ideal case, experiments with highly sophisticated detector components record data of excellent quality, which are subsequently cleverly analysed to achieve new scientific results at a very high level.
The daily work is now to master the steps towards this ideal case by constantly optimizing the different ingredients in challenging detector developments and physics analyses.    
Placed into this framework the proposed Helmholtz-Russia Joint Research Group comprises the aspects: detector R&D and 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:

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

· Detector upgrade activities for the improvement of the CMS HCAL with SiPMs and 

· Operation and maintenance of the CASTOR Calorimeter in CMS

The physics part of this Joint Research Group proposal has the ingredients:

· Early physics results with the first and forth coming data of the CASTOR Calorimeter
· Optimization of energy reconstruction and muon detection with the upgraded CMS HCAL

· Physics studies for SUSY searches at the LHC 

· Phenomenologic calculation of various processes at the LHC, making use of the latest results for the proton structure derived from HERA data

· Theoretical calculations for top production and precision measurements at the LC.  

2. SiPMs in  Collider Experiments
The central focus point of the proposed Joint Research Group are so-called Silicon photomultipliers (SiPM). The SiPM sensors are a novel technology for the detection of photons which has gained strong interest over the past years. They allow the readout of detectors with extreme high granularity and are already an established alternative to PMTs and APDs. Thanks to their insensitivity to magnetic field they are a natural choice to readout modern calorimeters embedded in timely detector concepts with strong magnetic field.

2.1. SiPM for the future Linear Collider
A prominent application in particle physics is their use in the hadronic calorimeter (HCAL) for a detector at a future linear collider (LC). Such an electron positron linear collider 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. In particular the so-called particle flow approach, in which each particle in an event is measured individually, holds the potential of optimizing detector performance also at high energies. 

There are however additional challenges at a multi-TeV machine such as CLIC, when compared with the ILC (0.5-1 TeV), 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 the higher particle energies, and fast timing response to prevent the increased background from piling up on the signal. 

Within the framework of the proposed new HRJRG we propose to continue the fruitful cooperation between DESY and its Russian partners ITEP and MEPHI on the novel SiPMs and their application in calorimetry. We plan to further develop the integration solutions for a realistic detector concept, and to actively address the challenges of the multi-TeV region. The goal is 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 the Russian partners cooperate since the 1980s on the development of photo-sensors and their applications. In 2003  the first small calorimeter prototype with SiPMs from MEPHI and ITEP was successfully tested in the DESY test beam and triggered a growing interest world-wide 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 a previous HRJRG 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. They demonstrated 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 detector. 
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Figure 2: Hadron energy resolution without and with cell energy weighting. Reconstruction quality as a function of distance to nearby particle, for data and simulation.  
On the technology frontier, the SiPM scintillator tile system 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 fibre 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. 
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Figure 3: New integrated active layer with tiles, SiPMs and electronics for calibration, readout and digitization. 

In the period covered by this proposal DESY, ITEP and MEPHI 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 calculations 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 data analysis, electronics integration for fine longitudinal segmentation, development of blue-sensitive SiPMs and sensor scintillator systems with direct (fibre-less) optical 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 of 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 are being 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 are scheduled to start this year and to continue in 2011. Hadronic interactions on the heavy tungsten nuclei produce much more neutrons than on iron, therefore shower modelling and reconstruction algorithms must be individually analysed. 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. 

Electronics integration: The concept of an imaging calorimeter cannot be transported from test beam to a colder detector if 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. 

Photo-sensors and scintillators for direct read-out: The present sensor scintillator systems use  a wavelength-shifting fibre for the optical readout, which not only converts the blue scintillation light into the green region in which the sensors are most efficient, but also 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. MEPHI proposes the development of such sensors and their characterization, and ITEP works 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. The groups will consider different sensor types and prepare the choice of a sensor technology for future projects.
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Figure 4: New sensor prototype developed at MEPHI, ITEP measurements of tile uniformity.
All these activities are well embedded in the international R&D effort for detectors at a future linear collider. 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 project 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 technlogies developed DESY and the Russian institutes, and further strengthen the strategic partnership between them. 

Milestones:

2011 beam tests with tungsten structures

2012 new electronics interfaces

2013 tile SiPM system with direct read-out

2014 shower time evolution studies

2.2. SiPM for the Large Hadron Collider
Recent interest has been expressed by the LHC detector community to upgrade parts of the detector components employing the SiPM technology.
In the CMS Experiment two communities are considering the use of SiPMs in detector upgrade projects. The CMS HCAL group plans to replace the present Hybrid Photo Detectors, the HPDs, with SiPMs. In this case the granularity of the readout can be increased, allowing weighting algorithms similar to those developed for the non-compensating LAr Calorimeter in the H1 Experiment to be applied for an improved precision in the energy reconstruction.  

The CMS MTT (Muon Track Tag) group studies the possibility to enhance the muon trigger ability for as high luminosities as envisaged for sLHC by a layer of scintillators read out with SiPMs in front of the Muon chambers.

The requirements in the presently pursued applications within calorimetry at a linear colider and in PET in medicine (Young Investigator Group (YIG) of E.Garutti at DESY/University  HH) are different to those requested for the employment of the SiPM in calorimetry at the LHC. Optimizations in the dynamic range, taking into account for example the saturation and recovery behaviour as well as the desired extremely high pixel density have to be pursued to achieve an optimal SiPM sensor for this application at the LHC. The radiation hardness of the sensors is another area, in which competence in Silicon radiation damage available especially at the University Hamburg can be helpful for the optimization of the sensors for the installation at the LHC.
In order to reach the envisaged characteristics for SiPMs, it is mandatory to collaborate with the SiPM developers towards the best sensor, compatible with the LHC environment in physics and hardware aspects. This optimization process will require sophisticated investigation technologies to study the characteristics of the SiPM sensors and the main parameters with which to optimize them. Pioneering work in this area by developing outstanding test facilities has been achieved in various LC HCAL groups, which can be used through the Virtual Detector Laboratory of the Helmholtz Terascale Alliance within Germany. Also within this proposed Helmholtz-Russia Joint Research Group similar facilities are accessible. The choice of SiPM sensors clearly influences the mode of reading out the light signal, for example either each fiber with its own SiPM or several fibers combined with a light mixer. Vice versa the mode of operation and monitoring of the SiPM in the system is influencing the choice of the SiPM sensor. Since in this area optimizations and improvements can enhance the intrinsic dynamic range and recovery time of the SiPMs considerably, deeper studies are needed in the near future and planned within this Joint Research Group. 
In the context of the CMS detector upgrade with SiPMs the proposed project pursues also the developments for a new readout employing the modern concept of (-TCA technology (micro telecommunications architecture). Within CMS this technology will have its first application in the HCAL area to adapt to the finer granularity, going over to the CAL Trigger, the general Trigger area and possibly end in a CMS-wide common technology for the various detector components to replace the VME technology. This effort for the (-TCA readout concept leads to further synergy effects with the LC community as well as with the photon research community, where presently standards are being defined for both, the machine and the detectors.  This direction helps to maintain key competences in central data acquisition obtained in the long years of HERA running and to educate young academics in such a central area, which is currently not covered at Universities, but offering real hands-on experience. 

2.2.1. The CMS Upgrade Projects

Within the CMS Collaboration two upgrade projects are considering the use of SiPMs: the HCAL upgrade and the Muon upgrade with an MTT (Muon Track Tag). 
Figure 5 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 SiPM.

[image: image8.png]Current
18-Channel RMs

HO Ring2 Ring1l

oW B om0 98 7 65 4321
o

S
HCAL - HO

MAGNET COIL

Ring0

|

Upgrade
64-Channel HB RMs

48-Channel HE RMs

13

1

0 9 8
\E

7 6 5 4321

HCAL-HB

HCcAL  Example
HE  Segmentation



 
Figure 5: Layout of one quarter of the CMS HCAL system with the current segmentation and an example segmentation after the upgrade with SiPMs.
While the present photon detectors (HPDs) installed in the CMS HCAL are showing issues in their continuous operation (see following text), the SiPM technology has become available commercially at reasonable costs. The SiPMs provide the high gain needed for additional longitudinal segmentation. Therefore the CMS HCAL group is pursuing since quite some time the possibilities to replace the HPD’s with SiPM’s.
Within the DESY/Uni HH YIG 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. Using simulations in a stand-alone mode weighting factors have been determined for different scenarios of the granularity. The resolution of the CMS HCAL was published in test beam papers to be (((E)/E)2 = (92.2%)2 / E + 6.5%2. By applying weighting factors it improves in simulations to (((E)/E)2 = (85.4%)2 / E + 4.4%2 . Also the linearity of the signal becomes better. This improvement has been verified by simply applying the developed weighting factors to the test beam signals taken in summer 2009 (see figure 6). The obtained  improvement is even larger and goes from (((E)/E)2 = (101.3%)2 / E + 6.9%2 down to   (((E)/E)2 = (83.9%)2 / E + 7.3%2. This proves the robustness of the method and the achieved improvement, since the conditions in the test beam and the data themselves were not as perfect as in the simulations.
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Figure 6: Improvements in the energy reconstruction using weighting algorithms for the resolution (left) and linearity (right).
As written above the HPDs show performance issues, besides a limited lifetime, one issue for example comes from uncontrolled discharges through the sidewalls leading to sizeable noise tails and compromising missing ET measurements (10% of the HPDs at 1T). This makes it necessary to decrease the applied HV from 8kV down to 6.5kV. Also signal induced ion feedback can lead with a probability of 2 x 10-4/pe to 2-6 GeV pulses and increased dark current. Due to the low gain of the HPDs (x2000), the noise per readout channel is set by the input amplifier of the digitization electronics (~1 fC). The conversion factors/Noise-Levels per channel are given to be: 140 MeV/fC (barrel) and 200 MeV/fC (endcap). The low gain limits the ability to segment HCAL longitudinally and prevents the use of (small) input signal for dual TDC/ADC measurement electronics. Therefore timing is extracted from pulse shapes at 40 MHz sampling rate = LHC bunch crossing rate, but the pulse shape timing method gets polluted with pileup at high luminosity.
In addition the performance of the HPD’s installed in the HO region is strongly compromised from the misalignment between the CMS fringe magnetic field and the electrical field.

As an initial step 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 and successfully operated.  In these readout boxes the electronics has been replaced by sets of one SiPM card and 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 in the case of SiPM as shown in the examples in Figure 7, which clearly demonstrates the better separation between the pedestal and the muon signal. 
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Figure 7: 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 next step of the HCAL upgrade is the exchange of the HPD’s in HCAL Outer Ring 1 and Ring 2 on both sides. The CMS HCAL group at Fermilab and a group from India have made a collaborated effort to perform the exchange within the next shut down. 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 exchanged HPD’s will be harvested and stockpiled as spares for running HCAL Barrel and Endcap. 

The scope of this exchange, supported by the HCAL group, the Fermilab and Indian group, amounts to estimated production costs of ~ 280k Euro (~$400k), including the costs for ~2100 SiPMs and 96 sets consisting of a SiPM card and a SiPM control board. About 1 FTE of technician and physicist time is required for the installation time. The proposal to exchange the HPD’s in HO Rings (1 and (2 has been approved in an Engineering Design Review in January 2010 by the CMS Technical Coordination with the conclusion: 
· The committee believes that the application of SiPM’s to HO has been well understood and endorses the immediate purchase of the total number needed (2100).

· The committee is satisfied with the design, production and testing plans for the associated electronics cards (subject to relevant recommendations above).

With this conclusion the proposal was also approved by the CMS Management Board and Fermilab and the India are going ahead with the project.  
Unfortunately in this upgrade the HO Ring 0 had to be left out due to missing resources. The HPD’s in this region perform marginally better than the other outer rings and priority was put on the failing ones in Ring 1 and 2. Nevertheless it would be desirable to upgrade this ring, too. In the central region of the HCAL there are not enough interaction lengths to absorb hadronic showers sufficiently. Taking into account the HPD’s in Ring 0 for the energy reconstruction means presently, adding a lot of noise to the physics signal. This problem will become more serious with rising beam energy of the LHC.   

Due to its similar granularity HO Ring 0 would be a perfect test bed for the CMS MTT project. The starting point for the proposed CMS Muon Track Tag (MTT) is given by the fact that the trigger rate is affected by mis-measured low pT muons which cross the trigger threshold. The goal is to limit the trigger rate to the present L1 trigger rate even at as high luminosities as envisaged for the LHC Phase 2 upgrade. For this a significantly higher threshold or a significantly better L1-muon trigger, comparable to the present L2/L3 trigger efficiency is needed (see Figure 8). In order to get access to more physics processes, it is necessary to perform a better measurement of pT, but the measurement of the drift tubes at low pT is limited by multiple scattering. The only way to improve the drift tube measurement is by including some hit at low multiple scattering: meaning inside the Tracker.

The basic idea is to identify a muon hit/segment after 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 Tacker layers (L0 trigger) and promising hits are received (selective readout) or a match is done with Track Trigger primitives (stubs) inside the region. There are two different scenarios for the realization of the MTT hardware. One are new RPCs with 2D readout and the other one is an additional layer of scintillator tiles read out with SiPMs. This option is studied by one group of the RWTH Aachen and Bologna. Both groups have performed already quite a lot of R&D work. The principle layout as displayed in Figure 8 is pretty similar to the one of HCAL Outer. Other than the HO scintillator tiles, the MTT modules however would need to be designed for maximum speed and discrimination power for muons.
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Figure 8: Left: the goal is to keep the present LHC L1-trigger rate (~100kHz) also at luminosities at super LHC (up to a factor 10 higher). Right: Hardware concept of the MTT.
Having a similar granularity of about 30cm x 30cm as envisaged with 25cm x 25cm for the MTT, the HCAL Outer Ring 0 would be a very good test-bed to study the achievable performance increase. In addition, in the readout of the HO Rings a trigger link is prepared, which can be connected to the Muon detector for identified muons. If this trigger link can be established, the data will provide valuable input for further studies. Looking at Figure 2 it becomes evident, that the  HO Ring 0 consists of two layers of scintillators which enhances the muon detection efficiency considerably compared to the other HO Rings with only one scintillator layer. 

The estimated costs for the upgrade of HO Ring 0 amounts to about ~ 50k Euro for 600 SiPM and 36 sets of boards. About 9 man-months of technician and physicist time are required for the electronics work and testing and installation time. This part of the HO upgrade is one point of this Helmholtz-Russia Joint Research Group proposal.
The further upgrade of the HCAL in the barrel region and the endcap is envisaged to take place around 2015. This upgrade comprises as main ingredients the replacement of the HPD’s with SiPMs, the development of a new Electrical Decoder Unit to accommodate the new depth segmentation, a separate TDC readout for timing information on at least some of the channels, a new Front End readout with a further developed QIE chips and a new Back End electronics system employing the commercial standard (-TCA, which provides the necessary flexible and high bandwidths. Latter one is envisaged to phase in slowly in parallel to the present system in order to guarantee a smooth and high quality data taking.    
While for most of the parts of the upgrade the progress of developments look promising the main challenge seem 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. Input from experts is here most wanted and the final choice of SiPM sensors will influence clearly the way how to read out the optical signal with the SiPM and how to operate and monitor the SiPMs.
Present Status: 

In order to foster the experience exchange between the different communities of the LC HCAL and of CMS also between the HCAL and the MTT groups, a SiPM Workshop has been organized on 22/23 of February 2010. This workshop was very well attended by more than the registered 45 participants, especially young physicists, from ~20 different institutes and 8 different countries. The third annual meeting of the present Joint Research group was arranged for the day after the workshop, therefore all concerned group members were able to attend it. For some of the young academics it was even the first international event in their scientific career. During the workshop all SiPM detector systems at the LC and at the LHC were presented with their technical challenges. Detailed characterizations of specialized and novel SiPM sensors were reported by physicists and distinguished producer companies:
https://indico.desy.de/conferenceDisplay.py?confId=2727
with the agenda:
https://indico.desy.de/conferenceOtherViews.py?view=standard&confId=2727
The last day of the workshop was devoted to the discussion of possible collaborations for the upgrade of the HO Ring 0 and the further HCAL upgrade. The results of the common discussions build the Helmholtz-Russia Join Research Group described in this proposal with the  joined venture by the group of the RWTH Aachen.  
2.2.2 Contributions to the CMS HCAL Upgrade: Activities, Milestones and Tasks
The preliminary list of activities contains the participation in three areas: an upgrade of the HO Ring 0, the preparation of the HCAL Barrel upgrade concentrating on the SiPM aspects and their integration and the development of the Back End readout system.

HCAL Outer (HO) Ring 0 Upgrade:

In order to save time and take advantage of all preparatory work, which has been done for the upgrade of HO Ring 1 and 2, the procedure should follow the approved one as closely as possible. Due to the two scintillator layers in Ring 0, in total 9 fibers have to be focussed to one SiPM instead of 4 fibers. Here a small light mixer decreasing the diameter from about 3.6+cm of the fiber bundle down to 3.0-cm of the SiPM makes it possible to use the same SiPMs as for Ring 1 and 2. In test beam measurements scheduled for this summer this concept can be verified as well as the necessary dynamic range. In order to test this it is planned to order two sample of test SiPMs for the test beam. One with the same SiPMs as ordered for Ring 1 and 2 and one additional sample with twice the pixel density. In the full HCAL test beam setup it can be determined which one will be the best to cover the necessary dynamic range, which should span from signals as low as for single muons towards high signals from not completely absorbed high energetic hadron showers.   
The Indian group has offered to produce the needed electronics boards at the same time as they produce them for Ring 1 and 2. The Fermilab group would be willing to perform the delicate mounting of the SiPM for Ring 0 as they do it for Ring 1 and 2.

In the following milestone list the major steps for the HO upgrade are given in italic text font. Those activities to which the Joint Research Group would like to contribute are written in normal text font. The groups of Fermilab and India are willing to help in areas, like the board production, in order to speed up and keep the process efficient and in time.  
Due to the already available funds from the Landesexcellence Cluster of DESY together with the University of Hamburg (http://lexi.desy.de/ ) initial investments and a postDoc Fellow can be paid with in total 88,000 Euros up to the end of 2010. 
Milestones:

May 2010 
Order of 2100 SiPMs for HO Ring 1 &2 with Option for 600 more for Ring 0


Order of SiPM samples samples (~40) for test beam measurements 

Jun/Jul 2010 
Test beam measurements in H2 line at CERN 


Prepare more quantified physics studies for the performance improvement
Jul/Aug 2010 
Engineering Design Review (EDR) for HCAL Outer Ring0  

by CMS Technical Coordination and approval by CMS Management



Order of the 600 SiPMs (paid by Landesexcellence)


Production of electronics boards through Indian group

Oct/Nov 2010 
Delivery and Characterization of 600 SiPMs

March 2011
Finish delivery of boards with mounted SiPMs for HO Ring 1&2 to CERN
Mar/May 2011 Finish delivery of boards with mounted SiPMs for HO Ring 0 to CERN  



Participate in test of SiPM boards of HO Ring 0



Development of factory start at CMS experimental hall (Point 5)
>= May 2011
Participate in installation, commissioning, calibration and physics

HCAL Barrel Upgrade:

Preparations for the HCAL Upgrade in the barrel, the endcap and forward calorimeters are presently well in progress. The activities in which the Joint Research Group wants to be involved concern the barrel upgrade, focussing on the SiPM operation & readout and the development of the new Back End electronics concentrating mostly on software items. 

As mentioned already in the proposal for the programme oriented funding of the Helmholtz Association for the next 5 years (2010-2014), which was approved last year, the DESY CMS group is interested in the integration aspects of the SiPM. Therefore it is envisaged to build-up a test-stand with a complete readout chain, from the SiPM towards the Back End electronics. This will allow to develop strategies for the optimal readout of the light signal and the operation of the SiPM and their characterization. With the gradual transformation of the test-stand from the old readout system towards the new readout system employing (-TCA, DESY will actively contribute especially on the software side to the development of the new Back End system. The HCAL group has already agreed to provide the necessary electronics parts although the spare situation is in general very tight. Having such a readout chain, will make it possible to test different SiPM sensors and different readout and operation schemes on site in a small setup. It also enables the members of a new HRJRG to participate in the needed development for slow control and detector operation on the DESY site. Here advantage can be taken from the experience and knowledge collected in context of the CASTOR calorimeter.    

The milestones below are given only for the fields to which DESY would like to contribute and separately for the SiPM activities and the Back End electronics, including the physics analysis of the HO Ring 0 performance.

Milestones

  HCAL Barrel SiPM



Back-End Electronics

end  2010  - end 2013   R&D for optimal SiPM sensors 

Teststand to define 




their readout & operation

    standards




  physics studies with HO R0


develop final setup




  development of weighting algorithms
partial installation

       2014  - mid 2014   characterization of SiPMs


     and integration

mid 2014  - end 2014    




                >= 2015         installation, commissioning

         installation, commissioning

  calibration

  physics

From the list of milestones it is clear that the activities during the period of the proposed Joint Research Group (Nov 2010 – Oct 2013) concentrate on the imminent upgrade of HCAL Outer Ring 0, on the preparations of the HCAL upgrade in the barrel region, where crucial input can be contributed due to the profound expertise from the LC HCAL, and on studies for the SiPM and HCAL performance and physics analyses. Fortunately due to the third party funding of by the Landesexcellence, measures for the upgrade of HO Ring 0 can be taken already now while this proposal for the Joint Research group is under review.

Tasks of the participating institutes: 

DESY: 
HCAL Outer Ring 0

material (SiPMs and electronics boards) paid by Landesexcellence funding. 

Test beam measurements. 
Characterization of SiPMs, either with a test stand at DESY or from another    

  
institute within the virtual detector lab of the Terascale Alliance, 

together with ITEP.

Physics studies for the EDR and of the performance of the installed SiPMs.
Installation (~ 1 FTE technician for 3 months). 

Experienced PostDoc Fellow, former PhD student from LC HCAL and  

member of the running Joint Research group,                                               

paid by Landesexcellence funding.
   HCAL Barrel upgrade



Test beam measurements and SiPM characterization as above


setup of a complete readout chain from the individual SiPM, through the light       

mixer towards the readout electronics, 

concentrate on integration items like (optical) readout and operation (eg gain 

monitoring etc) of the SiPMs and on (especially software) contributions to the new Back End system with (-TCA. 

Development of weighting algorithms for the energy reconstruction (in 

combination with the YIG for SUSY  (I.Melzer - Pellmann).

Physics studies, especially with the installed HO SiPM.

RWTH Aachen: Development of prototypes for the MTT in respect of optimum speed and 

muon discrimination,
integration of the prototypes in a test-system,


possibly integrate a couple of prototypes in the HO Ring 0 upgrade,
continuation of GEANT simulations for design optimization.  

Physics studies, especially with the installed HO SiPMs.

Necessary preparatory studies before the trigger link from HCAL to the Muon trigger system can be established.
ITEP: 
           Production and Quality control of light mixers for HO Ring0,

Removal, Installation & test of readout boxes in experiment 
(1 FTE already assigned) 
SiPM characterization (together with DESY). 
Physics analysis for the EDR and for the performance of the installed SiPM. 
Physics studies with the upgraded HO 

(One member of the ITEP group is coordinating the HCAL Detector Performance Group in CMS.)

MEPHI:         SiPM sensor optimization for LHC and LC (as one of the SiPM producers)
MSU:             integration aspects, especially slow control, data base etc. profiting 

from knowledge acquired with the CASTOR calorimeter and the test stand availability at DESY 


Micro-electronics/electronics development and production of electronic boards 
for the readout chain.

Physics analysis. 
3. Physics Analyses
The physics part of this Joint Research Group proposal has several ingredients. Most of them will be pursued in close contact with the Helmholtz Analysis Center of the Helmholtz Alliance “Physics at the Terascale”. For both, the data analysis and the needed simulations, substantial computing resources are necessary. The Natioanl Analysis Facility in Germany as well as the Tier-2 center in Russia will play a crucial role to obtain these computing resources in a fast and competent fashion.
In the following the selected aspects in the physics part of the Joint Research Group are explained in more detail.     
· Early physics results with the first and forth coming data of the CASTOR Calorimeter:

The construction of the CASTOR calorimeter was one corner stone in the HRJRG-02. Now this calorimeter takes fruitful data and physics analyses are already under way, having the unique chance to become one of the very early LHC publications. The analysis of the energy flow is a primary topic, lending especially a connection to a Helmholtz YIG recently proposed by R.Ulrich, which builds a bridge between the Helmholtz programmes of astroparticle physics and the one of elementary particle physics. Addressed items are:
· Calibration of the CASTOR calorimeter in situ with physics processes

· Energy flow in the forward direction:

a)  explore the new kinematic energy regime and much wider phase space 

b) cross-calibration for astroparticle experiments like Pierre Auger (see recently submitted application for a young investigator group by R.Ulrich).

· Forward jet production in association with a central di-jet system ( access to the very low-x parton regime ( distinguish between different parton evolution schemes for the proton structure and possibly observe saturation effects
· Studies for underlying event structure and multi-parton interactions for tuning the Monte Carlo event generators used to unfold the physics event from measured detector signals ( crucial for all precision measurements and the establishment of discoveries.
· Detector performance studies, which have direct impact on physics data analysis:

· Optimization of energy reconstruction and muon detection with the upgraded CMS HCAL. Especially the Helmholtz YIG by I.Melzer-Pellmann for SUSY searches also contributes to the development of weighting algorithms for the energy reconstruction. Similar strategies are pursued also for the LC HCAL.

· Studies for the performance of the initial 144 SiPM in HCAL Outer and later for the fully upgraded HCAL outer in respect of energy reconstruction, especially for jets, and for muon identification and trigger.  
· Studies on jet shapes and other characteristic properties to ensure excellent jet reconstruction for physics data analysis.

· Physics studies for SUSY searches at the LHC:
· Studies performed in the framework of the YIG from I.Melzer-Pellmann,                                concentration on signature with same-side di-leptons with emphasis on the HCAL Outer upgrade with SiPMs.

· Presently investigations with data-driven methods for fake leptons.
· Phenomenologic calculation of various processes at the hadron colliders Tevatron and LHC, making use of the latest results for the proton structure derived from HERA data and the kT factorization approach:
· Drell-Yan processes at hadron colliders.

· Heavy quarkonium (J/Psi, Upsilon) production and their polarization phenomena at hadron colliders.

· Inclusive and jet associated top and anti-top qurak production at LHC.

· Prompt photon and associated jet production at hadron colliders.

· Di-photon and Di-boson (WW,ZZ) production at hadron colliders.
· Single top production at the LHC and BSM signatures at the LHC and the LC. 
· Detailed study of single top production with the CMS detector: data analysis, first single top registration and measurement of the cross section. 
· Simulation of possible BSM (beyond the Standard Model) effects in single and top pair production including new resonances decaying to top, and top quark anomalous couplings. Development event generators, includes all the spin correlations between production and subsequent decays. Obtaining new limits on BSM parameters by comparing Monte Carlo modelling with data.

· Theoretical computations and detailed simulations of various BSM effects expected at the  LC, namely, searches for the Higgs bosons in new super-symmetric scenarios, searches for possible deviations in the top quark production and decay, searches for Kaluza-Klein excited modes productions in stabilized Randall-Sundrum type of scenarios. As a result the prospects for the studies of these BSM effects at a LC will be derived. The planned studies include simulations of the LC detector response.

In order to perform the needed simulations of physics processes for the LHC and  LC it is planned to develop a special new version of the well-known CompHEP program and corresponding interfaces to the detector simulation codes, and therefore to provide a complete simulation chain starting from the theory model Lagrangian and ending with the simulation of un-weighted events.
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