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1.1	History� TC  "1.1	History" \l 1 �


The concept of a compact detector for LHC based on a solenoid, the Compact Muon Solenoid (CMS) detector, was presented in October 1990 at the LHC workshop in Aachen [1]. For a high luminosity proton-proton machine it is natural to optimise first the muon detection system. All types of magnetic configurations were studied. The requirement for a compact design led to the choice of a strong magnetic field. The only practical magnet that can generate a very strong magnetic field is a solenoid. A long (about 14 m) superconducting solenoid of large radius (about 3 m) generating a magnetic field of 4 T guarantees good momentum resolution for high momentum (≈ 1 TeV) muons up to rapidities of 2.5, without strong demands on the chamber space resolution. The Saclay magnet group studied the feasibility of such a solenoid and concluded that the CMS magnet was technically feasible and affordable. A design based on four layers of reinforced conductor was proposed. A proto-collaboration was formed in May 1991. 


In March 1992, at the Evian meeting [2], a conceptual design of the complete detector including calorimetry and tracking was presented as an Expression of Interest by the proto-collaboration comprising 49 institutions. The large radius of the solenoid allows the full calorimetry to be located inside the solenoid. Hence the coil does not affect the calorimeter performance. It is well known that efficient detection of an intermediate mass Higgs boson via its two photon decay would require a very precise electromagnetic calorimeter. Such a precision electromagnetic calorimeter fits naturally in the CMS design. Maintaining a constant term below 0.5% requires in situ calibration. This can be provided by isolated electrons, from W and Z decays, with their momenta measured precisely in the strong magnetic field. The pile-up from soft charged hadrons is also much reduced by such a strong field. 


The design goals of CMS were defined as follows:


1)	a very good and redundant muon system,


2)	the best possible electromagnetic calorimeter (ECAL) consistent with 1),


3)	a high quality central tracking to achieve 1) and 2),


4)	a financially affordable detector.


In October 1992 a Letter of Intent signed by 443 members from 62 institutes was submitted to the LHC Committee (LHCC) [3]. The proposed muon system consisted of four muon stations and allowed three measurements of the muon momentum: inside the tracking volume, after the coil and in the flux return. These almost independent measurements make the muon identification very robust. The two measurements outside the coil are guaranteed at any luminosity. A highly segmented calorimeter consisting of CeF3 crystals was proposed. A less ambitious, but also less expensive, sampling electromagnetic calorimeter consisting of a sandwich of lead and scintillator plates read out by orthogonal wavelength shifting fibres was proposed as a backup solution. It was named the 'shashlik' calorimeter. The proposed inner tracker consisted of silicon microstrips and microstrip gas chambers (MSGCs). The large number of channels (≈ 107) was driven by the need to guarantee high track finding efficiency at the highest luminosity. Because of radiation damage problems the first layer of silicon could not be located at a radial distance of less than 20 cm from the beam, therefore limiting the b-tagging performance of the tracking system.


In March 1993 we presented at the request of the LHCC a 'staging' scenario for the two basic options of the CMS detector, CeF3 and shashlik [4]. For an initial LHC operation period of about two to three years, where the expected integrated luminosity would not exceed 104 pb–1, a phase I detector of reduced cost and performance was proposed. A cost review committee (CORE) appointed by the LHCC reviewed the cost of the CMS detector [5]. The cost of the shashlik version of the phase I detector was estimated at 328 MCHF and the complete detector (phase II) at 420 MCHF. The equivalent figures for the CeF3 version were 382 MCHF and 501 MCHF. The main savings for the phase I detector came from the tracker starting with a reduced number of channels, from the muon system starting without the outer muon stations, from the data acquisition system (DAQ) starting with a reduced number of channels and a reduced event filter farm and from the electromagnetic calorimeter starting with a reduced rapidity coverage (|h| < 1) for the CeF3 crystals or without the preshower for the shashlik. The Higgs boson, decaying into two photons, would be inaccessible in either version of phase I detector.


In April 1993 the LHCC considered that the LoI and the staging documents could form the basis for a subsequent recommendation to prepare a technical proposal [6]. However the advantage of a CeF3 calorimeter was considered marginal in comparison with the large investment required (of order 100 MCHF). The collaboration was encouraged to submit a proposal to the Detector R&D Committee (DRDC) for the shashlik calorimeter. In June 1993 the LHCC agreed on milestones for a further report in November 1993. This report [7] included milestones on the status of the mechanical design of the tracker, the shashlik calorimeter and a report on the progress in extending the collaboration.


A conceptual design of the mechanical structure of the tracking system was described. The tracker consists of a series of wheels interrelated by an alignment system. In the barrel wheels the detector elements are mounted on spiral structures which offer a natural path for cables and cooling pipes. In the forward wheels the detector elements are mounted on disks of concentric rings. A DRDC proposal for shashlik R&D [8] was submitted and accepted as RD-36. The energy resolution of a shashlik prototype made of twelve projective towers was measured in an electron test beam to be s/E = 9.5%/� EMBED "Equation" "Word Object1" \* mergeformat  ��� ≈ 1.1% (E in GeV). We also reported on a new type of crystal: lead tungstate (PbWO4). The main advantage over the CeF3 crystal is its shorter (factor of 2) radiation length (0.9 cm) leading to a more compact and less expensive ECAL. The main disadvantage is the lower light yield. Readout in the magnetic field requires the use of avalanche photodiodes (APDs). We proposed a programme of R&D and test of shashlik and PbWO4 matrices in 1994 and a decision on the ECAL medium in Autumn 1994. For the muon system two types of chambers were still considered for the region |h| < 2: drift tubes with bunch crossing identification (DTBXs) or wall less drift chambers (WLDCs). For the small endcap region (|h| > 2) the choice was made to use cathode strip chambers (CSCs) similar to those developed for the GEM detector at the SSC. Since the LoI the proto-collaboration had grown to 668 members from 75 institutes. The LHCC recommended [9] that CMS should proceed to the technical proposal and asked for a further report in May 1994. 


In November 1993 the US congress decided to terminate the SSC project. In a meeting at CERN on 9 December 1993, where representatives of the SDC and GEM collaboration were present, we stated that the CMS proto-collaboration would welcome a substantial number of US physicists (about 300). Several areas in which US groups could make major contributions were enumerated: hadronic calorimeter (HCAL), forward muon system, inner tracking and trigger/DAQ systems. Staging of the detector could be avoided with the added financial contributions of new collaborators from the US. In April 1994 a US CMS collaboration was formed consisting of 273 members from 37 institutes. A letter of intent was submitted to the US Department of Energy (DoE) on 2 September 1994, describing their responsibility within the CMS project, their management structure and their funding request. The US CMS groups would be responsible for the endcap muon system and the barrel hadron calorimeter. They would also significantly contribute to the ECAL, the tracking, the Level-1 trigger and to the DAQ and higher level trigger systems.


In May 1994, when we further reported to the LHCC on the status of CMS [10], twelve new groups from Member States had joined, including major laboratories like Saclay (France), Aachen I (Germany), ETH Zürich and PSI Villigen (Switzerland) with strong interest in crystal calorimetry. With the inclusion of the US groups the proto-collaboration had grown to 1001 members from 119 institutes. The CMS proto-collaboration evolved into a full collaboration with a management structure described in Chap. 20 of this technical proposal. Each sub-detector was organised as a sub-collaboration with an institution board and a technical board chaired by a project manager. The use of CSCs was extended to the full endcap muon system and a single design for the barrel muon chambers based on aluminium drift tubes was selected. More results on the shashlik calorimeter were presented with emphasis on the constant term and on the radiation resistance at large rapidity. Strong interest in crystal calorimetry was re-expressed. Good results on long term ageing of MSGCs with 25 cm long strips were reported.


On 27-28 September 1994, in a meeting held in Dubna, 250 members from 25 Russian and Dubna Member States institutions collaborating in CMS decided to organise themselves in a single collaboration, the Russia/Dubna Member States (R/DS) CMS collaboration, with a management structure similar to the US CMS collaboration and reflecting the overall CMS management structure. Spokesperson and chairperson of the R/DS collaboration board were elected. The R/DS CMS groups would be responsible for the endcap hadron calorimeter and the first forward muon station. They would also significantly contribute to the ECAL and the tracking. 


At the time of submission of this technical proposal the collaboration consists of 1262 members from 132 institutions. About 50% of these come from Non-Member States. Physicists from Non-Member States have made fundamental contributions to this proposal. Their participation is pending agreement between CERN and the corresponding Non-Member States on the LHC programme.


The overall cost of the detector is estimated to be 459.0 MCHF. Given our expected resources the earliest date for our detector to be ready is the end of 2002. We assume that LEP II stops at the end of 1999 and that a shutdown of three years is available for the completion of the cavern and the installation of the detector. With this schedule first collisions could be observed in CMS in the year 2003. Given the uncertainty on the schedule of the machine we do not present a detailed staging scenario in this proposal. The staging scenario outlined in [4] remains largely valid.
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The detector described in this technical proposal maintains the design goals defined in 1992 in the Evian meeting. The cost has been held at a value that matches our financial expectations. Figure 1.1 shows a 3-dimensional view of the proposed CMS detector. As can be seen the design of CMS has not been modified in a fundamental way since the original proposal in Evian. The overall dimensions of the detector are: a length of 21.6 m (very forward calorimeters excluded), a diameter of 14.6 m and a total weight of 14500 tonnes. The main changes, since the LoI [3] and the subsequent reports [7,10], are briefly discussed in turn.


1.2.1	Magnet and Muon System� TC  "1.2.1	Magnet and Muon System" \l 1 �


Figures 1.2 and 1.3 show the transverse and longitudinal view of CMS. A muon track sees four muon stations over most of the solid angle. Each of the four barrel muon stations (MS1 to MS4) consists of twelve planes of aluminium drift tubes (DTs), arranged in twelve azimuthal sectors, such that there are no cracks pointing to the primary vertex (see Fig. 1.2). Compared to the LoI the whole detector has been rotated in azimuth by half a sector. This allows less interference between the supporting feet and the last muon station and reduces the total height. The endcap muon system also consists of four muon stations MF1 to MF4. Each station consists of sectors of CSCs overlapping in azimuth to maintain full coverage. Two new stations MF1A and MF1B have been added to ensure that all muon tracks traverse four stations at all rapidities, including the transition region between the barrel and the endcaps (1 < |h| < 1.5) (see Fig. 1.3). Efficient muon detection is guaranteed up to |h| = 2.4 for pt > 4 GeV. The acceptance of the hadronic endcap HF has been extended from |h| = 2.6 to |h| = 3 to allow the insertion of a thicker conical iron structure. This cone significantly reduces the background rate in the four forward stations (MF1 to MF4). It can also now support the endcap calorimeters (HF and EF) without cutting into the azimuthal acceptance of MF1.


The length of the solenoid has been reduced from 14 m to 13 m. The inner radius (2.95 m) and the magnetic field (4 T) have not been altered. The reduced length leads to a cost reduction of all barrel detectors. The combined muon momentum resolution, Dpt/pt, remains unaffected in the central rapidity region |h| < 1.5: it is about 1% for pt = 100 GeV and 5% for pt = 1 TeV. The degradation of the momentum resolution is 20% in the forward region 1.5 < |h| < 2.4; for example at |h| = 2, Dpt/pt = 12% for pt = 1 TeV.


Barrel (DTs) and endcap (CSCs) chambers have triggering and bunch crossing identification capability. Resistive plate chambers (RPCs) complement the triggering capability of these chambers up to |h| = 2.1. Their fast response and excellent time resolution guarantee a redundant and robust bunch crossing identification for |h| < 2.1. High luminosity physics does not require a single muon trigger above |h| = 2.1. Hence a redundant muon trigger system is not mandatory in this region.
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The basic concept of mechanical light wheel structures, including a mounting and cabling scenario, has been further elaborated (see Chap. 3). The total length of the tracking volume has been reduced from 7 m to 6 m. Hence the number of forward wheels has been reduced, leading to a saving in cost at the expense of a small degradation of the momentum resolution in the forward region. Near to the interaction vertex several layers of silicon pixel detectors have been added: two concentric layers at small radii (7.7 cm and 11.7 cm) and three rings in the forward region. Pixels provide space points near the interaction vertex and improve secondary vertex detection. The good radiation resistance of these detectors allows consideration of efficient b- or t-tagging at high luminosity. Pattern recognition studies have shown that an average number of twelve precision points per track leads to good track finding efficiencies. One silicon layer and one MSGC layer are removed to keep the same average number of points per track in the barrel.


The effects of the damage to the silicon detectors due to the high radiation levels near the beam pipe are reduced if the operating temperature is kept below 5 °C. The volume occupied by the silicon pixels and microstrips will be maintained at 0 °C. 


The tracking system should be as light as possible to minimise the number of secondary interactions produced in the tracker material by the primary particles. A detailed description of all materials (detectors, beam pipe, cables, services, supports, electronics, etc…) leads to an estimate of the average amount of material up to the last measured point (this is the relevant number for photon conversions) of 30% of a radiation length (X0) as compared with 20% X0 in our last reports [7,10]. 
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Recently the CMS collaboration decided to propose the construction of a high-resolution PbWO4 crystal electromagnetic calorimeter for the reasons given in Sect. 4.2.1. Excellent results obtained in August 1994 with a matrix of 6 ¥ 6 PbWO4 crystals read by photomultipliers were reported in a closed session of the LHCC on 9 November 1994. The measured energy resolution with APD readout is not as good and high energy tails are observed. We are confident that the programme of R&D proposed for 1995 will enable resolution of these problems. The crystals start at a radius of ≈ 1.44 m and have a length of 23 cm (25.8 X0). The space gained inside the coil is used by the barrel HCAL (HB). At high luminosity a silicon preshower in front of the crystals is needed. The barrel preshower will cover only the rapidity range |h| < 1.1 (see Fig. 1.3).


Excellent results on a new shashlik calorimeter prototype, built with a careful control of the mechanical construction, have also been reported to the LHCC on 9 November 1994. The energy resolution measured in an electron beam with a preshower in front is s/E = 8.7%/� EMBED "Equation" "Word Object1" \* mergeformat  ��� ≈ 0.32/E ≈ 0.35% (E in GeV), achieving the design goals of a good sampling calorimeter. A technical report is in preparation detailing the design work that was carried out for the shashlik calorimeter [11].


The barrel hadron calorimeter (HB) and the two endcaps (HF) consist of sandwiches of copper plates and plastic scintillator tiles with embedded WLS fibres. The technique is similar to the one proposed for the SDC calorimeter and developed for the upgrade of the CDF endcaps. For the design of the hadron calorimeter we benefit from the experience of those SDC and CDF groups which are now in CMS.


The transverse radial size of the very forward calorimeter (VF) is reduced to about 1.5 m (Fig. 1.3), as a consequence of the extension of HF to |h| = 3. The baseline design of VF consists of a sandwich of iron plates and parallel plate chambers (PPCs). A quartz fibre option is also being studied. The VF is not on the critical path and further R&D is still needed for both techniques to demonstrate a robust energy measurement in very difficult background conditions.
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The CMS detector has been designed to detect cleanly the diverse signatures from new physics by identifying and precisely measuring muons, electrons and photons over a large energy range and at high luminosity. We also aim to take full advantage of the expected lower luminosity running in the early years of the LHC. The physics potential of CMS is described in Chap. 12.


A Standard Model (SM) Higgs boson with mass between 95 and 150 GeV would be discovered (signal significance of > 5 s) via its two photon decay after an integrated luminosity of about 3.104 pb–1. The same integrated luminosity gives a discovery range covering masses from 135 to 525 GeV in the four lepton (e or µ) channel, with only a small gap in the coverage around 2 mW. An integrated luminosity of 105 pb–1 (taken at 1034  cm–2s–1) would allow discovery via these channels over the full range between 85 and 700 GeV. Tagging the events produced by WW- and ZZ-fusion by detecting the characteristic forward jets, and using decay modes with larger branching ratios (H Æ WW Æ lnjj, and H Æ ZZ Æ lljj), should allow the discovery range for a SM Higgs boson to be extended up to 1 TeV for the same integrated luminosity.


The two photon and four lepton channels are also crucial for the discovery of a Higgs boson in the Minimal Supersymmetric Standard Model (MSSM). The search is for narrow intermediate mass Higgs boson. Excellent detector resolution and good acceptance are needed. The light neutral scalar Higgs boson of the MSSM can be discovered via its two photon decay, after an integrated luminosity of 105 pb–1, over much of the (mA, tanb)�plane not covered by LEP II (� EMBED "Equation" "Word Object2" \* mergeformat  ��� = 190 GeV). With a top quark mass of 174 GeV the four lepton channel covers much of this region as well. There is also a significant region at lower values of tanb where the heavier neutral scalar could be discovered in the four lepton channel. Various channels involving the tau lepton (h0, H0, A0 Æ tt, H± Æ tn) help to cover much of the remaining parameter space. Precise impact parameter measurements using the pixel detector play an important role here.


Events with many high energy jets and large missing transverse energy are the most obvious and model independent signature in searches for the supersymmetric partners of quarks and gluons. The background due to jet events faking missing Et because of cracks or tails in the energy resolution function is found to be well below that from physics backgrounds.


The copious production of B mesons at LHC opens the way for significant measurements of CP violation effects in the B system. Using the � EMBED "Equation" "Word Object3" \* mergeformat  ��� and � EMBED "Equation" "Word Object4" \* mergeformat  ��� channels two of the angles in the unitarity triangle can be measured. With an integrated luminosity of 104 pb–1 CMS is sensitive to values of sin2b ≥ 0.05, and to values of sin2a ≥ 0.06. Furthermore, by observing the time development of � EMBED "Equation" "Word Object5" \* mergeformat  ��� oscillations, the mixing parameter xs can be measured for values up to 20 - 25.


In addition to running as a proton-proton collider, LHC will be used to collide heavy ions at a centre of mass energy of 5.5 TeV per nucleon pair. The formation of quark-gluon plasma in the heavy ion collisions is predicted to be signalled by a strong suppression of Y' and Y" production relative to Y production when compared to pp collisions. The CMS detector will be used to detect low momentum muons produced in heavy ion collisions and reconstruct the Y, Y' and Y" mesons produced, enabling the measurement of this suppression.
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