ANNEX 2A: THE SCIENTIFIC CASE





Particle Physics Today





Since the discovery of the electron, research in particle physics has led to a surprisingly rich view of nature, but we now know from direct experimental observation that this rests upon an underlying simplicity. All observed matter is built from two distinct families of elementary particles, the leptons and the quarks, each with six members per family. Matter in the world around us is built from two types of quark which form the protons and neutrons of atomic nuclei. Normal matter also requires two types of lepton: the electron and the electron-neutrino, which emerges in radioactive decays and thermonuclear processes in stars. This pattern repeats itself in two heavier ‘generations’, each with two quarks and two leptons, which are found in studies of cosmic rays and in experiments at particle accelerators (‘atom smashers’). Recent results from particle physics and from astrophysics, however, show that there are no more generations of this type. 





Everything we have observed must be associated with these few particles and their interactions. Four fundamental forces mould these two families of particles together to form the universe. Electromagnetism and gravity are familiar from their large-scale effects in the everyday world. The strong and weak nuclear forces are less familiar, but they underlie well known effects such as radioactivity and are the power source of the Sun and other stars. We have now established experimentally that three of these forces — electromagnetism and the weak and the strong forces — act via carrier particles known as gauge bosons.





These discoveries have led to what we call the Standard Model of particles and forces. A great triumph has been the discovery that two of the forces — weak and electromagnetic — are different manifestations of a single electroweak force. The strong force is described separately by an analogous theory known as quantum chromodynamics, or QCD. However, the mathematical similarity between QCD and the electroweak force suggests a more profound and far-reaching connection.





The Standard Model of particle physics is extraordinarily successful in providing a framework able to accommodate almost all existing experimental data, including the very precise results which have been obtained at LEP. However, the Standard Model contains more than ten numerical parameters whose values are only known from experiment. It is believed that this apparent arbitrariness arises because it is a low energy approximation to a more fundamental theory. Indeed, compelling and very general theoretical arguments predict that new phenomena must appear in the TeV energy range, shedding light on issues such as the origin of mass and the unification of forces. Detailed predictions of this new physics are model dependent, and many scenarios have been proposed in which there are one or more Higgs bosons, a spectrum of supersymmetric (SUSY) particles, or observable effects arising from strong interactions between pairs of intermediate vector bosons.





Experiments at the Large Hadron Collider (LHC)





The potential of the LHC for breaking through the limits of our current knowledge cannot be overstated. The machine will collide two proton beams at a total centre-of-mass energy of 14 TeV. Since protons are composite particles made up of point-like constituents termed ‘partons’, the energy available for the creation of new particles in proton–proton interactions is that associated with the collision of pairs of partons. This is typically only one sixth of the total proton–proton collision energy. The collision energy chosen for the LHC is thus the minimum value which will ensure that the underlying parton–parton collisions provide full access to the TeV energy range, guaranteeing new discoveries. 





The origin of mass and the unification of the forces are the most compelling physics reasons for the experimental programme at the LHC. However, there is a wealth of other physics that can be studied which takes advantage of the high luminosity as well as the high energy of the LHC. The design luminosity of 1034 cm–2s–1 is almost a factor of 100 higher than any previous proton–collider, and therefore will produce copious quantities of the two heavy quarks, the bottom (mass ~5 GeV) and the top (mass ~170 GeV). Interactions containing pairs of bottom quarks will be used to study CP violation effects and bottom quark mixing, those containing pairs of top quarks will be used to make an accurate measurement of the top quark mass and may give further insights into the nature of the Higgs particles.





Only by participating fully in the LHC programme will the UK be able to take a lead in the dramatic advances in the understanding of fundamental physics that will surely be made within the next one or two decades.





The LHC general-purpose detectors (GPDs), ATLAS and CMS, are facilities designed to exploit fully the extensive range of new physics that will be made available by the LHC. Both detectors will provide precision particle tracking and will identify and measure muons, electrons and photons over a wide energy range. However, the relative emphasis placed on various aspects of these measurements differs in the two cases, and complementary technological solutions have been chosen. 





Advances in particle physics often stem from the detection of a few unusual interactions, observed at the limit of experimental sensitivity. It is therefore essential, especially when entering a new energy domain, to have two experimental facilities which are both sensitive to the same broad range of signals, to allow cross-checks to be made. Furthermore, in the case of ATLAS and CMS, since complementary designs have been adopted, comparison of results from the two detectors may also give insight into possible sources of systematic bias.





The scale of the GPDs is determined by the requirement to identify the particles produced in the interaction and measure their energies. Charged-particle momenta are determined from the curvatures of their tracks in a magnetic field: in order to minimise the size of the central tracking system, both ATLAS and CMS use superconducting coils (to maximise the curvature) and very precise tracking detectors (to reduce the measurement error). Nevertheless, the ‘trackers’ are still 2–3 metres in diameter. The energies of neutral particles are measured with ‘calorimeters’, in which they interact and deposit all of their energy. The calorimeters surround the tracking volume and must be several metres deep to achieve adequate energy containment. High-energy muons, which penetrate the calorimeters, require further energy measurement in a volume of magnetic field external to the calorimeters. Particles such as neutrinos, which have a negligible probability of interacting in the detector, escape direct detection. However, their presence can be inferred by observing a net imbalance in the energy summed over the other particles emitted from the interaction. Probing sub-atomic scales requires collisions at high energy. Containing such collisions requires large detection systems. Thus, paradoxically, the smaller the scale being investigated, the larger is the detector required.





Each of these huge and technologically advanced detectors is really a scientific facility; its construction is a challenging undertaking requiring very large collaborations of scientists and engineers. The raw data recorded by each facility will be available only to the members of the collaboration that designed and built it. In the initial period of operation, the close association of physicists to the apparatus they have provided is essential to the extraction of the physics results. It is of course, in the earliest stages of the experiment that the most startling discoveries are likely to be made. Hence a strong UK involvement in building the hardware is a prerequisite for UK scientific leadership. This need for early involvement is inevitable, since an intimate understanding of the hardware is required in order to extract the best resolutions and sensitivities. In the later phases of operation, when the apparatus is well understood, the correlation between physics topic and hardware device gradually diminishes.





The UK groups in ATLAS and CMS have taken responsibility for parts of the detectors which both exploit to the full their special strengths and expertise in designing and building equipment, and are also particularly relevant to the physics studies they wish to pursue.





Higgs Boson Search





A primary physics goal for the participating UK institutes is the discovery of the Higgs boson and a study of its properties. Theories which embody a principle known as ‘local gauge invariance’ (for example Quantum Electrodynamics) are able to describe in a natural and self-consistent way the particles which mediate forces (photons, gluons and intermediate vector bosons), matter particles (quarks and leptons), and the interactions between them. Such theories are therefore believed to be of fundamental relevance to the understanding of matter at the deepest level. However, in their simplest form, these theories only accommodate massless particles, whereas one of the most conspicuous properties of the universe at large scales is gravity, acting through mass. Understanding how the symmetry of local gauge invariance can be broken to generate mass is therefore one of the most important issues in particle physics and cosmology. 





At present, the most widely accepted theoretical solution to the problem of generating mass is spontaneous symmetry breaking through the mechanism proposed by the British physicist Peter Higgs. This leads to a class of models which predict the existence of one or more hitherto unobserved particles with unique properties: the Higgs bosons. The discovery of such a particle would provide dramatic confirmation of the validity of this mechanism. Although the models are not able to predict the mass of the lightest Higgs boson, it can be shown from very general theoretical considerations that, if it exists, it cannot be heavier than 1000 GeV (1 TeV). Furthermore, according to the currently favoured theories of spontaneous symmetry breaking, which also embody supersymmetry (see below), the most probable mass of the lightest neutral Higgs boson is between the upper reach of the CERN LEP accelerator (~90 GeV) and ~140 GeV.





For a neutral Higgs boson with a mass in the range 90–140 GeV, the most promising discovery channel is its decay to two high-energy photons. Since the Higgs production rate and the decay branching ratio to two photons are both predicted to be small, a high performance electromagnetic calorimeter, complemented with a very good charged-particle tracking system, are essential in order to detect a Higgs signal against the very large background from other processes. The need to achieve the best possible detector performance is illustrated in figure A2.1. This shows a Monte Carlo simulation of how the signal from a Higgs boson with a mass of � EMBED Equation  ��� might appear in a photon–photon effective mass distribution. After one year of operation of the LHC at full intensity, the peak is just large enough to be unambiguously identified. 





Should the lightest neutral Higgs particle turn out to be heavier than 140 GeV, other decay channels will be more favourable for its discovery and the general-purpose detectors must have good efficiency for detecting all of them. Figure A2.2 shows how the entire mass range up to 1 TeV can be covered by studying several different final states. Figure A2.3 shows the signal expected in the case of a Higgs boson with a mass of 500 GeV decaying into a final state with four charged leptons (electrons or muons).





Supersymmetry 





Attempts to describe the four forces of nature (electromagnetism, the weak force, the strong force and gravity) within a single, coherent framework have led to the so-called Grand Unified Theories (GUTs). The unification takes place at the enormously high energy of 1015 GeV — far beyond the reach of accelerators. Through quantum corrections, the GUT energy sets a natural scale for symmetry-breaking effects, and it then becomes difficult to understand why electroweak symmetry breaking should be observed at the ‘very low’ energy of 100 GeV.





The most widely accepted solution to this problem is provided by supersymmetry (SUSY). This theory postulates a supersymmetric partner for each known particle, having similar properties but with a spin differing by a half unit of angular momentum. The supersymmetric particles give rise to quantum corrections which cancel those associated with normal particles, thus preserving the low energy scale observed for electroweak effects. However, for the cancellations to be effective, the masses of the supersymmetric particles cannot be much greater than those of their normal partners, and they should therefore manifest themselves below 1 TeV, well within the reach of the LHC.





Supersymmetry is also an essential ingredient of string theories. These theories have been the subject of intensive study over the last few years since gravity, hitherto a serious stumbling block for quantum physics, appears in them in a natural way.





SUSY requires a rich new spectrum of particles. In particular, the simple Higgs sector discussed in the previous section is enlarged in the minimal supersymmetric extension to the Standard Model (MSSM) to include five particles. No supersymmetric particle has so far been found. The present limits from experiments require that the masses of supersymmetric quarks and supersymmetric gluons are greater than 126 GeV and 141 GeV respectively. 





The experimental signature for the production and decay of supersymmetric particles is an imbalance in the energy flow perpendicular to the beams. This imbalance is due to the presence in the final state of the lightest supersymmetric particle, which is stable against decay into conventional particles and which will escape direct detection. Hermetic spectrometers, which measure the flow of energy from the collision over the full solid angle, are essential in order to detect this missing transverse energy. A simulation of how SUSY might be discovered through the missing transverse energy (ET) is shown in figure A2.4. At large values of missing ET, the expected background from other processes is small.





The decays of the heavier supersymmetric particles proceed through a cascade to the lighter particles. In many cases, one of the products will be the light Higgs (h) with its characteristic signature of a decay to two b-quarks, which appear in the detector as ‘jets’ of particles. These jets are easily recognised since the relatively large b-quark lifetime results in the production of particles several millimetres from the collision point, and the separation between primary and secondary vertices will be clearly resolved by the precision tracking detectors. A simulated invariant-mass distribution reconstructed from pairs of jets, identified as coming from b-quarks, is shown in figure A2.5. The signal expected in the case of a charged Higgs particle with a mass of 100 GeV stands clearly above the background.





By forming the invariant masses of jets, leptons and missing-energy vectors, the experiments described here will be able to detect the production of squarks and gluinos up to mass of � EMBED Equation  ���, after about one year of operation of the LHC at full design luminosity.





Top Quark Physics





The discovery of the top quark at the Fermilab Tevatron in Illinois in 1994 completed the quark component of the three generations in the Standard Model. (Measurements of the Z width at LEP have shown that there are only three generations.) The mass of the top quark has been measured to be approximately 175 GeV. A more precise determination of this quantity is important since it provides important constraints on the Higgs mass in the Standard Model. Studies of top quark decays may reveal the existence of charged Higgs bosons, required by the SUSY models.





The LHC will be a source of copious top quark production: at design luminosity, 600,000 � EMBED Equation  ���pairs will be produced per day. These events have final states containing light quarks, charged leptons, and neutrinos. The quarks manifest themselves as jets of hadrons, and the presence of neutrinos is inferred from an imbalance in the total measured transverse energy. Reconstruction of the top quark mass requires precise energy measurement of charged and neutral particles. This requirement feeds directly through to the overall design of the detectors. It is anticipated that a mass resolution of 2 GeV will be achievable — a factor of two better than the ultimate resolution that will be attained at the Fermilab Tevatron. 





B Physics





A fundamental issue in cosmology is the domination of matter over antimatter in the observable universe. In the Big Bang, matter and antimatter would have been produced in equal amounts. To explain the universe we see today, Sakharov pointed out that CP cannot be a conserved symmetry. CP violation in K-meson decays was first observed in 1964, however its origin is yet to be understood. 





The Standard Model embraces CP violation in a natural way. Investigations in this area are well-suited to the first years of operation of the LHC, since they do not require the full design intensity of the machine. The measurements are made by studying events containing a B meson and an anti-B meson. Small asymmetries in the decay rates of B mesons and anti-B mesons to particular final states will provide information on the exact form of the CP-violating interaction. Figure A2.6 shows a computer reconstruction of one of the relevant decay processes: � EMBED Equation  ��� Æ J/( K0.





Selection of the interesting decay modes will necessitate good identification of low-energy leptons, the reconstruction of charged tracks with high efficiency and good precision, and the ability to separate production and decay vertices with high resolution. A very efficient and selective trigger will also be required.





Heavy-Ion Physics





The building blocks of atomic nuclei — protons and neutrons — are themselves composite particles containing quarks interacting through the exchange of gluons. Although the properties of quarks (spin, charge, mass) have been studied in some detail, they have never been observed as isolated entities. Under most conditions they appear to be completely ‘confined’ within baryons or mesons.





By colliding heavy nuclei (A~200) at centre-of-mass energies of about 5.5 TeV/nucleon, it will be possible to reach very high temperatures and densities of nuclear matter at the LHC. Under these conditions it is confidently expected that a phase transition from hadronic matter to a plasma of ‘deconfined’ quarks and gluons will occur. A detailed study of this new state of matter should lead to a deeper understanding of the nature of the strong force. In addition the behaviour of matter under these conditions is of considerable interest in cosmology, since the universe must have passed through such a phase transition as it cooled and expanded one second after its creation. The studies are also of relevance to astrophysics since deconfined quark matter may exist within the cores of collapsed stars.





Several measurable effects have been suggested as probes to establish the formation of a quark–gluon plasma and to study its properties. The production of bound states of heavy quarks and antiquarks (� EMBED Equation  ���), (� EMBED Equation  ���) is particularly promising since these resonances are produced early in the collision process. Furthermore, the states are relatively easily identified through their decays to muons. Simulations show that the GPDs are well-suited to these studies.





New Physics





It is confidently expected that Higgs and SUSY particles (or something very similar) are waiting to be discovered at the LHC. The signatures expected for these particles have been used extensively in the design of the ATLAS and CMS experiments. Nevertheless, these signatures are sufficiently general (high energy leptons, jets, missing energy) that the experiments will be well-placed to discover and study new physics of whatever description.





Examples of possible new physics include:





New heavy gauge bosons (W' and Z'). These would give rise to very energetic leptons and missing energy. Figure A2.7 shows the expected excess of electron/neutrino events arising from the decay of a 4 TeV W'. 





Compositeness. This implies that known particles are actually made up of more-fundamental constituents.





Leptoquarks. These are exotic objects which would decay to an energetic lepton and a quark.








ANNEX 2B: THE LARGE HADRON COLLIDER AND THE GENERAL-PURPOSE DETECTORS





The Large Hadron Collider





The Large Hadron Collider (LHC) was initially approved by CERN Council in December 1994 and is scheduled for completion in 2005. The machine will consist of a ring of superconducting magnets, 27 km in circumference. The twin-aperture magnets constrain the orbits of two beams of protons, circulating in opposite directions, allowing them to be accelerated to 7 TeV and stored at that energy for periods of up to a day. The two beams cross at four points around the ring, where they can be brought into head-on collision at a centre-of-mass energy of 14 TeV. Experimental programmes are planned at each of the four intersection regions (figure B2.1). There will be two facilities dedicated to particular areas of physics: ALICE (heavy-ion studies) and LHC-B (b-quark physics); and two general-purpose detectors (GPDs): ATLAS and CMS.





One of the crucial areas of R&D for the LHC has been the successful development of superconducting accelerator dipole magnets which will operate at 8.4 Tesla (T), 50% higher than the highest field achieved in previous accelerators. This has allowed a collider to be designed which has sufficient energy to be certain of discovering new physics (see Annex 2A) and which will fit into the existing LEP tunnel, enormously reducing the cost. Further cost savings, compared to a machine on a green-field site, have been achieved by designing around existing services and infrastructure wherever possible and, most importantly, by planning to use much of the present CERN accelerator complex to pre-accelerate the beams.





At the two interaction regions occupied by the GPDs, the beam dimensions will be squeezed by ‘high-luminosity insertions’ to increase the collision rates to unprecedented high values. This is essential in order to ensure that the experiments will be sensitive to the widest possible range of signatures of new physics, most of which occur with a very small probability per collision. At the full design luminosity of 1034 cm–2s–1 the total rate will approach 109 interactions per second in these regions, whereas in some Higgs decay channels one might expect to observe just a handful of events per year. The proton beams are not distributed uniformly around the machine but are concentrated in bunches. As a result, collisions occur in bursts separated by 25 nanoseconds (10–9 s) and lasting a fraction of a nanosecond. Approximately 20 interactions will occur in each burst.





The LHC is an extremely versatile machine. Not only will it provide proton–proton collisions at 14 TeV (an energy almost an order of magnitude higher than can be reached at the Fermilab Tevatron, the machine that currently defines the energy frontier), it will also collide beams of heavy ions, such as lead, with a total collision energy of 1250 TeV (about 30 times higher than at RHIC, the dedicated heavy-ion collider under construction at Brookhaven). Furthermore, if there is a compelling physics case at some future date, elements of the LEP machine could be reinstalled in the LEP ring, above the LHC magnets, to supply electron–proton collisions at 1.5 TeV, an energy five times higher than that currently available at HERA in DESY.





The prime objective of the experimental programme at LHC is the investigation of interactions at the TeV energy level, which will lead to profound advances in our understanding of the underlying mechanisms. However, the problems of designing and building the components of ATLAS and CMS are very demanding and represent significant challenges to present technology. UK physicists and engineers are involved in both physics-based and technology-based problems and their solutions. The involvement takes place in an international forum, at a high intellectual level, and leads to ideas which are disseminated throughout the UK scientific community.





The General-Purpose Detectors





The two GPDs at LHC, ATLAS and CMS, are designed to explore the widest possible range of interaction channels as well as having maximal sensitivity to unexpected signals of new physics. They will be able to operate with excellent efficiency and resolution up to the highest intensities at LHC, and are also well adapted to initial running at lower luminosity. The ability to provide clear signatures for the discovery of Higgs bosons and supersymmetry and for studying the origin of CP-violation translate into the following outline requirements for the detectors:





Precise measurement of the momentum of muons, and the capability to trigger on particles down to low momentum.





Very good electromagnetic calorimetry for the identification and measurement of electrons and photons, complemented by hadron calorimetry for the complete measurement of the energy carried by jets of particles.





Efficient charged-particle tracking for the measurement of electrons and muons, for the identification of b-quarks, for enhanced electron and photon identification and for the reconstruction of the decays of short-lived particles.





Good hermeticity for measurement of missing transverse energy caused by the production of neutrinos, or the lightest supersymmetric particle, or any other weakly interacting particles.





Although the physics goals are similar, the design philosophies of the two detectors are different, and complementary technological solutions have been adopted for many of the sub-systems. The most striking contrast between the two concerns the choice of the magnetic field configuration, which in turn determines the overall layout of the detector system. ATLAS contains a smaller 2 T solenoid surrounded by large toroidal magnets. CMS is based upon a single large solenoid with a field of 4 T.





The detailed performance goals, technical descriptions, and specifications of ATLAS and CMS are contained in documents submitted by the collaborations to the CERN Large Hadron Collider Committee (LHCC). The following sections summarise in general terms the principal features of the detectors.





Overview of the ATLAS Detector





The Muon Spectrometer and Magnet System





A cutaway view of ATLAS is shown in figure B2.2. The overall detector will be 46 m long and 20 m in diameter, with a total weight of 7000 tons. These outer dimensions arise from the method chosen by ATLAS for the self-contained detection and precise measurement of muons over a wide angular range. A separate magnetic volume is provided by large superconducting air-core toroids. These, together with layers of precision chambers, allow momentum measurement within the muon spectrometer.





The ATLAS magnet system thus consists of three toroidal magnets, one in the barrel and one at each end, which are part of the muon spectrometer, and a central superconducting solenoid which provides a magnetic field for particle momentum measurement in the inner detector. The barrel toroid has a magnetic volume of 8000 m3, and the two end-cap toroids are inserted in the barrel and line up with the ends of the central solenoid, which is 5.3 m long with a bore of 2.4 m. The central field provided for the inner detector is 2 T, and the peaks of magnetic field on the superconductors in the toroids are about 4 T. The design and manufacture of the central solenoid follows closely from existing experience in, for example, the LEP and HERA experiments. The toroidal superconducting magnets are more innovative in concept and technically challenging. Here the Rutherford Appleton Laboratory Technology Department is providing leading engineering input through its design responsibility for the end-cap toroids. The magnet system is a Common Project, designed and constructed under management provided by the ATLAS collaboration. The Muon Spectrometer Technical Design Report and the Magnet System Technical Design Report have been approved by the LHC Committee and the CERN Research Board.





The Electromagnetic and Hadron Calorimeters





The ATLAS electromagnetic calorimeter is a lead/liquid-argon (LAr) detector with ‘accordion geometry’. This provides electron reconstruction capability from 1 GeV up to 5 TeV, with excellent energy resolution between 10–300 GeV, an energy-scale precision of 0.1%, and linearity of response better than 0.5%, as required for Higgs physics. It is highly segmented, to allow separation between particles and jets, and operates with high performance electronics to achieve the necessary fast response time with low noise. The calorimeter is contained within cryostats in order to maintain the liquid argon at a temperature of 89.3 K, and in the barrel region the central solenoid is integrated into the vacuum of the cryostat.





The necessary performance of the hadronic calorimeters is given by the requirements of the identification and measurement of jets of particles. In the regions of ATLAS subject to the highest radiation levels, the intrinsically-hard liquid argon technology is also used for the hadron calorimeters; the hadronic end-cap calorimeter, a copper-LAr detector with parallel-plate geometry, and the forward calorimeter, a dense LAr calorimeter with rod electrodes in a tungsten matrix. In the central region, a more economic solution can be adopted, with plastic-scintillator plates (tiles) embedded in an iron absorber. The Liquid Argon Calorimeter Technical Design Report and the Tile Calorimeter Technical Design Report have been approved by the LHC Committee and the CERN Research Board.





The Inner Detector





The Inner Detector, shown in a schematic cutaway in figure B2.3, is situated at the centre of ATLAS, within the field of the superconducting solenoid. It consists of three complementary parts. Continuous tracking of particles is provided by an outer Transition Radiation Tracker (TRT), made up of 73 barrel layers and 224 end-cap layers, each consisting of 4 mm diameter straw-tube proportional chambers embedded in material with a relatively high efficiency for emitting transition radiation. Within the inner radius of the TRT, the precision tracking of ATLAS is provided by the Semiconductor Tracker, the SCT. Nearest to the proton beams is the Pixel Detector (PD). This consists of three barrel layers and four discs at each end, with devices of granularity 50 (m x 300 (m. Each layer provides a space-point on each traversing track, and so the complete PD is a powerful device for locating the vertex, the point in space where the proton–proton collision occurred. The combined system provides the momentum resolution and tracking precision necessary to meet the physics goals of ATLAS.





The ATLAS SCT represents the largest UK involvement in any LHC project. This concerted effort, detailed in Annex 2C, has resulted in the UK becoming the principal grouping within the SCT. The leading contributions of the UK institutes to design and technical development are evident in almost all aspects of the approved detector.





The SCT is made up from high-resistivity silicon microstrip detectors, each of area 64 x 63.6 mm2 and 300 (m thick, with a readout strip pitch of 80 (m. Four detectors are assembled into a module, which is 120 mm long with detectors glued back-to-back. The strip signals from the module are digitised at 40 MHz and read out on each side by radiation-hard front-end electronics consisting of custom binary ASICs situated on hybrid circuit boards. The data pass via optical links to receiver electronics in the control room. A total of 4088 modules have to be constructed for the SCT; these are arranged to cover four barrels at radii between 30–52 cm, and nine forward disks at each end of the barrels.





The silicon detectors have to survive for the lifetime of ATLAS within a very high radiation environment (equivalent to ~3x1014 p/cm2 after 10 years of operation). Their design has been carefully optimised for this application, and they will be maintained at a temperature of –7 °C to slow down the rate of ‘reverse annealing’ following type-inversion of the silicon substrate during irradiation. The stringent cooling requirements for each module, coupled with the necessity to minimise the radiation length of the SCT, demand careful engineering and the use of novel techniques and materials within the detector. The Inner Detector Technical Design Report has been approved by the LHC Committee and the CERN Research Board.





Triggering the ATLAS Detectors





As explained above, approximately 109 interactions will occur per second when LHC reaches its full design luminosity. The triggering scheme must ensure that detector data from each interaction are accessed and processed rapidly and efficiently to allow only the relevant and interesting interactions to be fully recorded for further detailed physics analyses. This is achieved by using the topological and energy flow properties of the predicted physics processes to identify events for which complete data should be recorded. The challenge is to achieve the high levels of rejection required, coupled with high efficiency for retaining interactions of physics interest.





To achieve a final data storage rate in the range 10–100 Mbytes/s, equivalent to about 100 events per second, it is necessary to have three sequential levels of event trigger selection, as shown in figure B2.4. The first, level-1, accepts data at the full bunch-crossing rate, and within approximately 2 (s selects about one event in 104, passing potential event triggers at the rate of ~100 kHz to the level-2 trigger, where further selection reduces the rate to ~1 kHz within 1–10 ms. Events accepted by level-2 are then fully read out and their data, held within storage pipelines from the individual detectors, are sent to an event builder where complete events are reconstructed. These complete events are then transmitted to the event filter where further selection is made.





The level-1 trigger is implemented in hardware. It receives data from the detectors every � EMBED Equation  ���, and analyses it in a custom-designed pipelined processor, each processing step being limited in time to 25 ns to ensure the trigger is continuously sensitive. The level-1 trigger receives information from the muon spectrometer and the calorimeters. 





The elements of the level-1 calorimeter trigger are shown in figure B2.5. Analogue signals from the calorimeter elements are summed on the detector to form trigger towers. These signals pass to front-end modules, where analogue-to-digital conversion is done and timing synchronistion and bunch-crossing identification carried out. The information then goes to cluster-processing modules, where searches are done for electron, photon or single-hadron candidates by cluster processing. Parallel processors then search for jets, count clusters and find missing transverse energy. Events satisfying defined criteria are selected for further processing.





The level-2 trigger is controlled through software and implemented with commercially produced processors within a customised architecture using optimised technologies. The level-1 trigger provides level-2 with information on regions of interest in events. This reduces the amount of information required by level-2, and hence its processing power, and minimises the movement of data. Level-2 combines together inputs from the inner tracking, calorimeters and muon detectors to find track segments and to measure their transverse momentum. With access to full precision information from the calorimeters and information on tracking, the level-2 trigger can make an improved selection of interesting interactions.





Within ATLAS, UK groups have particular responsibility for important parts of both the level-1 and level-2 trigger projects, as detailed in Annex 2C.





Composition and Organisation of the ATLAS Collaboration





The ATLAS Collaboration consists of some 1700 scientists and engineers from 145 institutes in 35 countries. The composition is shown in the pie chart in figure B2.6. A full account of the management structure, organisation and procedures can be found in Annex 5 of the Memorandum of Understanding.





The complete project is divided into a number of sub-systems, each similar in scale and complexity to an entire LEP detector, and each having its own Project Leader elected for two years by the System Institute Board which consists of one person from each of the participating institutes in that sub-system. The Project Leader is assisted by a Steering Group whose members are nominated after broad consultation and elected by the Institute Board.





Each sub-system is represented on the Executive Board, which is the main managerial body, by its Project Leader with additional members according to the size of the sub-system (see figure B2.7). The Executive Board is chaired by the Collaboration Spokesperson, and also has as members the Deputy Spokesperson(s), the Technical Coordinator, the Resource Coordinator, and (ex-officio) the Chairperson and Deputy Chairperson of the Collaboration Board. 





The Collaboration Board is the governing body of ATLAS, with one representative per institute. It meets less frequently than the Executive Board and is responsible for making all major decisions in the collaboration, which are first discussed in a plenary meeting. Its Chairperson is assisted in the preparation of the business by an Advisory Group whose members are nominated to provide a balanced range of advice. The Chairperson/Deputy Chairperson is elected for a total of four years, spending the first and fourth years as Deputy and the middle two years as Chairperson to provide overlap with the previous and next Chairpersons. The spokesperson is elected for a period of three years (renewable) and may nominate one or two deputies. The Technical and Resource Coordinators are each elected for a period of two years (renewable). All of the above post-holders and all members of the Executive Board are elected by the Collaboration Board which also approves all other appointments.





The ATLAS Resource Review Board is the body that approves the allocation of funds in response to proposals made by the Collaboration. It is composed of members of the national funding agencies, the CERN management and the ATLAS management, and is chaired by the CERN Director of Research. There are also regular meetings of national Contact Physicists chaired by the ATLAS Resource Coordinator to discuss resource issues.





The management and organisational structure contains many individual management tasks. Clearly-defined mandates are written for each of these to ensure unambiguous responsibilities.





The overall construction, installation and commissioning of ATLAS is formalised in a system using a Product Breakdown Structure (PBS) and a task list which together produce a Work Breakdown Structure (WBS). The WBS consists of work packages which together fully describe the complete project.





Overview of the CMS Detector





General Layout





A cutaway view of the CMS detector is shown in figure B2.8. There is a ‘barrel’ region with the detector subsystems arranged in coaxial cylinders around the beam pipe, and there are two planar ‘endcaps’ to complete the solid-angle coverage. The proton beams collide at the centre of the detector, which has a length of 21.6 m, a diameter of 14.6 m and a total weight of 14500 tons. At the heart of the design is a superconducting solenoid, with a free internal volume 13 m long and 5.9 m in diameter, containing a uniform magnetic field of 4 T. The large aspect ratio (length/radius) of the coil and the very high magnetic field allow efficient muon detection and measurement down to small angles with respect to the beams, without the need for forward toroids. The inner coil radius is large enough to accommodate both the inner tracker and the calorimeters. The magnetic flux is returned via an iron yoke instrumented with muon chambers. The 1.6 m thick yoke is fully saturated by the return flux, and is deep enough to allow a safe and powerful trigger on muons.





The Solenoidal Magnet





The design of the CMS solenoid exploits techniques developed in the construction of large superconducting solenoids for ALEPH and DELPHI at LEP and H1 at HERA. The main features which have led to the high quality and reliability of these large coils are the use of indirectly cooled conductor stabilised with high-purity aluminium, together with full epoxy impregnation. However, a large increase in the magnetic field, Ampere-turns, forces and stored energy (2.5 GJ) have necessitated some changes for CMS. In particular, a four-layer winding has been adopted which uses a novel, large cross-section conductor reinforced with aluminium alloy. The design and costing of the CMS magnet has been extensively reviewed by independent experts, and the Technical Design Report has been approved by the LHC Committee and the CERN Research Board.





The Inner Tracking System (Tracker)





The inner tracking system has been designed to achieve efficient reconstruction and precise momentum measurement of charged tracks in the high-multiplicity environment expected at the LHC. The tracking volume is a cylinder, 6 m long and 2.5 m in diameter. The detectors deployed in the outer radial region are microstrip gas chambers (MSGCs) with detection electrodes which are 25 cm long, spaced at 200 mm intervals. (CMS has pioneered the development of these high precision, relatively low-cost devices, in a form which will survive for ten years in the harsh conditions at the LHC.) At smaller radii, silicon microstrip detectors with a readout pitch of 50 mm will be used. In the region closest to the beam pipe, where the density of tracks is very high, there will be silicon detectors with the readout electrodes arranged as 125 mm square ‘pixels’. The silicon devices will be separated from the MSGCs by a thermal envelope and will be maintained at a temperature of –5 °C to reduce the effects of radiation damage to an acceptable level. There are more than 10 million channels of microstrip detector and almost 100 million pixels.





The very high data rates place challenging demands on the design of the readout electronics of the tracker, and this is an area where the UK has played a leading role in CMS. The readout architecture is shown in figure B2.9. A front-end chip, custom designed in radiation hard technology, amplifies the signals and stores them in an analogue pipeline memory before processing the information and transmitting it through an optical link to the digitisation electronics located 100 m away. Multiplexing circuits enable each optical link to service 128 detector channels. A crucial element in the optical link is the transmitter, which is mounted on the detector and must therefore be radiation hard and dissipate little power. Following extensive R&D, an edge-emitting semi-conductor laser has been chosen for this device.





The Electromagnetic Calorimeter (ECAL)





A central objective for CMS has been to incorporate a very high-resolution electromagnetic calorimeter in the design, and the UK groups have played a leading role in achieving this goal. Since the best available technique for measuring photon and electron energies with high precision is based on dense scintillating crystals, an ECAL has been developed which uses lead tungstate (PbWO4) as the active medium (a material never used before in particle physics) (figure B2.10). Compared to alternative crystals, lead tungstate has the tremendous advantage of high average atomic number, and very high density. This enables the calorimeter to be compact (the crystals are just 230 mm long) yet still trap almost all the energy of electromagnetic showers. Furthermore, the lateral spread of showers is correspondingly small, permitting a design with fine granularity (cell size 25 x 25 mm2), thus improving the discrimination between isolated photons from Higgs decays and pairs of closely spaced photons from the abundant π0 background. The relative compactness of the calorimeter reduces its cost and makes optimal use of the tightly constrained volume inside the superconducting solenoid. There are approximately 60,000 crystals in the barrel section (inner radius 1.3 m) and 20,000 in the two endcaps. In both sections the crystals are tapered so that they point towards the beam collision region.





The main reason that lead tungstate has not been used in previous experiments is its low light yield, which makes precise measurement of the optical signal difficult, especially in a strong magnetic field. In CMS, the calorimeter is located inside the solenoid to minimise degradation of the energy resolution caused by inert material in front of the crystals. CMS is therefore developing new optical sensors in collaboration with industry (including Electron Tubes in the UK), which have gain and which will work in an intense magnetic field. In the barrel region, the scintillation light will be detected by pairs of avalanche photodiodes which have a total sensitive area of approximately 50 mm2 and are operated with a gain of 50. In the endcap regions, where radiation levels will be much higher, vacuum phototriodes will be used. These are single-stage phototubes with a gain of about 10 and are based on devices originally developed by a UK group for the OPAL experiment at LEP.





The Hadron Calorimeter (HCAL)





A crucial consideration in the design of the hadron calorimeter has been to ensure that it is ‘hermetic’ and will not allow high-energy hadrons to leave the detector unobserved. It therefore consists of three distinct sub-systems. In common with other sub-detectors it has barrel and endcap parts and, in addition, forward calorimeter sections cover the regions at very small angles with respect to the beam directions. The barrel and endcaps are sampling calorimeters consisting of layers of plastic-scintillator tiles interleaved with copper absorber plates. (The absorber must be non-magnetic since the calorimeters sit inside the 4 T field of the solenoid.) The light from the scintillator tiles is collected in embedded fibres which shift the wavelength and transport the light to hybrid photodetectors. The photodetectors are located outside of the calorimeters, but still within the 4 T field. The embedded-fibre technique is mature and has been used in the CDF experiment at Fermilab and in OPAL at CERN.





The absorber plates are 50 mm thick in the barrel and 80 mm thick in the endcap. The number of sampling layers varies between 17 and 20 depending on position. Transverse segmentation is achieved by choosing appropriate sizes for the scintillator tiles. The readout fibres are bundled so that groups of tiles form projective towers pointing towards the interaction region. The information from the HCAL must be combined with that from the ECAL to measure the total energy of hadrons. Test beam measurements have confirmed computer predictions that the energy resolution of the combined system is entirely adequate to meet the physics goals.





The forward calorimeters use fibres made of quartz (one of the most radiation hard transparent solids known) as the active medium, embedded in a matrix of copper. Charged particles produce Cherenkov light in the fibres, some of which is captured by total internal reflection, channelled to external phototubes and recorded within a time window of 10 ns. Extreme radiation hardness and fast response are crucial in these forward regions where the particle flux is very intense.





The HCAL Technical Design Report has been submitted and approved by the LHC Committee and the CERN Research Board.





The Muon Detection System 





In the barrel region there are four identical muon-measuring stations inserted at different depths in the iron return yoke. Each station has 12 planes of Drift Tube Chambers (DTC), designed to give a muon vector in space with 100 mm precision in position and better than �1 mrad in direction. The readout electronics includes circuitry to give precise timing information and to provide a trigger. The DTCs are complemented with Resistive Plate Chambers (RPC) which enhance the robustness of the system by providing independent timing and triggering information.





There are a further four muon stations embedded in both of the endcaps of the iron yoke. Each station consists of six planes of Cathode Strip Chambers (CSC), complemented with RPCs. CSCs are used in the endcaps since they are able to handle the higher counting rates and withstand the magnetic fields which will be experienced in these regions. The CSCs are arranged in the form of pie-shaped wedges with an angle of 10° (20° for the innermost chambers).





The Trigger and Data Acquisition System





The trigger and data acquisition system consists of four parts: the front-end detector electronics, the calorimeter and the muon first-level trigger processors, the readout network, and an on-line event filter system. The first two parts must be based on specially designed circuits. However, with the architecture chosen, the second two parts can use industry standard communication components and commercial RISC processors. Thus the resources that would have been required if a dedicated hardware second-level trigger had been incorporated in the design will be invested in a high-bandwidth readout network (transferring the equivalent of 500 encyclopaedias per second) and in a powerful event filter. An attractive feature is that both the network and the filter may be implemented in stages, and thus benefit from developing technology.





The UK is contributing to both the trigger and data acquisition systems, in areas closely related to its main projects: the tracker readout electronics and the ECAL. The UK has responsibility for the Global Calorimeter Trigger (GCT) which is a vital element in the CMS triggering system. It consists of two crates of electronics: one crate will sort the information coming from the calorimeters (via Regional Trigger Crates) to find the electrons and ‘jets’ of hadrons with the highest transverse energy, the second crate will determine energy sums and perform other calculations.





Composition and Organisation of the CMS Collaboration





The CMS Collaboration consists of some 1600 scientists and engineers from 150 institutes in 32 countries. The composition is shown in the pie chart of figure B2.11. A federal approach has been adopted to define the organisational structure for this very large project. Thus each sub-system (similar in scale and complexity to an entire LEP experiment) is controlled by its own Technical Board under the leadership of a Project Manager. All important technical and financial decisions require endorsement by an Institution Board whose membership includes a representative from every group participating in the sub-system.





Coordination and control of the entire CMS project is provided by four federal bodies: the Collaboration Board, the Management Board, the Finance Board and the Technical Board. The Collaboration Board is the governing body of CMS and is responsible for making all major decisions within the collaboration. The Chairperson of the Collaboration Board is, ex officio, a member of several other bodies, most notably the Management Board. 





The Management Board is responsible for directing the CMS project and drawing up policy. It is chaired by the Spokesperson. All important Management Board decisions must be submitted to the Collaboration Board for ratification. A Steering Committee of the Management Board meets more frequently than the full Board and is responsible for the ‘hands-on’ administration of the project. The composition of the Management Board is shown in figure B2.12.





The Management Board is assisted in its tasks by the two other Federal Boards. The Finance Board, chaired by the Resource Manager, is responsible for the financial and administrative aspects of the project. The Technical Board, chaired by the Technical Coordinator, is responsible for coordinating effort and directing the technical aspects of CMS as a whole. The Resource Manager, Technical Coordinator and the CMS Project Engineer are supported by a Project Office, located at CERN. The overall construction, installation and commissioning of CMS is formalised in a system using a Product Breakdown Structure (PBS) and a task list which together produce a Work Breakdown Structure (WBS). The WBS consists of work packages which together fully describe the complete project.





The Chairperson of the Collaboration Board and the Spokesperson are elected for three year (renewable) terms of office by the Collaboration Board. The Project Managers are nominated by the Spokesperson, in consultation with the appropriate sub-system Institution Board. They hold three year (renewable) terms of office. The Resource Manager and Technical Coordinator are nominated by the Spokesperson, after consultation with CERN. The nominations require the endorsement of the Collaboration Board. The Resource Manager and Technical Coordinator have three year (renewable) terms.





The CMS Resource Review Board is the body that approves the allocation of funds in response to proposals made by the collaboration. It is composed of members of the national Funding Agencies, the CERN Management and the CMS Management, and is chaired by the CERN Director of Research. 





A full description of the management structure, organisation and procedures can be found in the CMS Constitution which will be attached as an Annex to the Memorandum of Understanding. The structure is a logical extension of the approach adopted for building the ALEPH, DELPHI and OPAL experiments at LEP, which had strong UK contributions. These experiments were built on time and within budget.








ANNEX 2C: THE ROLE OF THE UK TEAMS





Overview of UK Responsibilities in ATLAS





The UK groups in ATLAS are working on three areas of the detector: the Semi-Conductor Tracker (SCT), the Level-1 Calorimeter Trigger, and the Level-2 Trigger. All three projects are highly demanding both intellectually and technically. In all three, UK physicists retain prominent positions and are well-placed to take leading roles in the construction, commissioning and eventual operation of the experiment.





For the SCT design and construction, the UK groups have emerged as one of the most effective groupings in ATLAS. As a result, a significant fraction of the SCT detector will be produced and assembled in the UK. One silicon barrel and four forward disks will be built completely by the UK, accounting for a significant part of the complete central tracker. Additional silicon modules will also come to the UK for assembly into a second barrel and two additional disks. 





The centre of activity on the level-1 calorimeter trigger will be in the UK, with significant contributions from German and Swedish collaborators. The trigger processor itself has been conceived in the UK and will be largely designed, built and tested here. The UK groups involved are the accepted ATLAS experts in this field. 





The level-2 triggering is both critical and difficult. Without powerful rejection at level-2, the efficiency of ATLAS for selecting and recording potentially interesting events would be strongly reduced. Processing power is important, and will improve in capacity as new processor technologies emerge. The most difficult problems are those of fast networking and buffering, and designing an architecture which is capable of doing the job required. UK physicists are playing an important role here. The level-2 triggering work complements the level-1 work. The combined trigger activities represent a coherent picture, as the dialogue between the levels is crucial for the success of the overall triggering philosophy of ATLAS.





SCT (Semiconductor tracker)





UK institutes participating in the SCT work are the universities of Birmingham, Cambridge, Glasgow, Lancaster, Liverpool, London QMW, London UC, Manchester, Oxford, Sheffield, and RAL. UK groups have been responsible for a large part of the research and development required to define the chosen technologies for the SCT:





Development of radiation tolerant silicon detectors.


Development of front-end binary readout architecture with immunity to single-point failures.


Development of radiation tolerant opto-electronic data links.


Development of a new precise alignment technique based on Frequency Scanned Interferometry.





The UK contribution to the realisation of the SCT project is critical, being the largest in terms of funding, effort, and facilities. It builds on the high level of expertise and infrastructure which exists within the UK in the universities and at RAL. The UK has principal responsibilities within the SCT in all the areas of technical development, construction, assembly, commissioning, engineering and project leadership. (Both the SCT and Inner Detector Project Leaders as well as the Project Engineer are from the UK). 





Collaboration between all the groups contributing towards the design and construction of the SCT is at a very high level. Because of their responsibilities in many areas of the SCT project, the UK groups play a central role, and are able to match the UK commitments to the resources available.





The UK construction responsibilities which have emerged from this process are described in detail in the TDR and in the MOU (in preparation). The construction is distributed, with regional clusters taking responsibility for a share of the total number of silicon modules. 25% of these modules will be constructed by UK groups. Within the UK, this work is further subdivided into the construction of barrel and forward modules. 





The regional cluster involved in the barrel part of the SCT consists of Birmingham, Cambridge, Oxford, QMW and RAL. Module making and bonding will take place at RAL, with the universities supplying tested components: Birmingham (populated hybrids), Cambridge (silicon wafers); London QMW (front-end electronics and precision assembly jigs). The completed modules will be thermally cycled and fully tested in all institutes. The final assembly into a barrel, and alignment will be done by Oxford. 





The regional cluster involved in the forward part of the SCT consists of Glasgow, Lancaster, Liverpool, Manchester, RAL, Sheffield and London UC. Module making and bonding is shared between Glasgow, Liverpool and Manchester. The five different types of wafers will be supplied from Lancaster and Sheffield, hybrids equipped with front-end electronics from RAL, with precision jigs from Manchester and UCL. The assembly of modules into disk sub-assemblies is the responsibility of Manchester and Liverpool.





The completed modules will be assembled to form one complete barrel and four complete forward wheels, and full alignment and system tests will be carried out in the UK. The latter will require complete readout, cooling and safety controls, together with low-temperature enclosures. The expertise within the UK in silicon detectors and engineering, coupled with extensive infrastructure and the necessary alignment techniques, has led to the UK being selected as the natural centre for the pre-assembly and testing of a large part of the SCT before the complete detector finally comes together at CERN. The current plan envisages at least two of the four barrels being assembled and tested in the UK, and six of the forward wheels assembled on their space frames. 





In addition to the work in making and assembling the SCT modules, the UK is responsible for the design, construction and commissioning of much of the cooling system of the SCT (RAL), of the alignment systems for the detector (Oxford), of the datalinks and associated electronics (Birmingham, Oxford, RAL), and of the off-detector readout electronics and data acquisition (Cambridge, Oxford, UCL, RAL).





Deliverables for the capital phase:


	


Item 1) 	Two fully-assembled and tested barrels (out of a total of four).


	


Item 2)	Six fully assembled and tested forward wheels (out of a total of eighteen).


	


Item 3)	25% of the silicon modules, data-links and readout.


	


Item 4)	Major parts of the alignment system, support structure, and cooling.





Level-1 Calorimeter Trigger





UK institutes participating in the level-1 work are the universities of Birmingham, London QMW, and RAL.





The UK groups were responsible for the initiation of the level-1 calorimeter trigger project within ATLAS. The UK is responsible for the most challenging and central part of the trigger, the electromagnetic cluster-finding. This represents the heart of the level-1 calorimeter trigger processor, in that it also provides the signals required by all the subsequent level-1 trigger stages, including jet-finding, missing-ET, sum-ET and single-hadron triggers. (The � EMBED Equation  ��� calorimeter trigger coordinator is from the UK.)





Of the sub-triggers, the missing-ET, sum-ET and the single-hadron triggers are also the responsibility of the UK groups. These sub-triggers are closely related to the cluster-finding logic. 





The design of the very fast, very high bandwidth electronics required will be undertaken by engineers from RAL and Birmingham. Manufacture of the various electronic modules will be done in UK industry. Custom software to evaluate, and subsequently monitor the performance of the modules and the complete processor, will be written by physicists from RAL, Birmingham and London QMW. 





The interface between the trigger processor and the ATLAS detectors will be designed and built in Heidelberg, and the jet-finding modules designed and built in Stockholm.





Deliverables for the capital phase:





Item 1) 	Electromagnetic and single-hadron cluster-finding processor.


	


Item 2)	The multiplicity trigger for electromagnetic clusters.


	


Item 3)	The multiplicity trigger for single hadrons.





Item 4)	The missing-ET trigger.


	


Item 5)	The sum-ET trigger.





Level-2 Trigger





UK institutes participating in the level-2 work are the universities of Edinburgh, Liverpool, London RHBNC, London UC, Manchester, and RAL.





The level-2 trigger and DAQ system will rely heavily on commercial items. These commercial items come from the rapidly developing field of networks and fast data processing, where prices are falling and performance increasing with time. The detailed system design, and the purchase of these items, will be delayed as long as possible, consistent with the time needed fully to commission and integrate systems of this complexity. These factors are built into the project planning and cost estimates. 


 


The current design and costing model for the level-2 trigger is based on a two stage processing strategy. The first stage, referred to as local or feature extraction processing, is centred on individual sub-detectors. There are separate local systems for the SCT (including pixels), the TRT, the calorimeters and the muon chambers. The second stage, global processing, combines the elements of feature extraction produced by the local processors to form an overall picture of the interaction. This is compared with the expectations for an interesting physics collision, and on this basis the interaction is accepted or rejected at level�2.





The UK groups will take shared responsibility for the provision of the SCT buffers, SCT local system, and the global system. The large UK contribution to the SCT, our trigger activity and responsibilities to this area makes the incorporation of the SCT information into the level-2 trigger easy to coordinate, and maximises efficiency. 





The development programme in buffers, networks and processors is well matched to the experience and expertise of the UK groups. 





Deliverables for the capital phase:





Item 1) 	50% SCT buffers.


	


Item 2)	50% SCT local system.


	


Item 3)	50% SCT global system.








Overview of UK Responsibilities in CMS





The UK involvement in CMS is concentrated in two areas: the electromagnetic calorimeter (ECAL) and the readout of the inner tracking detector. British physicists have contributed to these subsystems from the early days of CMS; they have been responsible for defining the basic design criteria and have developed much of the technology that underpins the projects. As a result, members of the UK community now occupy senior positions within the CMS organisation and will play a prominent part in directing the projects through the construction phase.





The importance of incorporating a high-performance electromagnetic calorimeter within CMS was first recognised by UK physicists, and they have played a central role in demonstrating the feasibility of a design based on lead tungstate crystals instrumented with avalanche photodiodes (APDs). The UK groups have extensive experience in the design, construction and operation of large ECAL systems, gained through work on the OPAL experiment at LEP and elsewhere. Its therefore natural that they have taken lead responsibility for the design and construction of an important part (the Endcap sections) of the CMS ECAL. Furthermore, they have recently demonstrated that vacuum phototriodes (VPTs), first developed by one of the UK groups for OPAL, have significant advantages over APDs in this region of the detector. UK involvement in the ECAL extends into the crucial area of triggering, where the Bristol group has responsibility for designing and providing the Global Calorimeter Trigger modules, building on the experience gained working on ZEUS at HERA.





The principal role of the UK groups in the CMS tracker is in the provision of the readout system of the microstrip tracker, which will contain approximately 12 million channels of analogue electronics, distributed approximately 2:1 between MSGC and silicon detectors. This is an extremely challenging project; the large number of channels, high data rates, intense levels of radiation and the need for very good timing resolution have demanded novel technological solutions. The CMS design was proposed and defined by UK physicists based on their work on front-end analogue chips within the framework of an extensive R&D project (CERN code: RD20). The UK responsibilities also embrace the front-end of the data acquisition system, where one of the groups has extensive expertise, gained from work on H1 at HERA.





 Electromagnetic Calorimeter (ECAL)





The UK contribution is focused on the endcap detectors, which represent 35% of the total crystal ECAL project, and the Global Calorimeter Trigger (GCT). The institutes involved are Bristol University, Brunel University, Imperial College (ICSTM) and Rutherford Appleton Laboratory (RAL), working in close collaboration with several non-UK groups. UK physicists and engineers hold key leadership roles in the endcap project including those of Project Coordinator and Project Engineer. Bristol University, working with engineers at RAL, has sole responsibility for the GCT.





The crystal ECAL endcap tasks can be broken down to three main areas of activity:





The assemblies (supercrystals) which house lead tungstate crystal scintillators and photodetectors.





The endcap support plates which hold the supercrystals in position.





The modular readout electronics which are mounted on the rear surface of the support plate. 





The UK is leading and coordinating the design in all three areas.





The Global Calorimeter Trigger (GCT) is a vital element in the CMS triggering system. It consists of two crates of electronics: one crate will sort the information coming from the calorimeters (via Regional Trigger Crates) to find the electrons and ‘jets’ of hadrons with the highest transverse energy, the second crate will determine energy sums and perform other calculations.








Deliverables for the capital phase:


	


Item 1) 	The assembly and test of all endcap supercrystal assemblies;


	The purchase of the connectors and housings for half of the assemblies;


	Test-beam appraisal of supercrystals at CERN.





Item 2) 	The design of the endcap support plates, in collaboration with non-UK groups and 	the purchase of two (out of four) of these. 





Item 3) 	The design of the physical layout and packaging of ECAL readout electronics and 	optimisation of the preamplifier, for application on the endcaps.





Item 4) 	Final assembly and commissioning of the endcaps at CERN.





Item 5) 	The design, construction and commissioning of the Global Calorimeter Trigger, 	together with the associated ancilliary equipment. 





The construction and testing of endcap supercrystals in the UK will require the preparation of dedicated areas at ICSTM and RAL, equipped with the necessary tooling and diagnostic instrumentation. Further diagnostic equipment will be procured for use at Bristol and Brunel universities.





The endcaps will be assembled at CERN. The mounting of the supercrystals to the endcap support plates, and the connections to the modular electronics, will be carried out by UK physicists, engineers, technicians and students in collaboration with non-UK ECAL groups. The work to be undertaken at CERN will require relatively little effort compared to the task of building the supercrystals in the UK.





The Tracker Readout System





The components of the readout and control system are shown in figure B2.9. The major responsibilities are shared between the UK groups (Brunel, ICSTM, and RAL) and CERN, with significant additional contributions from France, Germany and Italy. Other groups will also contribute to its implementation, e.g. in the development and production of hybrids and detector modules. The UK has leading roles in these areas: a physicist from ICSTM is Electronics Coordinator, with responsibility for all aspects of CMS electronics, and a RAL physicist is Coordinator for both the software and the readout facets of the DAQ system.





Front-end electronics





The UK has had the major responsibility for the design and development of the front-end chips and will undertake the purchase of about 20% of the total number required. Production phases for the chips are assumed to extend over three years. The timescale is determined by the profile of available funding, and the need for acceptance testing to keep pace with production. The foundries would be capable of much faster production rates.





Wafer testing of each chip will begin in 1998. The UK groups have three automatic probe stations which can be used. The majority of the day-to-day work will be carried out at RAL; the principal task will be to load wafers, set the system in operation and scrutinise and catalogue the results. The ICSTM station will be identical and carry out production work but will be switched to specialised tests or trouble shooting as required.





Once known good dice have been identified, batches of wafers will be assembled and sent for cutting. Chips will then be distributed to other CMS centres for assembly onto hybrids and then retested, automatically. The UK will take responsibility for hybrids for the barrel section of the silicon detector. This corresponds to one third of the total number of channels in the tracker, and about half of the total silicon channels.





Front-end driver





The front-end driver (FED) is being designed in the UK, building on experience gained from a similar project for the H1 experiment at HERA. The UK plans to purchase 200 of these units (about 30% of the total number). The design phase will last for about two more years. Then work switches from design to evaluation, with a mixture of software and hardware skills required. Because of conformance to a commercial standard, units can be evaluated without major effort to construct special test equipment.





FED evaluation tasks to be undertaken in UK institutes will mainly be implementation of the modules, requiring software and microcode development, and studies of the performance. In the final phase of construction, the FED effort will be almost entirely evaluation and integration.





Purchase of the bulk of the FEDs will be delayed as long as possible in order to match expenditure to the funding profile. Pre-prototypes will be obtained ahead of the main purchase for evaluation purposes. Test effort therefore rises again during the commissioning period, for which RAL Technology Department support is essential. This will be supplemented by a gradually increasing effort in the universities over the next few years.





In addition to the tasks already described, the UK will contribute during the later stages of the period to the readout, control and data acquisition areas. Many of the tasks, such as calibration and synchronisation of the system, require an intimate knowledge of the front end chip operation, so it is essential that the UK groups should take responsibility. 





Deliverables for the capital phase:


	


Item 1) 	Procurement and testing of 20% of front-end chips.





Item 2) 	Assembly and testing of 50% of the front-end hybrids for the barrel silicon 	detector. 





Item 3) 	Design of the Front-End Driver modules.





Item 4) 	Procurement and testing of 30% of all Front-End Driver modules.


�
UK Leadership in ATLAS and CMS





UK physicists and engineers occupy a number of leading positions in both the ATLAS and CMS collaborations. The titles and holders of the most senior posts are listed in table A1.





ATLAS�
�
Prof J Dowell


(Birmingham)�
Chairman of Atlas Collaboration Board


Member of Atlas Executive Board�
�
Dr MA Parker


(Cambridge)�
ATLAS Inner Detector Project Leader


Member of Atlas Executive Board�
�
Dr M Tyndel


(RAL)�
ATLAS Semiconductor Tracker Project Leader


Member of Atlas Executive Board�
�
Mr G Tappern


(RAL)�
Project Engineer for the ATLAS Inner Detector�
�
Dr P Allport


(Liverpool)�
Member of the ATLAS Semiconductor Tracker Steering Group


Special responsibility for Silicon Strip Detectors�
�
Dr C Buttar


(Sheffield)�
Member of the ATLAS Semiconductor Tracker Steering Group


Joint special responsibility for irradiation tests�
�
Prof A Carter


(QMW London)�
Member of the ATLAS Semiconductor Tracker Steering Group


Special responsibility for module co-ordination�
�
Dr JR Carter


(Cambridge)�
Member of the ATLAS Semiconductor Tracker Steering Group


Joint special responsibility for irradiation tests


Member of the ATLAS Collaboration Board Chairman’s Advisory Group�
�
Dr R Nickerson


(Oxford)�
Member of the ATLAS Semiconductor Tracker Steering Group


Special responsibility for alignment�
�
Dr J Pater


(Manchester)�
Member of the ATLAS Semiconductor Tracker Steering Group


�
�
Dr S Haywood


(RAL)�
Member of the ATLAS Inner Detector Steering Group�
�
Dr E Eisenhandler


(QMW London)�
Co-ordinator of the ATLAS Level-1 Calorimeter Trigger


Member of the ATLAS Trigger/DAQ Steering Group�
�
Dr F Wickens


(RAL)�
Member of the ATLAS Trigger/DAQ Steering Group�
�
Dr S Fisher


(RAL)�
Member of the ATLAS Computing Steering Group�
�
Dr S O’Neale


(Birmingham)�
Member of the ATLAS Computing Steering Group�
�
CMS�
�
Prof TS Virdee 


(ICSTM/CERN)�
Deputy Spokesperson


Member of CMS Management Board and Steering Committee�
�
Prof RM Brown


(RAL)�
Chairperson of Collaboration Board


Member of CMS Management Board and Steering Committee�
�
Dr G Hall


(ICSTM)�
CMS Electronics Co-ordinator


Member of CMS Management Board�
�
Dr DJA Cockerill


(RAL)�
Co-ordinator, ECAL Endcap project


Member of ECAL Technical Board�
�
Mr JF Connolly


(RAL)�
Project Engineer, ECAL Endcap project�
�
Dr C Seez


(ICSTM)�
Co-ordinator, ECAL simulation and software�
�
Dr WJ Haynes


(RAL)�
Co-ordinator, DAQ readout and DAQ software


�
�
Dr KW Bell


(RAL)�
Member of CMS Software and Computing Board


�
�
�
�



Table A1: Senior positions held by UK physicists and engineers in ATLAS and CMS.
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