Technical Design Report for the Phase I upscope of the CMS forward RPC system 
1.Introduction

1.1 The research project within its context and the physics motivation

The worldwide research programme at the CERN Large Hadron Collider (LHC) will be the focus of experimental particle physics during the coming decade. This collider will allow to study proton-proton collisions at a center of mass energy of 14 TeV and a luminosity of 1034cm-2s-1. This is quite a breakthrough both in energy (x7) and luminosity (x100) and for the first time a mass scale up to 1 TeV becomes accessible for experimentation. Major discoveries are expected at this facility like for instance the Brout-Englert-Higgs boson crowning the standard model or supersymmetry (SUSY) that would extend it. Of course one should also be prepared for the “unexpected” in this so far unvisited territory. Today’s planning foresees the startup of the collider towards the summer of 2008.


Two gigantic and complex multi purpose detectors have been developed and built for experimentation at the LHC: ATLAS and CMS. The Compact Muon Solenoid detector has been developed and built by an international collaboration of 151 research groups from all over the world and is schematically shown in figure 1. Its superconducting solenoid magnet has a diameter of 7m and is 15m long. The iron return yoke has a modular structure and consists of 5 ”barrel” wheels with a diameter of 15m each. The central wheel anchors the coil and weighs about 2000 Tons. The barrel cylinder is closed at both its ends by “end caps” consisting of 3 large disks. The complete CMS detector has a total weight of 12500 Tons distributed over 11 major modules (5 wheels, 6 disks). Like all modern particle detectors near a collider, CMS contains concentric layers of detector systems each of which serves a specific function in the measurement and identification of the many particles produced in the collisions. Starting from the interaction point and moving outwards they consist, inside the coil, of:

- The central tracker built from silicon pixel and strip sensors representing about 200m2        

   of total surface and more than 70 million channels.

- The electromagnetic calorimeter containing 80000 PbWO4 scintillating crystals.

- The hadron calorimeter; an alternating structure of messing plates and plastic scintillator   

   tiles.

Outside of the coil, and imbedded in the iron yoke, there are several stations of muon detectors.

The Compact Muon Solenoid experiment has put emphasis on the detection and identification of muons; the only penetrating charged particle we know. At the LHC, the bunch crossing frequency will be 40 MHz, which, at the nominal luminosity of 1034cm-2s1, leads to about 800 million proton-proton collisions per second. Every 25 nsec some 1000 particles emerge from the interaction point into the CMS spectrometer.
In less than 3 μsec a first level trigger has to reduce this rate to 100 kHz without losing potentially interesting collisions requiring further analysis. This task, without which research at the LHC would be impossible, relies heavily on the muon detection system. Heavy particles (m≥100 GeV/c2) frequently decay into muons with high transverse momentum w.r.t. the magnetic field. In this respect, the Higgs boson decay into two Z0 particles each of them decaying into two muons constitutes a benchmark process for Higgs discovery. An efficient muon detection and identification system is therefore of utmost importance at the LHC.


The CMS muon system described in the TDR (Technical Design Report [1]) contains two complementary components:

- Detectors that track the muons through the iron yoke and return field: Drift Tubes (DT)
   in the barrel part; Cathode Strip Chambers (CSC) in the end caps. In both cases, 4  

   stations are imbedded in the yoke.

- Detectors that determine precisely the time of passage of the muons: Resistive
   Plate Chambers (RPC) not only determine the beam crossing from which the muons   

   emerged, but also their transverse momentum.

   The first level muon trigger heavily relies on this detector system. The CMS barrel is   
   equipped with 6 concentric layers of such detectors. For the end caps, in the CMS TDR, 

   4 such layers are foreseen with a rapidity coverage up to (=2.1. Since in the present 

   project it is proposed to contribute to the CMS RPC system, this detector component 

   will be described in somewhat more detail below.

1.2 The RPC muon detector system of CMS


The Resistive Plate Chamber is considered the modern alternative to plastic scintillators. With comparable time resolution ( 2 nsec), the RPC offers easy spatial segmentation and poses no problem to be operated in high magnetic fields. For CMS a double gap RPC has been developed of which the schematic layout is given in figure 2. A segmented strip pattern is sandwiched in between two gas gaps. Each gap consists of a 2mm thick gas layer enclosed by flat resistive electrode plates (bakelite). Electrical mass and a potential of 10 kV are applied over the gas layer via a graphite coating of the bakelite plates. Upon traversal of a charged particle a fast and local avalanche discharge will appear in the gas volume. Through the resistive electrodes, the avalanche induces a signal on the strip pattern. The hit strip segment issues an electronic signal representing the OR/AND of both gas gaps. After amplification, the signal is send to the trigger electronics where the first level trigger decision is taken on the basis of the number of muons attributed to the same beam crossing and their transverse momenta. The CMS barrel contains 6 concentric layers of rectangular RPC detectors; 360 in number and for a total surface of 2400m2. They were developed and built by a collaboration of Italian and Bulgarian groups. In the forward-backward part, the RPC detectors are wedge shaped. They are mounted staggered and in three concentric rings on the end cap disks as to cover its surface (~ 150m2 per disk) as illustrated in figure 3.
The Memorandum Of Understanding commitment for the forward system was with Islamabad (Pakistan), Peking (China) and Seoul (Korea). The total budget (4.5 MCHF) and the available manpower were however insufficient to completely build the forward RPC system for the initial CMS detector i.e. for low LHC luminosity. The completion has been staged until the design luminosity phase (2010-2011). The initial CMS detector therefore is only equipped with 3 stations per end cap and a limited rapidity coverage up to ( =1.6 as shown in figure 4. At low luminosity this will not constitute a handicap to CMS since the CSC detectors, contrary to the DT’s, can provide an efficient first level muon trigger. Simulation studies, shown in figure 5, have however shown that, at design luminosity, 5 forward RPC stations will be required to allow via a majority logic of 4 out of 5 to provide an efficient muon trigger without exceeding the available bandwidth (~30 kHz). At high particle fluxes, the CSC system will be overloaded with “ghost hits” due to their orthogonal read out pattern (wires and strips). The completion of the forward RPC system to 5 stations per end cap and covering rapidities up to ( =2.1 is estimated to cost 6 MCHF and has high priority on the CMS wish list for the operation at the design luminosity. The involved groups from Pakistan, China and Korea have already committed themselves for this completion. Three extra countries: Belgium, India and Iran, have expressed their interest to contribute. 

2. The forward RPC system of the CMS experiment


The construction of the forward RPC system for the initial CMS detector is nearing completion and consists of 432 chambers. All gas gaps have been produced and tested in Seoul where a gas gap production facility has been set up for this project. It is an alternative to the Italian company GT that up to then had the world monopoly for RPC gas gap production and delivered gaps to L3, Babar, ATLAS and the CMS barrel.

Station 1 (144 RPC’s) has been produced and tested at CERN with the help of Chinese manpower. Stations 2 and 3 (288 RPC’s) have been assembled in Islamabad and retested at CERN. For the final testing of end cap RPC’s, a large area cosmic hodoscope has been built at CERN in which 10 chambers can be tested together. This infrastructure is shown in figure 6 and will remain operational until completion of the entire system. Today all 432 RPC detectors of the initial system have been installed on the end cap yokes. The pictures 7, 8 and 9 show respectively: RPC’s on station 1; stations 2 and 3 of the +z end cap and finally station 3 in the underground cavern.
 The completion of the forward RPC system for CMS will require 288 extra chambers for the ( ≤ 1.6 region and 180 RPC’s for the region 1.6 ≤ ( ≤ 2.1. Following a dedicated workshop held at CERN on 25th and 26th of  June 2007, it was decided to split the upscope project into two distinct phases:

· Phase 1: Completion of the low ( part from 3 to 5 stations per end cap.

· Phase 2: Completion of the high ( part up to 2.1 as described in the CMS TDR.

In the present TDR, only Phase I of the upscope will be presented since Phase II requires further high rate performance studies which are ongoing.

It was soon realized that adding two independent stations per end cap, maintaining the present overlapped configuration, would require shimming the end cap yoke to make space for the extra station w.r.t. the CMS TDR layout. To avoid this major intervention and to keep the project within affordable limits, the following Phase I upscope is proposed:
· Move the present station 2 detectors to become station 4 and mount them at the back of the YE3 yoke behind the CSC’s. In this way the YE4 shielding wall is not required for RPC support.
· Build a new station 2 with a double RPC configuration to fit within the existing envelope of 94 mm so that no shimming is required.

· Use the present services to station 2 for the new double station by pairing the RPC’s in the double package.

· Perform an “on detector” AND/OR logic for the double station 2 to avoid expanding the link and trigger systems.

These points will be developed below.
2.1 Double station geometry


The new double station 2 will be composed of two concentric rings (RE2/2 and RE2/3) of packages of two RPC’s mounted back to back as shown in figure 10. 36 such packages will be mounted side by side without overlap to constitute one ring. To avoid dead space at the package boundaries, the front and back chambers have been rotated by about 1.4 degrees around the beam axis i.e. 6 out of the 32 read out strips. In this way the entire surface is covered with sensitive elements (the read out strips) and more than 80% contains 2 superposed strips. A specific on chamber board will perform a coincidence between the superposed strips while strips without partner will be kept in OR. Figure 11
schematically shows this arrangement. The output of this new board will therefore be transparent to the link and trigger systems as compared to a single station. However, considering that station 2 is the seed layer for the first level muon trigger algorithm in the link system, the removal, via the coincidence, of uncorrelated hits in 80% of the surface in new station 2 would result in a performance close to a 4 out of 5 majority logic.

Figure 12 shows how the double RPC packages are mounted side by side to cover the back face of the YE1 end cap yoke. New threaded M8 holes will have to be provided in the yoke to mount the packages as shown in figure 13. The following design criteria have been adopted for the new RE2 packages:
Front and back RPC’s are of the standard CMS forward design with only one common 6mm thick honeycomb panel in between them in the overlap region and 1mm thick aluminum plates at both wings. In this way all assembly procedures are the same or very similar as for the initial system built in the past. The 32 strips per chamber point to the beam axis and the strip planes of the front and back chambers are rotated by 6 strips. 
Services to the package and the new AND/OR board will be located on the off yoke chamber to ease access and to allow reuse of the already installed services (gas, cooling, signal cables etc.). The nominal thickness of a new RE2 package is 90 mm to fit within the 94 mm available space. An exploded view of the engineering design of a new RE2 package is shown in figure 14.
2.2 Integration of new station 2

As mentioned before, the new RE 2 packages are mounted within the available envelope on the back side of the YE1
 yoke and clear the CSC alignment sensor boxes on YE2 in closed configuration by a nominal 4 mm. Since the YE disks have been produced with negative tolerances the clearance will be at least those 4 mm. The preassembled packages will be mounted on M8 studs to be inserted in the yoke iron. An adequate adapter frame will allow installation using the CSC installation fixture. To this end, an opening of 3.5 m is required between YE1 and YE2 to allow access for this fixture and two cherry pickers. Gas and cooling will be provided to the packages from the already installed services of the single RE2 station putting both chambers of a package in parallel. The 96 signals exiting the AND/OR board will be routed to the link system using the installed signal cables. To avoid major modifications to the HV system and to keep the costs down it is proposed that both chambers of a package are fed by a single HV channel. The 6 Front End Boards of the package will be connected to a single LV port.
2.3 Integration of station 4


It is proposed to translate the RPC’s of the initial station RE 2 to the back of the YE3 yoke to become station RE 4. The near yoke detectors will be mounted as such on an aluminum interface frame mounted off the threaded M26 holes at the extremity of the CSC mounting posts as illustrated in figure 15. The far detectors can then be mounted using the existing brackets of present RE 2. This solution decouples the installation of 
RE 4 from the existence of the YE4 shielding wall. The nominal clearance to the shielding wall will be 9 mm provided the interface frames have a thickness of 8 mm.

The services to RE 4 will be housed on the YE3 yoke where the infrastructure already exists. However no services to RE 4 have as yet been installed since they were part of the staging scenario. The infrastructure to be added to YE3 is:

· A gas distribution rack with 24 channels and the necessary pipe work to the adequate bulkheads.

· The pipe work for the distribution of the cooling fluid.

· The LV cabling to the power supply system in the YE3 towers.

· The HV cabling to the YE1 Patch Panel.

· The necessary link boxes and related cables and fibers.
As a consequence the end cap main cable chains will have to be opened to install the missing umbilical links to the SX5 cavern. Adequate space for this completion has been reserved in the main- and mini cable chains.

[1]: The Muon Project Technical Design Report  CERN/LHCC 97-32
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Figure 1: Schematic view of the modular structure of the CMS detector
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Figure 2: Schematic layout of a  double gap RPC for the forward system in CMS
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Figure 3: Layout of forward RPC’s on an end cap yoke disk.
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Figure 4: Layout and rapidity coverage of the initial forward RPC system for CMS.
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Figure 5: Results of a simulation study on first level trigger performance of the RE system.
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Figure 6: RPC assembly and test infrastructure at CERN.
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Figure 7: RE station 1 on the CMS YE1 yoke disk.
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Figure 8: RE stations 2 and 3 during installation in the CMS surface hall.
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Figure 9: RE station 3 in the CMS underground cavern.
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Figure 10: Proposed layout of a new RE 2/3 double RPC package.
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Figure 11: A schematic illustration of the AND/OR logic for new RE 2.
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Figure 12: New RE 2 packages mounted side by side on a yoke disk.
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Figure 13: New RE 2 mounting on the yoke disk.
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Figure 14: An exploded view of the engineering design showing all the parts for new RE 2    

                 assembly.
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Figure 15: The mounting of RE 4 with the interface frame mounted to the CSC posts.
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