Bunch-Crossing Identificationfor the ATLAS Level-1Calorimeter TriggerbyIan Paul Brawn.A thesis submitted to the Faculty of Scienceof The University of Birminghamfor the degree ofDOCTOR OF PHILOSOPHY.School of Physics and Space Research,The University of Birmingham,June 1996.

SynopsisAs part of the design studies for the ATLAS level-1 calorimeter trigger, the process ofBunch-Crossing Identification (BCID) has been studied. Various digital BCIDalgorithms have been investigated using software simulation. The results of theseinvestigations are presented here. They show that BCID can be performed with goodefficiency for pulses corresponding to energy deposits down to a few GeV (~4 GeV).A hardware demonstrator system has been constructed which performs BCID on 36channels of trigger data. The BCID algorithms are implemented in Field-Programmable Gate-Arrays. This has allowed a number of BCID algorithms to betested in hardware at a CERN test beam. The design of the BCID demonstrator moduleis presented here, and the off-line analysis of the data recorded at the test beam isdescribed. The results show BCID being performed with a level of efficiency which isacceptable for the level-1 trigger system.All of the data analysis described in this thesis is my own work, except whereexplicitly stated otherwise. The hardware BCID module which is described inchapter�6 was designed entirely by myself.

AcknowledgementsThere are many people I would like to thank....For their guidance, friendship and supervision I would like to thank my twosupervisors: John Garvey and Viraj Perera.For their guidance, friendship and help in taming the beast described in chapter 6, Iwould like to thank Bob Hatley and Jason Leake.For their guidance, friendship and miscellaneous help, I would like to thank thefollowing people (in alphabetical order): Christian Bohm, Richard Carney, BrianClaxton, Adam Connors, John Dowdell, John Dowell, James Edwards, Nick Ellis, EricEisenhandler, Norman Gee, Steven Hillier, Murrough Landon, Giles Lewis, MikePentney, Steve Quinton, David Rees, Tara Shah, Richard Staley, Alan Watson.For their lack of guidance, friendship and the occasional beer I would like to thank thefollowing people (in roughly chronological order): Paul �Spike� Young, Karl �StoneFace� Hughes, J. Paul �User� Davies, Paul �Dr Reef� Newman, Mark �007� Pearce,Manish �Six Pints� Odedra, David �Boy Racer� Allen, Eithne �Partytime� Kane, Paul�Spaceboy� Hatswell, Mark �Scary Grin� Smith, Carl �Action� Mannering, James�Genghis� Hunt, Huw �Monkey� Morris, Keith �Vaudeville� Norman, David �BlueRinse� Evans, Steve �Beers and Bikes� Oglesby, Mark �Baggy� Venebles, Tim�Macman� Nicholls, James �Behaving Badly� Bloomer, Vicki �Strangely Female For APhysicist� Hudgson.For their love and financial support I would like to thank my family.For their music I would like to thank Nick Cave, Eddie Cochran and Leonard Cohen.That�s all. There are more names I could have added above and I mean no slighttowards anybody I have left off. To prevent this section extending indefinitelyhowever, I am forced to draw a line somewhere, so I�m drawing it here:Ian Brawn, May, 1996.

�babadalgharaghtakamminarronnkonnbronntonnerronntuonnthunntro-varrhounawnskawntoohoohoordenenthurnuk!�— James Joyce, Finnegans Wake.

Contents1. Physics Overview11.1. Introduction11.2. The Standard Model21.2.1. The Elementary Fermions: Leptons and Quarks21.2.2. The Gauge Bosons21.2.3. Gauge Field Theories31.2.4. Quantum Chromodynamics51.2.5. Electroweak Theory61.2.6. The Higgs Mechanism71.3. Beyond the Standard Model.101.3.1. Grand Unified Theories101.3.2. Supersymmetry121.4. Physics at the Large Hadron Collider132. The ATLAS Detector152.1. Introduction152.2. Coordinate Systems172.3. The Inner Detector172.4. Calorimetry.202.4.1. The Electromagnetic Calorimeter212.4.2. The Hadronic Calorimeter222.4.3. The Integrated Forward Calorimeter232.5. The Muon Spectrometer242.6. The Trigger262.6.1. The Level-1 Trigger272.6.2. The Level-2 Trigger292.6.3. The Level-3 Trigger303. The Level-1 Calorimeter Trigger313.1. Introduction313.2. Subtrigger Algorithms.323.2.1. The Electron/Photon Trigger32Local Cluster Identification32De-clustering and RoI Generation353.2.2. The Jet Trigger363.2.3. The Missing-Transverse-Energy Trigger37

3.3. Architectural Overview383.3.1. The Front-End Digitisation System383.3.2. The Optical Data Link393.3.3. The Trigger Processor System403.4. Trigger Implementation413.4.1. The Electron/Photon Trigger41The Optical-To-Electrical Multichip Modules41The Cluster ASIC42Data Fan-In/Fan-Out43De-Clustering443.4.2. The Jet Trigger453.4.3. The Missing-Transverse-Energy Trigger464. Bunch-Crossing Identification for the Level-1 CalorimeterTrigger484.1. Introduction484.2. Bunch-Crossing Identification Algorithms514.2.1. The Finite Impulse Response Filter524.2.2. The Peak Finder534.3. The Candidate Algorithms564.3.1. The Deconvolution Filter564.3.2. The Stand-Alone Peak Finder574.3.3. Zero-Crossing Identifier584.3.4. Constant Fraction Discriminator594.3.5. The Comparison of the Pulse with its Integral604.3.6. Peak-Sharpening Algorithms614.4. Conclusion615. BCID software simulation635.1. Introduction635.2. Test Beam Set Up635.2.1. April/May 1993635.2.2. November 1992645.3. Data Playback.645.4. Results655.4.1. November 1992655.4.2. April/May 199368The Stand-Alone Peak Finder70The Zero-Crossing Identifier73Constant Fraction Discriminator74

Comparison of the Pulse with its Integral77The Peak-Sharpening Algorithms775.5. Summary of results796. The BCID Demonstrator Module806.1. Introduction806.2. A Hardware Implementation of the BCID Algorithms806.3. Field-Programmable Gate-Arrays816.4. Implementation the BCID algorithms in an FPGA836.5. The BCID Board876.5.1. Clock Distribution and Timing886.5.2. Slow Control and Data Readout916.5.3. FPGA Configuration956.5.4. Board Layout977. Beam Tests1007.1. Introduction1007.2. Test Beam Set Up1007.3. A sample Event1027.4. Analysis of Test Beam Data1047.4.1. Hardware Tests1047.4.2. Evaluation of the BCID algorithms1057.4.3. CFM Output1138. Conclusion126Appendix A. A Note on the Conventions used to Describe FIR Filtersin this Thesis.128Appendix B. An Explanation of the Schematic Diagram for the FPGA-Based BCID Logic.131List of References136

List of FiguresFigure 1.1. The photo-electric effect: Feynman diagrams showing a) first order andb) third order contributions.4Figure 1.2. Radiative corrections to the bare electron term.5Figure 1.3. The calculated dependence of MW on Mtop in the Standard Model using theLEP value of MZ = 91.1895 – 0.0044 GeV, shown for Higgs masses of 50,250, 5000 and 1000 GeV. The width of the band for each Higgs mass doesnot include the uncertainty on a(MZ). The data point is at Mtop = 174 – 17GeV, MW�=�80.23�–�0.18 GeV, where the value for Mtop is from the CDFmass fit, while the value for MW is from direct MW measurements alone.9Figure 1.4. The variation of the coupling constants with Q, showing the speculativegrand unification of strong and electroweak interactions at Q ~Mx.11Figure 1.5. The decay of a proton via a leptoquark, X.11Figure 2.1. The ATLAS Detector.16Figure 2.2. The relationship of pseudo-rapidity (h) to the polar angle (q) and thez axis.16Figure 2.3. A quarter section of the ATLAS Inner Detector. The dimensions on thehorizontal and vertical axes are given in millimetres.18Figure 2.4. ATLAS Calorimetry.20Figure 2.5. The front face of the forward Calorimeter. The circle labelled RMindicates the Moli�re radius for em showers.23Figure 2.6. Quarter section of the ATLAS detector showing the positioning of themuon chambers. Light shades of grey indicate the precision chambersupport structures and dark shades of grey the precision chambermultilayers. Black lines show the trigger chambers.25Figure 2.7. The ATLAS Trigger System.26Figure 3.1. A Block diagram of the ATLAS level-1 trigger system.31Figure 3.2. The e/g trigger algorithm.32Figure 3.3. Background trigger rate for the e/g trigger due to QCD jets, versus thecluster threshold for |h| < 2.5 and luminosity 1034 cm-2s-1, with (lowercurve) and without (upper curve) making the isolation requirement statedin the text.34

Figure 3.4. The Global cluster-counting algorithm. A hit in the window R is countedprovided there are no hits in the shaded windows.36Figure 3.5. A jet window.37Figure 3.6. Components of the Level-1 calorimeter trigger.39Figure 3.7: Crate-level diagram of the ATLAS level-1 calorimeter trigger processor.40Figure 3.8: Electron/Photon Trigger Logic41Figure 3.9. MCM block diagram.42Figure 3.10. Input data to a cluster processing ASIC.43Figure 3.11. Data fan-in/fan-out for a cluster processing module.44Figure 3.12. Jet Trigger Logic.45Figure 3.13. The 5�·�3 block of jet cells which form the input to a single jet ASIC.46Figure 3.14. Missing-ET Trigger Logic47Figure 4.1. A typical pulse from the RD3 prototype Liquid-Argon AccordionCalorimeter, sampled at 40 MHz.48Figure 4.2. A hardware implementation of the FIR filter.53Figure 4.3. The effect of quantisation noise on low energy signals54Figure 4.4. The Hardware implementation of a peak-finding algorithm with thecriterion R1 < R2 > R3.55Figure 4.5. The deconvolution filter56Figure 4.6. The Constant Fraction Discriminator59Figure 4.7. The FIR coefficients required to implement a constant fractiondiscriminator. The width of Di corresponds to the number of timeslicesrequired to generate the delay Dt shown in figure 4.6. It is assumed in thisfigure that Di = 1. The pulses A, B and C referred to here are those shownin figure 4.6.60Figure 4.8. The FIR coefficients required to perform the comparison of the pulse withits integral.61Figure 5.1. Block Diagram of the calorimeter and trigger demonstrator system used inthe April/May 1993 beam tests.63Figure 5.2. Results from the BCID peak finder as a function of energy. Each graphshows the percentage of correct identifications (solid line), the percentageof incorrect identifications (dashed line), and the backgroundidentification rate (hatched area).71

Figure 5.3. A typical pulse from the RD3 prototype LAr calorimeter.72Figure 5.4. Pulse shape a) before FIR filter and b) after integration over three samples(unhatched area) and all samplings (additional hatched area).73Figure 5.5. Results from the zero-crossing identifier as a function of energy. Eachgraph shows the percentage of correct identifications (solid line), thepercentage of incorrect identifications (dashed line), and the backgroundidentification rate (hatched area).74Figure 5.6. The efficiency of the constant fraction discriminator as a function of thethreshold used.75Figure 5.7. The two convolutions necessary to implement a constant fractiondiscriminator with the values Di =�1 (Dt�=�1 timeslice) and X�=�1, and thesingle, transparent convolution to which they are equivalent.75Figure 5.8. Results from the constant fraction discriminator #2. Each graph shows thepercentage of correct identifications (solid line), the percentage ofincorrect identifications (dashed line), and the background identificationrate (hatched area).76Figure 5.9. Results from comparison of the pulse with its integral, using thecoefficients a) 1, 0, -1, and b) 1, 0, -1, -2. Each plot shows the percentageof correct identifications (solid line), the percentage of incorrectidentifications (dashed line), and the background identification rate(hatched area).77Figure 5.10. Results from peak sharpener #5. Each graph shows the percentage ofcorrect identifications (solid line), the percentage of incorrectidentifications (dashed line), and the background identification rate(hatched area).78Figure 6.1. Block Diagram of the BCID Logic.81Figure 6.2. XC4000 series FPGA Logic Block.82Figure 6.3. Schematic of BCID logic.84Figure 6.4. The BCID board. Logic is shown for channel 0 only.87Figure 6.5. BCID board clock tree.89Figure 6.6. Key to timing diagrams.90Figure 6.7. The timing of data from the front-end latches to the XC4008s.90Figure 6.8. The timing of data and address signals to the input and output memories.90Figure 6.9. Memory Access.93Figure 6.10. Signals used to control and monitor the FPGA configuration process.95

Figure 6.11. Layout diagram for the BCID board.98Figure 6.12 A photograph of a BCID board.99Figure 7.1. A block diagram of the BCID and trigger demonstrator system.100Figure 7.2. The area of calorimeter available to the trigger demonstrator.101Figure 7.3. The e/g trigger algorithm used by the CFM.101Figure 7.4. A sample of the data recorded by the demonstrator system for a singleevent.103Figure 7.5. Percentage of correct identifications produced by the stand-alone peakfinders. Results are shown for the peak-finding criteria indicated.108Figure 7.6. The incorrect identifications produced by the stand-alone peak finders,expressed as a percentage of the total number of test pulses of the heightindicated.109Figure 7.7. Percentage of correct identifications produced by all algorithms usingfilter coefficients -1, 0, 4, 0, -1. Peak-finding criteria are as indicated.110Figure 7.8. percentage of correct events for all algorithms using the peak-findingcriterion R1< R2 ‡ R3. FIR filter coefficients as indicated.111Figure 7.9. Results for the stand-alone peak finder (R1< R2 ‡ R3) with data recorded in1993 (dotted line) and as performed in real-time in 1995 (solid line). Bothsets of data were recorded using FADCs of sensitivity 0.9 GeV/count.112Figure 7.10. The energy measured by the CFM over a window of 4�·�4 trigger cellsfor a sample of 981 events. Distributions are shown for all events (dottedline) and for those events which produced a positive e/g hit result (solidline).113Figure 7.11. A map of the energy deposits produced in the calorimeter for a singleshower.115Figure 7.12. The largest energy deposit in a CFM cluster window for a sample of 981events. Distributions are shown for all events (dotted line) and for thoseevents which produced a positive e/g hit result (solid line).115Figure 7.13. The efficiency of the e/g trigger as a function of the cluster thresholdwhen BCID is not performed (solid line) and performed (dotted line). Thee/g trigger algorithm used to generate this plot is described in the text.117Figure 7.14. Hit results from the e/g trigger as a function of time. Plots are shown fora) data recorded before BCID and b) data recorded after BCID.117Figure 7.15. The resolution of the CFM energy measurement before and after BCID.Also shown is the predicted calorimeter resolution (lower dotted line).119

Figure 7.16. The Energy distribution for a sample of 297 events with the cutsindicated.120Figure 7.17. The mean discrepancy between energy measurements made before andafter BCID, as a function of the energy measured before BCID. Allmeasurements are made over an area of Dh�·Df�»�0.2�·�0.2, using atrigger cell granularity of Dh�·Df�»�0.05�·�0.05122Figure 7.18. The mean discrepancy between energy measurements made before andafter BCID, as a function of the energy measured before BCID. Allmeasurements are made over an area of Dh�·Df�»�0.2�·�0.2, using atrigger cell granularity of Dh�·Df�»�0.1�·�0.1122Figure A.1. A graphic representation of the FIR filter coefficients (ai) described in thetext.128Figure A.2. A graphic illustration of how two consecutive FIR filters can becombined and performed by a single FIR filter. The example shown hereis taken from section 4.3.5: The Comparison of the Pulse with its Integral.130Figure B.2. A schematic diagram of an FPGA-based BCID logic design. The FIRcoefficients used in this design are —1, 0, 4, 0, —1 and the peak-findingcriterion is R1 < R2 ‡ R3.132Figure B.3. The correspondence between the BCID logic-block diagram shown infigure B.1 and the more fundamental schematic diagram shown in figureB.2.133

List of TablesTable 2.1. Parameters of the inner detector. The values for the two low-luminosityvertexing layer options are given in parentheses.19Table 2.2. Some benchmark physics processes and their level-1 trigger criteria.27Table 2.3. Level-1 trigger rates at L = 1034 cm-2s-1.28Table 3.1. The efficiency of the two-cluster e/g trigger as a function of granularity fora number of key physics processes. All events contain two electrons orphotons with PT > 20 GeV within |h| < 2.5.36Table 5.1. The April/May 1993 test data.68Table 5.2. The number of test pulses as a function of pulse height.68Table 5.3. The BCID algorithms tested with the April/May test data.69Table 5.4. The Peak-finding criteria tested with the April/May test data.69Table 5.5. A comparison of the percentage of pulses identified incorrectly by aselection of BCID of algorithms.78Table 6.1. Modes of Operation for the BCID logic.85Table 6.2. The BCID algorithms implemented as FPGA designs.86Table 6.3. Access registers on the BCID module91Table 6.4. The Control and Status Register92Table 6.5. FPGA Control and Status Register94Table 7.1. Data used to evaluate the BCID algorithms.106Table 7.2. The BCID efficiency as parameterised for the Monte Carlo GEANTsimulations.123Table 7.3. Trigger thresholds required to produce 95 % trigger efficiency for electronsof 40 GeV with the BCID efficiencies indicated. Where two sets ofthresholds produce identical results, the alternative set of thresholds isshown in parentheses.124Table 7.4. The trigger rates produced by the isolation thresholds specified in table�7.3for a Monte Carlo simulation of 1289 QCD jet events at L=1034cm—2s—1.125Table 7.5. The effect of BCID (with a finite efficiency) on the jet-trigger thresholds.125Table B.1. The control inputs to the multiplexer shown in figure B.3.135

11. Physics Overview1.1. IntroductionThe study of particle physics is the study of matter at the most fundamental level; it isthe study of the elementary particles of nature and the interactions which they undergo.The current theoretical framework within which this study is conducted is known asthe Standard Model (SM) [1, 2]. The adoption of this model has brought a degree ofsimplicity and consistency to the field of particle physics which contrasts strongly withthe situation faced by physicists 30 years ago. At that time experiments were revealinga large �zoo� of different baryons and mesons, all of which were assumed to beelementary particles. Today these particles are seen as being composed from a smallerset of more fundamental particles — the quarks, which together with the leptons formthe elementary constituents of matter.According to the Standard Model, quarks and leptons interact via the exchange ofgauge bosons — particles which mediate the fundamental forces of nature. Usingquantum field theories to describe these interactions, theorists have been able topredict with great precision many of today�s experimental results. So far, noexperimental data have been observed which are inconsistent with the Standard Model.There are many things which the Standard Model does not explain however, and forthis reason it is not regarded as a complete theory. The presence of three generations ofquarks and leptons, for example, is unexplained by the Standard Model. There are alsomany free parameters, such as the particle masses, which cannot be predicted bytheory and must be measured empirically. Most importantly, there exists a wholesection of theory which has never been observed or tested directly. This is the Higgssector.Looking beyond the Standard Model, attempts have been made to produce a morecomprehensive theory which possess a smaller number of free parameters. Such effortshave led to �Grand Unified Theories� and supersymmetric models. All of theseextensions to the Standard Model predict the existence of presently undiscoveredparticles.The ATLAS experiment [3], due to start operation at CERN in 2005, has beenproposed as a general purpose proton-proton colliding experiment, able to exploit thefull range of physics opportunities provided by the Large Hadron Collider (LHC) [4].Its design and construction are therefore guided by physics goals such as the search forHiggs bosons and supersymmetric particles — areas where our present knowledge, asembodied in the Standard Model, is incomplete. Presented below is a brief survey ofthe Standard Model and of possible extensions to it.

21.2. The Standard ModelThe Standard Model consists of a collection of quantum field theories which describethe interactions of a set of elementary particles. These particles can be divided into twotypes: the elementary fermions, which are the basic constituents of matter, and thegauge bosons, which are the mediators of the fundamental forces of nature. All ofthese particles are considered to be point-like and structureless.1.2.1. The Elementary Fermions: Leptons and QuarksAny particle which posseses half-integer spin (1/2 h, 3/2 h...) and therefore obeysFermi-Dirac statistics is labelled a fermion. There are twelve elementary fermions,discounting antiparticles, all of which posses spins of 1/2 h. These twelve particles canbe grouped into two distinct families — quarks and leptons. Quarks are distinguishedfrom leptons in that they undergo interactions via the strong nuclear force. All of theelementary fermions undergo interactions via the weak nuclear and electromagneticforces. The elementary fermions are:

quarks udcstb leptons

:ee: .�Ł� �ł� �Ł� �ł� �Ł� �ł� �Ł� �ł� �Ł� �ł� �Ł� �ł�n n m n tm t

As is indicated above, the leptons and quarks can both be grouped into doublets ofparticles. With regard to the leptons, the lower particle of each doublet carries anelectromagnetic charge of -1, whilst the upper particle, i.e. the corresponding neutrino,is neutral. With regard to the quarks, the upper particle of each doublet carries a chargeof +2/3, whilst the lower particle carries a charge of -1/3.Between the different generations of quark and lepton doublets, the coupling strengthsof the particles to the strong, weak and electromagnetic forces remain the same. Themass of the particles however, increases with successive generations (the possibleexception to this being the neutrino, which may have zero mass). Only quarks andleptons from the lightest generation (u, d, e, ne ) are found abundantly in nature. Thefermions of higher mass are all unstable and decay into these lighter fermions via theweak interaction.1.2.2. The Gauge BosonsA boson is a particle which possesses an integer spin and obeys Bose-Einsteinstatistics. The elementary bosons of the Standard Model — the gauge bosons — allpossess a spin of 1h.All interactions in the Standard Model are described as an exchange of gauge bosons:the electromagnetic force is mediated by the massless photon; the weak nuclear force

3is mediated by three massive bosons, the W+, W— and Z0 particles; the strong nuclearforce is mediated by an octet of massless gluons, which carry colour charge. Thefourth fundamental force, gravity, is not included in the Standard Model. This is due toproblems in its formulation as a quantum field theory. Fortunately, being the weakestof the known forces, gravity has no measurable effects on a subatomic scale andaccurate calculations can be made using the Standard Model without its inclusion.1.2.3. Gauge Field TheoriesWithin the Standard Model, interactions between particles are described using gaugefield theories. The first such theory, quantum electrodynamics (QED) [5], wasformulated in the 1940s. It describes electromagnetic interactions. The great success ofQED has led to the development of similar theories describing the strong and weakinteractions: quantum chromodynamics (QCD) and the unified electroweak theoryrespectively.In gauge field theories, the fundamental fermions are described by complex fields.These fields are used in the construction of the Lagrangian — a mathematical termwhich describes the energy-momentum dynamic of a system. Being complex, thefermionic fields possess a phase, or gauge, which does not correspond to a physicallyobservable property. It is the basic postulate of gauge field theories that the Lagrangianshould be invariant under local transformations of this gauge. In other words, thephysics of the system should be unchanged by such gauge rotations.The fermionic fields themselves are not invariant under arbitrary shifts in gauge. Inorder for the Lagrangian as a whole to be invariant, new terms must be added tocompensate for the way in which the fermionic fields transform. These new termscorrespond to gauge fields. In fact, they describe the gauge bosons detailed in theprevious section. Hence, by imposing the requirement that the Lagrangian besymmetric under gauge transformations, terms which describe the SM bosons aregenerated automatically.Physical predictions are made from quantum field theories using a perturbativeapproach. This approach has the problem that divergent integrals occur in thecalculations, leading to non-physical results (singularities). A crucial property of thegauge field theories used in the Standard Model is that they are renormalisable,allowing this problem to be overcome. Consider, as example, the photo-electric effectas described by QED. Figure�1.1(a) shows the first-order Feynman diagram for thisprocess. All integrals contained in this diagram are well behaved and from it theamplitude of the process can be calculated. The result however, will only be correct tothe first order. If a greater level of precision is needed, all higher order processeswhich can contribute towards the same amplitude must be considered. Contributions

4from such processes are known as radiative corrections. Figure 1.1(b) shows anexample of a third-order radiative correction to the photo-electric effect, where theelectron has emitted and re-absorbed a virtual photon is a closed loop.Figure 1.1. The photo-electric effect: Feynman diagrams showing a) first order andb) third order contributions.In calculating the amplitude of the process shown in figure 1.1(b), an integration isrequired over the full range of energy and momentum that can be carried by the virtualphoton. This integral is divergent and thus a non-physical answer of infinity is reached.As closed-loop integrals appear in all gauge-field-theory calculations which areperformed to greater than leading-order accuracy, it would appear that the theorycannot be used to make accurate physical predictions. It is possible to avoidconsideration of these closed-loop interactions however, by a �renormalisation� of theparameters associated with the Feynman diagram.Consider for example, the charge of an electron. Any QED process calculated tohigher than leading-order accuracy must consider not only the bare electron itself, butall of the possible virtual particles which the electron can emit and re-absorb in aclosed-loop process. Figure 1.2 shows some examples. These processes contributedivergent radiative corrections to the charge of the bare electron. When measuring theelectron charge the answer yielded must include all such radiative corrections, but it isempirically found to be finite. It follows therefore that the bare electron charge itselfcannot be a fixed parameter, but must be divergent in such a way as to cancel out thedivergences introduced by the loop graphs. If the bare electron charge is thereforereplaced in the Lagrangian by the measured electron charge, all of the radiativecorrections are absorbed into this experimentally observed parameter and thedivergences disappear from the calculation. This is the process of renormalisation.Similar renormalisation schemes apply to all gauge theories in the Standard Model. Itis only because of the property of renormalisability that physical predictions can bemade using the SM gauge field theories.

5Figure 1.2. Radiative corrections to the bare electron term.The example of electron charge given above has one further implication: the chargemeasured experimentally for the electron is not the bare charge — it containscontributions from the virtual particles which surround the electron. If this is so, thenthe value of electron charge measured should not be constant, but should vary with theseparation of the probe particle from bare charge itself (or conversely, upon themomentum-transfer of the interaction). This is in fact the case. To replicate this effectwithin QED, the value of charge is set as a fixed parameter, but the coupling constantwhich describes the coupling strength of photons to charged particles is allowed to�run�, increasing as the momentum-transfer of an interaction (Q) increases.1.2.4. Quantum ChromodynamicsFollowing the great success of QED in describing electromagnetic interactions,quantum chromodynamics (QCD) [6] was formulated to describe the strong interactionof quarks. To explain the observed phenomena that quarks are never found in isolationbut are always confined within hadrons, it is proposed in QCD that each quark carriesa �colour� charge — either red (R), green (G) or blue(B). As hadrons have no net colourcharge, bound states of quarks can only be constructed from �colourless� combinationsof these charges. For example, RGB for the three-quark baryon states, and RR, BB,GG for the quark-antiquark meson states. This model gives to the quarks an extra threedegrees of freedom: the colour charge. The existence of these extra degrees of freedomhas been verified experimentally using e+e— experiments, where the cross-section fore+e— fi qq is three times larger than would be expected if colour charge did not exist.The three colour charges of the quark form an SU(3) symmetry group. It is the basicpostulate of QCD that the Lagrangian describing the coloured quark fields should beinvariant under local SU(3) gauge transformations. For this to be accomplished it isnecessary to add to the Lagrangian an octet of new gauge bosons, named gluons,which are massless and carry colour charge in a colour-anticolour combination (for

6example, the RB gluon). The fact that the gluons carry colour charge themselves (cf.photons, which do not carry electromagnetic charge) allows them to interact with eachother. One consequence of this is that the effective colour charge involved in a stronginteraction increases as the momentum transfer of the interaction (Q) decreases. Thisleads to the phenomena known as asymptotic freedom, where the strength of attractiveforce felt between two quarks increases with their separation. The quarks are thereforeconfined in bound states, as required.When the process of renormalisation is applied to QCD, it is necessary to create a�running� coupling constant for the strong force, to reproduce the behaviour ofasymptotic freedom. For low Q the coupling constant approaches one, and perturbativecalculations can no longer be carried out, as high-order processes contributesignificantly towards the amplitude of the overall interaction. For high Q interactionshowever, the coupling constant is lower and sensible predictions can be made usingperturbation theory.1.2.5. Electroweak TheoryIn the late 1960s Weinberg and Salam successfully formulated the weak interaction asa gauge theory and unified it with QED to produce the electroweak theory [1]. Due tothe parity violating nature of the weak interaction, it is required that electroweaktheory treats left-handed and right-handed particles differently. The left-handedfermions are grouped into weak isospin doublets. The particles in these doublets haveweak isospin (T) of 1/2, and third components (T3) of +1/2. The right-handed fermionsare grouped into singlets, which possess zero isospin. The fermion isospin eigenstatesare thus:

doublets (left

-handed)

:eud' cs' tb'singlets (right - handed) : e u d c s t ben n m n tm tm t�Ł� �ł� �Ł� �ł� �Ł� �ł� �Ł� �ł� �Ł� �ł� �Ł� �ł�( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) (L L L L L LR R R R R R R R ) R .

Note that right-handed neutrinos are not found in nature.All of the fermions undergo gauge transformations according to the U(1)Y group,which acts upon weak hypercharge, Y. The hypercharge of a fermion state is definedby the equation:

QtY= +3 2

where Q is electromagnetic charge. In addition, the left-handed fermion states cantransform according to the SU(2)L group of gauge transformations, which act uponweak isospin. The �step-up� and �step-down� operators constructed from the generators

7of this group rotate particles between the two isospin states within each doublet. Thequark eigenstates d�, s� and b� which appear in the doublets do not correspond to thephysical (i.e., mass) eigenstates d, s, b, but consist of linear supersitions of these states,as determined by the Kobayashi-Maskawa matrix[7]. The implication of this is thatSU(2)L rotations allow a cross-coupling of the physical quark generations and suchquantum numbers as strangeness and charm are not conserved in interactions describedby such rotations.For the fermionic Lagrangian to be invariant under combined SU(2)L�·�U(1)Y gaugetransformations, four new fields need to be introduced. Three of these, W1, W2, W3,couple to weak isospin, whilst one, B0, couples only to the weak hypercharge. Linearcombinations of these fields can be constructed which match the properties of theobserved electromagnetic and weak-interaction boson fields. Fields corresponding tothe W+ and W— bosons can be constructed from orthogonal linear combinations of theW1 and W2 fields, whilst fields corresponding to the Z0 boson (Z) and the photon(A)can be constructed from orthogonal linear combinations of the B0 and W3 fields:

ZWBAWBw ww w= -= +3 03 0cos sinsin cosq qq q

where qw is the weak mixing angle.Unfortunately there is one major problem with the theory presented so far: the particlesdescribed are all massless. If mass terms are added to the Lagrangian �by hand�,symmetry under SU(2)L�·�U(1)Y gauge rotations is lost and the theory becomesunrenormalisable. As such a theory cannot be used to calculate physically observablequantities, it is of no use. To bypass this problem, Weinberg and Salam proposed theuse of the Higgs mechanism [8] to introduce mass terms into the Lagrangian.1.2.6. The Higgs MechanismThe Higgs Mechanism generates mass terms for the particles in the electroweakLagrangian by a process of spontaneous symmetry breaking. The motivation for usingthis method of mass generation is that the Lagrangian remains renormalisable. In thesimplest model of the Higgs mechanism, four new scalar fields are added to theLagrangian, arranged in an isospin doublet with hypercharge 1:

f= �Ł� �ł�+0

where

f+ -” +( )” +( )1 20 3 4 1212i

The properties of the Higgs doublet, f, are defined such that the Lagrangian nowincludes a self-interaction term for f and, crucially, this term has a non-zero ground

8state. In fact, there exist a continuous set of degenerate ground states, |f0|, which differfrom one another in the phase of their weak isospin.Any Lagrangian which contains quantum fields cannot be solved exactly but must becalculated using perturbation theory. To apply perturbation theory to those terms in theLagrangian containing f, it is necessary to pick one definite ground state from the set|f0| and parameterise f in terms of fluctuations about this vacuum state. It is the act ofdefining f0 which is referred to as "spontaneous symmetry breaking". Whilst theLagrangian is invariant under SU(2)L�·�U(1)Y transformations, the vacuum state f0 isnot — it has a well-defined isospin gauge.If f0 is defined to have a particular gauge known as the unitarity gauge, it is found topossess zero electromagnetic charge. This means that whilst SU(2)L�·�U(1)Y symmetryis broken by f0, the residual U(1) symmetry of QED is retained. Defining f0 to possessthe unitarity gauge has other desirable consequences too. If the Higgs doublet in theLagrangian is expressed in terms of a fluctuation about f0, terms are generated whichcorrespond to mass terms for the W+, W— and Z0 bosons, whilst the photon remainsmassless due to the residual U(1)em symmetry. Of the scalar fields which comprise theHiggs doublet, three disappear. The fourth scalar field itself acquires a mass term andis found to describe a massive, spin-zero boson. The Higgs mechanism thereforepredicts a new particle: the Higgs boson. This physical picture arises from the choiceof the unitarity gauge for the vacuum state f0. If some other gauge is chosen theresultant Lagrangian is totally equivalent to that generated using the unitarity gauge,but does not contain terms which manifestly relate to physically observable bosons.The above procedure generates mass terms only for the gauge bosons. The next step isto generate mass terms for the fermions. In order to do this, it is necessary to add to theelectroweak Lagrangian terms which describe the interaction of the fermions with theHiggs doublet, f. When the symmetry of f is broken, these terms resolve into twocomponents, one corresponding to the mass term of the relevant fermion, the otherdescribing the coupling of that fermion to the Higgs boson. The fermions are found tocouple to the Higgs boson with a strength proportional to their mass.The addition of the Higgs doublet to the electroweak Lagrangian and the subsequentprediction of the massive Higgs boson completes the specification of the StandardModel. The Higgs sector however, is the least well-determined sector of this model.The only mass relationship directly predicted by the Higgs mechanism is the ratiobetween the W and Z masses (MW and MZ respectively):

MW Z W= cosq

which is found to agree closely with experiment.

9The masses of the fermions appear in Higgs theory only as free parameters, as does themass of the Higgs boson, mH. It is possible to place some constraints on the value ofmH however.... An upper limit arises as mH is related to the self-interaction strength ofthe original Higgs doublet. If meaningful perturbation expansions are to be obtainedfrom the theory, mH must be less than ~1�TeV. A lower limit for mH can be derived byconsidering the stability of the electroweak vacuum. For values of mH below a certainlevel, the Higgs field develops a minimum lower than the electroweak ground state,and the electroweak model becomes unstable. To avoid this, mH must be greater than~120�GeV[9].The Higgs mass is also related to the empirically observed masses of the top quark(Mtop) and W boson (MW): MW receives radiative corrections which are dominated bytop-quark and Higgs-boson loops. It can be seen from figure 1.3 however that Mtop andMW have not yet been measured with a sufficient accuracy to constrain mH[10].Empirically, a lower limit of ~60 GeV has been placed on the mass of the Higgs bosonby LEP. If LEP2 makes no discoveries in the Higgs sector, this limit will increase to90 GeV [11].Figure 1.3. The calculated dependence of MW on Mtop in the Standard Model usingthe LEP value of MZ = 91.1895 – 0.0044 GeV, shown for Higgs masses of 50, 250,5000 and 1000 GeV. The width of the band for each Higgs mass does not includethe uncertainty on a(MZ). The data point is at Mtop = 174 – 17 GeV,MW�=�80.23�–�0.18 GeV, where the value for Mtop is from the CDF mass fit, whilethe value for MW is from direct MW measurements alone.

101.3. Beyond the Standard Model.1.3.1. Grand Unified TheoriesWithin a single theoretical framework, the electroweak theory describes both theelectromagnetic and weak interactions. The extent to which it actually �unifies� theseinteractions is debatable however. The SU(2)�·�U(1) symmetry group which theelectroweak theory employs is a product of two separate gauge transformations, SU(2)and SU(1), each of which has its own coupling strength (g� and g respectively). Theratio of these two coupling strengths is not predicted by electroweak theory and mustbe measured empirically.To obtain a theory which provides a relationship between g� and g, the SU(2) and U(1)symmetry groups must be embedded in a larger, unified gauge group, G. Arequirement can be made that this group also includes the SU(3) symmetry group ofcolour. The relationship between the groups is expressed symbolically as

GSUSUU� · ·( ) ( ) ( ).3 2 1

By requiring a Lagrangian to be invariant under gauge transformations of the group G,a �Grand Unified Theory� (GUT) can be constructed which describes all particleinteractions. In such a theory, the two coupling constants of electroweak theory, g andg�, and the strong coupling constant, gs, are related to a universal coupling constant, gc.The precise relationship is specified by the definition of the group G.The coupling strengths g�, g and gs are all �running constants�: their values vary withthe momentum transfer (Q) of an interaction. Figure 1.4 shows the behaviour of thethree coupling constants, as predicted by the electroweak theory and quantumchromodynamics. It can be seen that at some large energy, MX (~1015�GeV), all threeinteractions could possess the same coupling strength. In GUTs, interactions above thispoint are described as transformations according to the unified symmetry group, G.Below the unification energy, G is spontaneously broken into SU(3)�·�SU(2)L�·�U(1)Y.There are many possible choices for the unified group G. In 1974 Georgi and Glashowshowed that the smallest possible candidate for G is an SU(5) symmetry group [12].The invariant Lagrangian associated with this group has 24 gauge bosons. Afterspontaneous symmetry breaking these resolve into the 12 gauge bosons of theStandard Model plus an additional 12 �leptoquarks�. The leptoquarks have masses ofthe order of MX, carry colour charge and couple leptons to quarks. They thus give riseto interactions which violate lepton and baryon numbers, such as the decay of theproton. Figure 1.5 shows a hypothetical mechanism for the decay of a proton via aleptoquark. The Georgi-Glashow GUT predicts a lifetime of ~1030 years for the proton,which compares badly to a measured lower limit for the proton lifetime of 1032 years.

11This provides the first indication that the minimal SU(5) GUT is not an entirelysatisfactory model.Figure 1.4. The variation of the coupling constants with Q, showing the speculativegrand unification of strong and electroweak interactions at Q ~Mx.Figure 1.5. The decay of a proton via a leptoquark, X.Symmetry breaking in the Georgi-Glashow GUT is a two-stage process. In the firststage, the SU(5) symmetry is broken down via the Higgs mechanism toSU(3)�·�SU(2)L�·�U(1)Y. It is in this process that the leptoquarks acquire mass. TwelveHiggs bosons are generated by this process, all of which have mass ~MX. These bosonscouple to the leptoquarks but not to the fermions. The second stage of symmetrybreaking parallels that already discussed for the Standard Model: theSU(3)�·�SU(2)L�·�U(1)Y symmetry is spontaneously broken to leave a residual U(1)emsymmetry and the fermions and SM gauge bosons acquire mass. In this instancehowever, five Higgs bosons are predicted by the theory, as opposed to the single Higgsboson predicted by the Standard Model.The Lagrangian associated with the Georgi-Glashow GUT thus contains twelve�heavy� Higgs of mass ~1015 GeV and five �light� Higgs of mass ~100 GeV. Thelighter Higgs particles inevitable receive radiative corrections to their mass from theheavier Higgs particles. As the mass of the heavier Higgs particles is so much greaterthan the mass of the lighter particles, these radiative corrections result in the masses of

12the W, Z and light Higgs bosons all becoming unstable and acquiring values in theorder of MX. This is know as the �Hierarchy problem�. To avoid unstable W, Z andlight Higgs masses it is necessary to cancel radiative corrections with a precision of1�part in 1013 . S u c h p r e c i s e c a n c e l l a t i o n s a r e n o t p o s s i b l e i n t h e m i n i m a l G e o r g i - Glashow GUT, as the fine tuning of high order radiative corrections detunes the lowerorder corrections. This amounts to an insuperable problem which is common to manyGUTs. Only supersymmetry theories appear to offer a solution.1.3.2. SupersymmetryThere are many supersymmetry (SUSY) theories, all of which propose a symmetrybetween the fundamental fermions and the fundamental bosons. New supersymmetricpartners are postulated for all of the elementary particles: leptons and quarks arepartnered by slepton and squark bosons, the gauge bosons are partnered by the gauginofermions, and the Higgs bosons are partnered by the fermionic sHiggs particles [13].With regard to the Hierarchy problem, the radiative corrections applied to the massesof the light Higgs particles in SUSY theories must include contributions from thecoupling of the light Higgs particles to the heavy Higgs bosons and the heavy sHiggsfermions. As the radiative corrections to the bare mass terms due to virtual boson loopsand virtual fermion loops are of opposite signs, these two sets of contributions cancelout exactly. The masses of the light Higgs particles and SM gauge bosons thereforeremain stable.The symmetry between bosons and fermions proposed by SUSY theories must bebroken at some stage, to explain why the new particles predicted by the theories havenot yet been observed. If SUSY theories are to solve the Hierarchy problem, then theenergy scale at which supersymmetry is broken cannot be much greater than that of theelectroweak Higgs sector. The new SUSY particles, named sparticles, must thereforehave masses no larger than ~1 TeV. With regard to the five light Higgs bosonspredicted by SUSY theories, the lightest of these is constrained to have a mass of lessthan ~120 GeV [9]. It is therefore possible that it will be discovered at LEP2.The exact phenomenology of the sparticles varies between SUSY theories, but in mostmodels they can only be produced in pairs. This leads to the idea of a quantum numberR, which is conserved multiplicatively, like parity. Particles are assigned an R value of+1 and sparticles are assigned an R value -1. The conservation of R implies that at leastone sparticle, the lightest, must be stable. If this particle exists it will pass throughdetectors unobserved, but its presence in the decay products of any interaction shouldbe evident due to a dramatic imbalance in the momentum of the observed particles. Todate, no evidence has been found to support the existence of SUSY particles.

131.4. Physics at the Large Hadron ColliderThe Large Hadron Collider (LHC) [4] is the proposed particle accelerator to be built atCERN in the existing LEP tunnel. It will collide two proton beams with a centre ofmass energy of 14 TeV, allowing the study of particle interactions at an energy scalenever before observed. Activities which will be conducted at the LHC include thesearch for leptoquarks, the search for the lightest stable sparticle and the search forevidence of quark compositeness. Of primary interest though, is the investigation ofspontaneous symmetry breaking at the electroweak scale.Possible manifestations of spontaneous symmetry breaking include the single Higgsboson predicted by the Standard Model and the quintet of Higgs bosons predicted byminimal supersymmetric extensions to the Standard Model. The search strategy for theSM Higgs boson (H) is well known. In order to cover the full possible mass range80�GeV�<�mH�<�~ 1 � TeV, detectors at the LHC will need a sensitivity to a variety offinal states:Hfi�gg, for 90�GeV�<�mH�<�150 GeV;Hfi�ZZ*�fi�4l–, for 130<�mH <180 GeV;Hfi�ZZ�fi�4l–, 2l– 2n, for 180<�mH <800 GeV;Hfi�WW, ZZ�fi�l– n 2jets, 2l– 2n, 4l–, for mH < ~1 TeV;where l indicates an electron or muon. In addition, the search for the five Higgsbosons predicted by minimal supersymmetric theories (H–, h, H and A) will require asensitivity to such processes as:Afi�t+t—�fi�em + n�sfi l– + hadrons + n�s;H–fi�t–nfi�2 jets.The channels through which the decay of the Higgs bosons can be observed are limitedto those visible above the dominant hadronic background at the LHC. As the expectedcross-sections for such processes are small for both the low ( < 180 GeV) and the veryhigh mass range, it is proposed to run the LHC at a maximum luminosity of1034�cm—2s—1.Further models of symmetry breaking in the electroweak sector exist, all of whichpredict the existence of hitherto undiscovered particles, such as W� and Z� gaugebosons, with masses in the range of 1�TeV. By allowing a study of this energy scale,

14the LHC will inevitably provide insight into the mechanism of symmetry breaking,whether through the discovery of new particles or the revelation of their absence.For the first few years of operation, the LHC will run at less than peak luminosity:1033cm—2s—1. During this period, studies of top-quark and bottom-quark physics will beof primary interest. In addition, the LHC will able to collide beams of heavy ions, suchas lead, with a centre of mass energy in excess of 1250 TeV. This will advance thestudy of heavy ion physics and aid the search for a quark-gluon plasma.Three collaborations have so far presented Technical Proposals for experiments at theLHC: ATLAS [14], CMS [15] and ALICE [16]. Both ATLAS and CMS will begeneral-purpose proton-proton experiments, whilst ALICE will be a heavy ionexperiment. One further experiment has been proposed, for the purpose of studyingB-physics: LHC-B [17]. This thesis concerns the design of the ATLAS experiment.

152. The ATLAS Detector2.1. IntroductionIt is the intention of the ATLAS collaboration [14] to provide CERN with a general-purpose proton-proton experiment, able to exploit the full range of physicsopportunities presented by the LHC. The ATLAS detector has therefore been designedfor optimum performance over a broad range of physics tasks. The tasks of primaryinterest are those mentioned in section 1.4, namely the Higgs search, the search forparticles predicted by extensions to the Standard Model, the search for evidence ofquark compositeness, and the study of top-quark and bottom-quark physics. It isexpected that by optimising the sensitivity of the detector to the broad range of physicssignatures required to study these processes, the potential of the detector to discoverany new, unexpected physics will also be optimised.Figure 2.1 shows a diagram of the proposed ATLAS detector. Located at the centre ofthe experiment is the inner tracking detector, which consists of an inner volume ofhigh-resolution pixel and strip detectors, surrounded by continuous straw-tube trackingdetectors. The inner detector is contained within a super-conducting solenoid whichprovides a 2�T magnetic field over this region of the detector. Outside thesuperconducting solenoid lie the ATLAS calorimeters. Electromagnetic calorimetry isperformed in three calorimeters (a barrel and two endcaps), all of which use liquid-argon (LAr) technology. Hadronic calorimetry is performed in the two LAr endcapsand in the scintillator tile calorimeter, which surrounds the LAr calorimeters for thefull length of the detector.A second system of magnets lies outside the tile calorimeter. This system consists ofthree superconducting air-core toroids: a barrel section and two end-caps. Each toroidis built from eight flat coils, positioned around the calorimeter with an eight-foldsymmetry. The air-core toroid system provides the magnetic field for the muonspectrometer, which is built from muon chambers placed throughout the magneticvolume. It is the muon spectrometer which defines the overall dimensions of theATLAS detector: 11 m in radius with an overall length of 42 m.In sections 2.3 to 2.6, the various subsystems of the ATLAS detector are described.These descriptions are preceded by a note on the coordinate systems used in this thesis. 16

Forward Calorimeters

S.C. Air Core Toroids

S.C. Solenoid

Hadron Calorimeters

EM Calorimeters

Inner Detector

Muon Detectors

Figure 2.1. The ATLAS Detector.Figure 2.2. The relationship of pseudo-rapidity (h) to the polar angle (q) andthe z axis.

172.2. Coordinate SystemsThree coordinate systems are used here to describe the ATLAS detector:• Cartesian coordinates (x, y, z), where z lies along the beam axis, x liesperpendicular to this in the horizontal direction, and y points vertically upward;• cylindrical coordinates (R, f, z), where z lies along the beam axis, f is the azimuthangle about this axis, and R is the perpendicular distance from the z-axis;• pseudo-rapidity—azimuth coordinates (r, h, f), where r is the distance from theorigin (defined as the interaction point), f is the azimuth angle about the beamaxis, and h is pseudo-rapidity, defined by the equation

hq= - �Ł �łln tan 2

.The polar angle q is defined in figure 2.2. Pseudo-rapidity is the high-energyapproximation of the Lorenz-invariant term rapidity.2.3. The Inner DetectorAt the highest LHC luminosity, the basic functions of the inner detector are:• the efficient reconstruction of particle tracks within the range |�h�|�<�2,• efficient momentum measurements for leptons over the range |�h�|�<�2,• the tagging of b-jets,• the measurement of the z coordinate of the primary vertex of interactions.At lower luminosities, the inner detector performs the additional task of reconstructingsecondary vertices from b and t decays.The inner detector is contained within a cylinder of radius 1.15 m and length 6.80 m. Itis divided into three sections: a barrel and two forward regions. In the barrel section,layers of detectors run parallel to the beam pipe, forming cylinders around theinteraction area. In the forward regions, layers of detectors are arranged in discsperpendicular to the beam pipe. The transition from barrel to disc geometry occurs at|�h�|�~1. Figure 2.3 shows a quarter-section of the inner detector.The inner detector employs a number of different subdetector systems. Table 2.1 liststhe basic design parameters for each of these systems. The semiconductor pixeldetectors provide the greatest spatial resolution of all the subdetectors and they arepositioned closest to the beam pipe. For larger-area precision tracking, Si—based and

18Ga-As—based semiconductor strip detectors are used. Each layer of strip detectoractually consists of two or three sets of strips, running at small angles to each other. Inthe barrel, each strip measures the R and f coordinates of a hit directly, whilst the zcoordinate is obtained by correlating the results between sets of strips. In the forwardregions, it is the z and f coordinates which are measured directly. A lower precision inthe z and R coordinates than in f is acceptable, as z and R lie in the non-bending planeof the magnet. The number of strip-detector layers in both the barrel and forwardregions is such that each particle track in the range |�h�|�<�2.5 must pass through at leastfour strip detectors.Figure 2.3. A quarter section of the ATLAS Inner Detector. The dimensions on thehorizontal and vertical axes are given in millimetres.One further precision layer is included in the design of the ATLAS detector, which isintended to be present for only the initial low-luminosity running period of the LHC.This layer is intended to increase the vertex-finding capability of the detector in thisperiod, and hence is know as the �vertexing� layer. It is foreseen as being constructedof either semiconductor pixel or strip technology and situated as close to the beam pipeas radiation levels and track-finding considerations will allow (~5 cm). For the higherluminosity running period of the LHC, the vertexing layer will be removed.The number of pixel and strip layers that can be employed by the inner detector islimited due to their need for local electronics. As well as increasing the powerdissipation and overall cost of the detector, these electronics increase significantly thethickness of the inner detector in radiation lengths. For this reason a continuous straw-tube tracker (TRT) is used at the outer radii of the inner detector.The straw-tube detectors which compose the TRT are basically drift tubes. In thebarrel section they run parallel to the beam pipe and thus measure the R and fcoordinates of a hit. In the forward regions the straws are oriented axially, measuring z

19and f directly. The R coordinate can be measured indirectly by using the first and laststraws hit by a particle to determine the trajectory of the track. The spatial resolutionof this tracker is lower than that of the precision pixel and strip layers, but this isacceptable at larger radii as the track density is lower. Each track in the range|�h�|�>�2.5 must cross at least 36 straws, allowing tracks to be followed in a continuousway through the outer volume of the inner detector. This has obvious advantages forpattern recognition. In addition, the layers of straw tubes are interleaved with radiatorswhich produce X-ray emissions from highly relativistic particles. These X-rays aredetected by the straw tubes enhancing the electron identification capability of the innerdetector.SystemPositionResolution s(mm)Channels(106)h coverage

Pixels(1 low-lum. barrel layer)2 barrel layers,4 forward discs / side(Rf = 14, z = 87)Rf = 14, z = 87R = 87(12)140(– 2.5)2.5

Si Strips(barrel)(1 low-lum. barrel layer)4 barrel layers,(Rf = 10, z = 20)Rf = 15, z = 770(0.03)2.9(– 2.1)1.4,

Si Strips(forwarddiscs)8 forward discs and1 wheel on each sideRf = 351.51.4 — 2.5

Ga-Asstrips2 forward discs and1 wheel on each sideRf = 10,R = 12000.82.0 — 2.5

Strawtubetracker(TRT)Axial barrel straws,Radial forward straws,36 straws per trackRf = 170per straw0.10.32– 2.5

Table 2.1. Parameters of the inner detector. The values for the two low-luminosityvertexing layer options are given in parentheses.

202.4. Calorimetry.The purpose of the ATLAS calorimeter is to reconstruct the energy of photons,electrons and jets and provide a measurement of missing transverse energy(missing-ET). Figure�2.4 shows a diagram of the proposed calorimetry system. It iscontained within a cylinder of outer radius 4.25 m and total length 12.20 m. The innerbarrel and endcap sections of the calorimeter all use liquid argon (LAr) technology andare housed inside three cryostats. These cryostats are surrounded by a scintillator tilecalorimeter. Electromagnetic calorimetry is performed within the LAr sections of thecalorimeter, whilst hadronic calorimetry is performed mainly within the tilecalorimeter, with some hadronic calorimetry being performed in the LAr endcaps.

Hadronic Tile

Calorimeters EM Accordion Calorimeters

Hadronic LAr End Cap

Calorimeters Forward LAr Calorimeters

Figure 2.4. ATLAS Calorimetry.

212.4.1. The Electromagnetic CalorimeterThe barrel cryostat which surrounds the inner detector cavity contains the barrelelectromagnetic calorimeter and the solenoidal coil for the 2�T inner magnet. Thissolenoid lies before the calorimeter and is integrated with the inner wall of the cryostatto minimise the thickness of material in front of the calorimeter. The electromagneticbarrel calorimeter uses lead absorber plates in a liquid argon ionisation medium. Thereare 1024 absorber plates, which are of an accordion geometry and are arranged radiallyin f. Copper readout electrodes are centred between each pair of lead plates. The barrelelectromagnetic calorimeter extends to |�h�|�=�1.4, with electromagnetic calorimetry athigh pseudo-rapidity ranges being provided by the endcap calorimeters. Theelectromagnetic endcap calorimeters also use lead absorber plates with an accordiongeometry. Each electromagnetic endcap calorimeter consists of two coaxial wheels ofplates, which radiate out from the beam axis like spokes. There are 768 plates in theouter wheel, with half this number in the inner wheel.Many of the important processes at the LHC, such as the decay of a Higgs particle intotwo photons, place stringent requirements on the performance of the electromagneticcalorimeter. In the search for rare processes, such as the decay H�fi�gg, it is essential tomaintain excellent acceptance. A large rapidity coverage is therefore required.Simulation studies have shown that the coverage provided by the electromagneticcalorimeter, of |�h�|�<�3.2, allows high-efficiency reconstruction of essentially all theinteresting high-transverse-momentum (high-PT) physics channels.In order to be sensitive to all of the processes of interest at the LHC, good electron andphoton identification and reconstruction are required over a large range of energies.For the efficient tagging of b-jets via the search for leptonic b decays, it is necessary toreconstruct electrons with transverse energies down to 2 GeV. At the other end of thescale, sensitivity to processes such as Z�fi�ee and W�fi�en requires electrons withenergies of up to 5�TeV to be reconstructed. A 16-bit dynamic range is required toadequately reconstruct photons and electrons within these limits. An energy resolutionof DE/E�£�10�%/�E�+�1% is thought to provide adequate sensitivity to all of thephysics processes of interest at the LHC. At design luminosity and |h|�=�0, the totalnoise contribution to the resolution of an electromagnetic shower has an R.M.S. of400�MeV.Optimising the segmentation of the calorimeter involves balancing performance issuessuch as the efficiency of electron and photon identification, spatial resolution and thelevel of pile-up, against cost and technical restraints such as the routing of the signalsfrom inside cryostats. The dominant background to electrons and photons are jets.These produce showers in the electromagnetic calorimeter which are longer andbroader than those of isolated electrons and photons. The longitudinal and transverse

22segmentation of the calorimeter gives a measure of the shape of a shower and istherefore an essential tool in jet rejection. The segmentation of the ATLASelectromagnetic calorimeter is Dh�·�Df�»�0.025�·�0.025 in the second sampling andDh�·�Df�»�0.025�·�0.05 in third sampling, for |�h�|�<�2.4. At larger pseudo-rapidity acoarser segmentation of Dh�·�Dj�»�0.05�·�0.05 is used. This segmentation, whencombined with data from the hadronic calorimeter, gives a jet rejection factor of~2000, compared to a target figure of 104. The remaining background is mainly due tohigh-PT isolated p0s from jet fragmentation. To reduce this, a fine-grained, position-sensitive device is required to identify the two merged photons produced by a p0decay. This is achieved by segmenting the first sampling of the barrel electromagneticcalorimeter into narrow strips of Dh�·�Dj�»�0.003�·�0.1. This first sampling iseffectively an integrated pre-shower detector.The electromagnetic calorimeter is preceded in the barrel by a pre-sampler detectorlayer, located immediately behind the cryostat inner wall. The pre-sampler has twofunctions: to correct for the energy which a particle loses in the material in front of theelectromagnetic calorimeter, and to assist in measuring the direction ofelectromagnetic showers.2.4.2. The Hadronic CalorimeterThe hadronic scintillator-tile calorimeter surrounds the cryostats which house the LArsections of the calorimeter. The tile calorimeter itself is contained in an outer supportcylinder which also acts as the main flux return for the 2�T inner solenoid. It is dividedinto three sections: a barrel and two extended barrels. These sections are composed ofplastic scintillator plates embedded in an iron absorber. The tiles are arranged in planesperpendicular to the beam axis, with fibre optic cables being used to transmit thescintillation light to photo-multiplier tubes.The scintillator-tile calorimeter covers the pseudo-rapidity range |�h�|�<�1.6. At higherpseudo-rapidity, where a higher radiation resistance is required, hadronic calorimetryis based on LAr technology. Hadronic calorimeters constructed from flat plates ofcopper in a liquid argon ionisation medium sit in the endcap cryostats behind theelectromagnetic calorimeter sections, extending the coverage of the hadroniccalorimeter to |�h�|�=�3.2.The major tasks of the hadronic calorimeter are to identify jets and measure theirenergy and direction, to contribute towards the measurement of the total missing-ET,and to enhance the particle identification capability of the electromagnetic calorimeterby measuring such quantities as isolation and leakage. The reconstruction of both jetenergy and missing-ET are limited by intrinsic effects. Uncertainty is introduced intothe measurement of jet energy via such effects as jet fragmentation and the loss of

23energy into non-interacting particles (neutrinos and muons), whilst pile-up noisecontributes a significant uncertainty to the measurement of missing-ET. It is thereforeacceptable for the hadronic calorimeter to possess a lower energy resolution than theelectromagnetic calorimeter. It is believed that a resolution of DE/E�=�50%/�E�+�3%for the range |�h�|�<�2.4, and DE/E�=�100%/�E�+�10% for |�h�|�<�2.4, provides anadequate sensitivity to all of the physics processes of interest.The search for processes such as H�fi�WW�fi�ln�+ 2jets requires the reconstruction ofthe decay of a high-PT W to jet pairs. This can only be performed with a wellsegmented hadronic calorimeter. A segmentation of Dh�·�Df�»�0.1�·�0.1 is used for therange |�h�|�<�2.4,� with a coarser segmentation of Dh�·�Df�»�0.2�·�0.2 being used forthe range |�h�|�>�2.4. The required pseudo-rapidity coverage of the hadronic calorimeteris determined by the measurement of missing-ET. This measurement obviouslyrequires a good acceptance, but at |�h�|�<�4.5, the accuracy of the measurementbecomes limited by the energy loss due to prompt neutrinos and muons. The hadronicendcap calorimeters extend to |�h�|�<�3.2, with coverage at higher rapidities beingprovided by the integrated forward calorimeter.2.4.3. The Integrated Forward CalorimeterThe integrated forward calorimeter is housed in the same cryostats as the endcapcalorimeters. It employs LAr technology and provides both hadronic andelectromagnetic calorimetry for the extreme forward regions of the experiment(3.1�<�|�h�|�<�4.9). In this pseudo-rapidity range there is an extreme particle and energyflux. Normally in such conditions, LAr calorimeters do not work properly due to theaccumulation of positive ions in the LAr gap which distort the electric field anddegrade signals from the calorimeter. To avoid this problem, the forward calorimeteruses a tube and rod electrode structure with only a very narrow LAr gap between theelectrode and the absorber — 250 mm compared to the more normal gap of 1.94 mmused in the LAr barrel calorimeter. See figure 2.5.Figure 2.5. The front face of the forward Calorimeter.

24The front module of the forward calorimeter performs electromagnetic calorimetry.Copper electrodes are embedded in a copper matrix which acts as an absorber. Theouter two modules of the forward calorimeter perform hadronic calorimetry and areconstructed of stainless steel electrodes embedded in a tungsten-alloy absorber matrix.Tungsten has an interaction length which is about half that of iron or copper and thuslimits the transverse spreading of hadronic showers. This gives the forward hadroniccalorimeter an angular resolution comparable to that of the other calorimeters whichare further from the interaction point (Dh�·Df�»�0.15�·�0.15).2.5. The Muon SpectrometerThe muon spectrometer surrounds the ATLAS calorimeter. An air-core toroid systemis used to generate a magnetic field of strong bending power over the large volume ofthe spectrometer. Muon chambers are positioned throughout the magnetic volume,providing measurements of muon track trajectories. The performance requirementsand design parameters of the muon spectrometer are derived from physics targets suchas the ability to see the decays H�fi�ZZ*�fi�4l or Z�fi�mm above a largebackground. The major components of this background are low-energy neutrons,photons, muons and hadrons originating from the interaction of primary hadrons withvarious machine elements of the detector. In order for the muon spectrometer toprovide adequate sensitivity to the physics processes of interest, a good momentumresolution over the pseudo-rapidity range |�h�|�<�3 is required.The magnet system used by the muon spectrometer consists of three air-core toroids: along barrel toroid and two endcaps. The endcaps are inserted into the barrel toroid ateither end. Each toroid is composed of eight flat, super-conducting coils. The coilswhich compose each endcap toroid are housed in a common cryostat, whilst the barreltoroid employs a separate cryostat for each coil. The complete system produces amagnetic field of approximately 4 T over the range |�h�|�<�3. The light, open nature ofthe air-core toroid system minimises the contribution of multiple scattering effects tothe measured muon momentum.The position of the muon chambers in the spectrometer is calculated to balance suchthings as the efficient use of the bending power of the magnets and the pseudo-rapiditycoverage of the spectrometer, against practical considerations such as the ease ofaccess to the chambers after installation and the size of chambers that can be easilyproduced and transported, etc.. The positioning of chambers varies between thedifferent sections of the spectrometer. There are three distinct sections: the barrelsection, which covers the pseudo-rapidity range |�h�|�<�1.05, the transition section(1.05�<�|�h�|�<�1.4) and the endcap section(1.3�<�|�h�|). In the barrel region, the muon

25chambers are arranged in cylindrical shells concentric with the beam axis. In thetransition and endcap regions, most chambers are mounted vertically. Figure 2.6 showsthe positioning of the muon chambers. The outermost layer of chambers in the endcapregion (at z = – 22 m) is mounted on the ATLAS cavern wall.The muon spectrometer employs two types of muon chambers: precision chambers andtrigger chambers. The precision chambers perform precise tracking and momentummeasurements but, for the most part, they have readout times which are much greaterthan the bunch-crossing period of the LHC. The trigger chambers provide faster, lessprecise tracking and momentum measurements for the purposes of triggering. Theyalso allow the muon tracks identified by the precision chambers to be assigned to abunch crossing.The precision chambers are positioned at all of the detector stations throughout thespectrometer. Each precision muon chamber consists of two multilayers of detectors,which are mounted to either side of a support structure and separated by 15—35�cm.The basic measurement of each precision chamber is a muon track vector. Themultilayers are composed of 3 or 4 planes of individual detectors of a type dependentupon the particular precision chamber. There are two types of precision muonchambers: monitored drift tubes (MDTs) and cathode strip chambers (CSCs). With theMDT chambers, the multilayers are constructed from layers of closely-packedindividual drift-tubes. The drift time of these detectors is ~600 ns — much longer thanthe 25 ns bunch-crossing period. With the CSCs, each detector layer consists of amultiwire proportional chamber. MDTs are employed throughout most of the muonspectrometer, with CSCs being used only in the inner and middle detector stations ofthe endcap region, for rapidities >�|�~2�|. The high track density in this area requires a

h = 2.4 h = 2.0 h = 1.4 h = 1.05 h = 3.0

24681012 m00246810121416182022 m

Figure 2.6. Quarter section of the ATLAS detector showing the positioning ofthe muon chambers. Light shades of grey indicate the precision chambersupport structures and dark shades of grey the precision chamber multilayers.Black lines show the trigger chambers.

26granularity and level of radiation hardness greater than that which the MDT chamberscan provide. It is the increased cost of the CSCs compared to the MDTs that prohibittheir use throughout the spectrometer.The muon trigger chambers form part of a stand-alone trigger system for the muonspectrometer. There are two types of trigger chamber. Resistive plate chambers areemployed in the barrel region at the inner and mid-plane detector stations. Theyconsist of gaseous detectors, with parallel electrode plates which are segmented intostrips to provide position information. In the transition and endcap regions, thin gapchambers are employed, at the inner and mid-plane detector stations only. The thin gapchambers are multiwire chambers operating in a saturated mode. Their improved ratecapacity over the resistive plate chambers makes them more suitable for this region ofthe spectrometer. It is their increased cost which prohibits their use elsewhere.2.6. The TriggerThe conditions present at the LHC, namely a high bunch-crossing frequency and avery large event rate, present a considerable challenge to the trigger systems of LHCexperiments. ATLAS uses a three-level trigger, with successive levels refining thetrigger decision of previous levels. Full event building is performed by the final triggerlevel, and only events which pass this final trigger are passed on to permanent storage.Figure 2.6 shows a block diagram of the ATLAS trigger.

LVL2

LVL1Rate [Hz]40 · 106104-105CALO MUON TRACKING

Readout / Event Building102-103

pipeline memoriesMUXMUXMUXderandomizing buffersmultiplex datadigital buffer memories

101-102~ 2 ms(fixed)~ 1-10 ms(variable)Data StorageLatency~1-10 GB/s~10-100 MB/s

LVL3processorfarmSwitch-farm interface

Figure 2.7. The ATLAS Trigger System.

272.6.1. The Level-1 TriggerThe level-1 trigger receives events at the full LHC interaction rate of ~109 Hz. Toreduce the event rate to a magnitude that can be accepted by the level-2 trigger, it musttrigger at a rate of not more than 100�kHz, a feat which requires an unprecedentedrejection power with only one event in 104 being accepted. This must be achievedwhilst providing a high trigger efficiency for events which are of interest to the physicsprogramme at ATLAS. The provision of an unambiguous bunch-crossingidentification for each event of interest is also a function of the level-1 trigger.The proposed signatures by which the level-1 trigger recognises an event of interestare shown in table 2.2. All of these triggers are built from four basic building blocks:electron/photon triggers, muon triggers, jet triggers and missing-ET triggers. It isimportant for the ATLAS trigger to be flexible enough to react to any unexpectedphysics or unforeseen situations in the LHC environment and whilst the algorithmsused by the level-1 trigger are hard-wired, some flexibility is maintained by makingthem programmable at the level of parameters. The thresholds quoted in table 2.2should be taken only as examples.ProcessLevel-1 TriggerHiggs fi gg(80 GeV < mH < 130 GeV)2 g�s with PT > 20 GeVHiggs fi 4l(120 GeV < mH < 800 GeV)e-e, e-m, or m-m with PT�>�20�GeVfor both leptons

Higgs fi 2l + 2n(very large mH)e-e, e-m, or m-m with PT�>�20�GeVfor both leptons

Top fi 3 jets + leptone or m with PT�>�40�GeV

Top fi 2 leptonse-e, e-m, or m-m with PT�>�20�GeVfor both leptons

W—Z pairse-e, e-m, or m-m with PT�>�20�GeVfor both leptons

SUSY fi jets + missing-ET‡ 3 jets with P T�>�200�GeV +missing-ET�>�200 GeV

SUSY cascade to leptonse-e, e-m, or m-m with PT�>�20�GeVfor both leptons

Z�, W� fi leptonse or m with PT�>�40�GeV

Z�, W� fi jets2 jets with PT > 200 GeV

Table 2.2. Some benchmark physics processes and their level-1 trigger criteria.

28Whilst it is impossible to judge the effectiveness of these signatures in detectingunexpected new physics, it can be noted that they are efficient for most processeswhich are visible above the large (mainly hadronic) background of the LHC. Thecalculated acceptance rates for each of the level-1 triggers are shown in table 2.3. Thetotal level-1 trigger rate of around 60 kHz is compatible with the level-2 maximumintake rate of 100 kHz.In terms of architecture, the level-1 trigger consists of a number of trigger processors,each associated with a different sub-detector, and a global processor to combine resultsand form the overall trigger decision. All of the level-1 processors are pipelined, with alarge number of events being processed concurrently. Only data from the calorimeterand muon detectors are examined by the level-1 trigger. Information from the innerdetector is not necessary when making this initial cut on events.TriggerRate‡ 1 isolated em cluster with PT > 40 GeV (isolation not required for clusters with PT > 65 GeV)31 kHz‡ 2 isolated em clusters, each with PT > 20 GeV16 kHz

‡ 1 m with PT > 20 GeV8 kHz

‡ 2 m�s, each with PT > 20 GeV67 Hz

‡ 2 jets, each with PT > 200 GeV5 kHz

Total:60 kHzTable 2.3. Level-1 trigger rates at L = 1034 cm-2s-1.The level-1 calorimeter trigger consists of a digital processor. It processes informationfrom the LAr electromagnetic calorimeters and the hadronic tile calorimeter, using lessthan full detector granularity. The calorimeter trigger retains events which containhigh-ET electrons, photons or jets, and events which have large missing ET. The level-1calorimeter trigger is fully discussed in chapter 3. The level-1 muon trigger processesinformation from the muon trigger chambers, which provide digital hit information.The events accepted are those which produce high-ET muon tracks which point back tothe region of interaction. Both the muon trigger and the calorimeter trigger includeseveral programmable ET threshold levels, for use in inclusive muon triggers, inclusiveelectron/photon triggers and combined multi-lepton triggers. They also includeadditional, lower thresholds which are not used in the level-1 trigger decision but areused to define Regions Of Interest (RoIs) for the level-2 trigger (see below). The level-1 central processor correlates the muon and calorimeter trigger results and forms

29combinatorial triggers, transmitting the global trigger decision to the level-2 triggerand to the front-end electronics.During the latency of the level-1 trigger, the front-end electronics store the data fromall of the sub-detectors in pipeline memories. These memories may be either digital oranalogue and the technology used varies between detectors. Due to the large numberof channels required to store all of the data (~105 for the calorimeter, ~107 for the innertracking detector) the total cost of the pipeline memories rises very rapidly with theirlength. For this reason it is desirable to keep the latency of the level-1 trigger to aminimum.The latency of the level-1 trigger is dominated by the calorimeter trigger, whichimplements relatively complicated algorithms. Other factors which have to beconsidered are the processing time of the central processor and the propagation delayinvolved in transmitting information to and from the front-end electronics. A realisticestimate for the total latency of the level-1 trigger is < 2 ms. Approximately half of thisis due to the time taken to transport signals to and from the detector.2.6.2. The Level-2 TriggerIf an event is accepted by the level-1 trigger, the required data from that event are readout of the pipeline memories in the front-end electronics into a derandomising buffer.The data are then compressed, multiplexed and transmitted to the level-2 buffermemories, where they are stored for the duration of the level-2 trigger latency. If eitherthe derandomising buffer or the level-2 memories become full, the level-2 triggersends an inhibit signal to the level-1 central processor. No level-1 triggers aregenerated while this condition persists.The aim of the level-2 trigger is to reduce the event rate by a factor of around 100. It isable to refine the level-1 trigger decision in several ways. The use of full calorimetergranularity allows the electron, photon, jet and missing-ET cuts to be sharpened, andthe electron trigger can be refined by the use of information from the inner detector tomatch calorimeter hits with high-PT tracks; the muon cut can be refined with the use ofinformation from the precision muon chambers and possibly from the inner detector.The level-2 trigger may also require events of interest to satisfy additional signatures,such as extra leptons at low PT or large |h|, or it may make a selection based on theinvariant mass of secondary vertices. The full level-2 triggering algorithms are stillunder study. It is possible that they will be fully programmable, compared to the hard-wired algorithms employed by level-1, which are programmable only at the level ofparameters.

30In terms of architecture, the level-2 trigger can be divided into two conceptual parts:feature extraction, in which a candidate trigger feature is parameterised usinginformation from a localised area of one or more detectors, and global processing, inwhich information from local features is combined and an overall trigger decision ismade. The RoIs flagged by the level-1 trigger define the areas for the level-2 feature-extraction processors to examine, so that only data from these regions of the detectorneed be moved to the level-2 trigger. This reduces the data rate into the level-2processing system by a factor of around 100 and allows for longer processing times forthe feature extraction processors.If an event is accepted by the level-2 trigger, the data from all detectors is read out tothe level-3 trigger.2.6.3. The Level-3 TriggerThe level-3 trigger performs full event building and makes a final event selection,before sending data to permanent storage at a rate of 10—100 events/s (10—100Mbyte/s). A partial event read-out is made available for some types of trigger, e.g.calibration triggers or a high mass jet-pair trigger which may indicate new particlesdecaying to jets.The bandwidth required for full event building is in the order of a few GBytes/s. It isnot possible to achieve this bandwidth using traditional bus-based event builders andinstead an architecture is required which involves a high level of parallelism. It isexpected that products currently being developed for the telecommunications industrywill be used in the construction of the level-3 trigger.Once full event building has taken place, the data is routed to a farm of processors ofsufficient power to allow sophisticated algorithms to be run. It is expected that theseprocessors will run the off-line analysis algorithms. This final stage of event reductionwill reduce the data rate to a level that is manageable for storage.

313. The Level-1 Calorimeter Trigger3.1. IntroductionThe formation of a level-1 trigger decision is a two-stage process. In the first stage, acalorimeter trigger processor and a muon trigger processor work independently and inparallel to implement four inclusive subtriggers, based on the following eventcharacteristics:• the multiplicity of electrons/photons at several different energies;• the multiplicity of jets at several different energies;• the missing transverse energy (missing-ET);• the multiplicity of muons at several different energies.It can be seen that the first three of these four subtriggers require information from theATLAS calorimeters alone, hence they are implemented by the calorimeter triggerprocessor. The fourth is implemented by the muon trigger processor. The data outputfrom all four subtriggers are passed on to a central trigger processor which forms theoverall level-1 trigger decision, based on combinations of the subtrigger results. Figure3.1 shows a diagram of this system.Figure 3.1. A Block diagram of the ATLAS level-1 trigger system.

32The design of the level-1 calorimeter trigger is the subject of an ATLAS R�&�Dprogramme [18]. Extensive simulation studies have been carried out to optimise thealgorithms used by the level-1 calorimeter subtriggers, and technical demonstratorsystems have been built to validate various aspects of the proposed trigger design.Investigations have also been made into bunch-crossing identification (see later). Thecalorimeter trigger design which has resulted from this R & D programme is describedin the following sections of this chapter [19].3.2. Subtrigger Algorithms.This section describes the algorithms proposed for the final ATLAS level-1calorimeter trigger. These algorithms should not be confused with those implementedby the demonstrator system described elsewhere in this thesis (chapters 5 and 7). Inparticular, the e/g trigger algorithm described below differs slightly from thatimplemented by the demonstrator system.3.2.1. The Electron/Photon TriggerLocal Cluster IdentificationThe algorithm used by the e/g trigger is illustrated in figure 3.2. It is based upon thedetection of isolated ET deposits in the electromagnetic calorimeter. A 4_·_4 windowof trigger cells is considered by the trigger, where each cell is of granularityDh_·_Df_»_0.1_·_0.1. This window slides in both the h and f directions by onetrigger cell, such that all possible window positions in the range |h|_<_2.5 areprocessed. Results from a window are referenced to the trigger cell indicated.Figure 3.2. The e/g trigger algorithm.To produce a positive trigger result the ET deposits in a window must satisfy thefollowing conditions. Firstly, the energy deposited in one of the four cluster windowsformed by the trigger must be greater than the cluster threshold level. The four clusterwindows are shown in figure 3.2: they cover all possible 2_·_1 combinations of

33electromagnetic trigger cells in the centre of the 4_·_4 window. The second conditionnecessary for a positive trigger result is that the energy sums in both theelectromagnetic isolation window and the hadronic isolation window must be lowerthan their respective isolation thresholds. All of the thresholds used by the e/g triggerare programmable.The figures of merit for the e/g trigger are the sharpness of the trigger threshold (i.e.,the rate at which the acceptance falls as a function of ET) and the trigger rate observedwhen the thresholds are set at a level efficient for the desired physics. The factorswhich affect the sharpness of the threshold are the resolution of the calorimeter, thedegree of containment of the e/g shower within the cluster window, and the level ofpile-up and electronic noise present in the window. The trigger rate, which isdominated by the QCD jet background, is determined primarily by the area of thecluster window. It is therefore important to optimise this area. Ideally, it should belarge enough to fully contain an e/g shower but be small compared to the size of a jetcore.The use of a 2_·_1 area of trigger cells for the e/g cluster window, rather than a singletrigger cell, significantly improves the sharpness of the trigger threshold as it reducescontainment inefficiencies for those showers which spread their energy between twocells. This is particularly important in the forward regions of the calorimeter where thephysical size of a trigger cell is relatively small. The use of a window of 2_·_2 triggercells would further reduce inefficiencies in cluster containment, but simulation showsthat this has a negligible effect on the sharpness of the threshold. Conversely, doublingthe area of the cluster window doubles the expected background trigger rate from jets.For these reasons the 2_·_1 area of trigger cells is the preferred window size.Jets can produce fake e/g triggers by one of two processes: high-PT p0s can leave largeET deposits in the electromagnetic calorimeter via a decay to photons and, with a lowerprobability, high-PT charged hadrons can produce em showers via the charge exchangeprocess. Whilst many of the events of interest at the LHC will result in isolated ETdeposits, an ET deposit produced by a jet will, in general, be accompanied by a further,nearby ET deposit. It is for this reason that an isolation requirement is included in thee/g trigger.The effectiveness of the isolation veto is determined primarily by the tightness of thecuts which can be applied whilst retaining a high efficiency for e/g showers. Thistightness is limited by three factors: pile-up, electronic noise, and leakage of the e/gshower into the isolation window. The sensitivity of the isolation veto to pile-up andelectronic noise can be reduced significantly by requiring each trigger cell to possessan energy deposit greater than 1 GeV before including it in the total isolation sum. Thesensitivity of the veto to shower leakage can also be reduced by raising the isolation

34threshold for high-PT e/g candidates (a task which requires the trigger to possess morethan one set of cluster and isolation thresholds).Figure 3.3 shows the effectiveness of the isolation veto in reducing the backgroundtrigger rate. This plot is taken from a Monte Carlo study of QCD jets. The e/g triggeralgorithm used to generate this plot is not that illustrated in figure 3.2. Here only twoof the four possible cluster widows are formed: A + C and C + D. This algorithm(which is the precursor of that described above) has slightly lower efficiency forisolated electrons. It can still be used to judge the effectiveness of the isolation vetohowever. Figure�3.3 shows the background rate for the single electron trigger as afunction of the cluster threshold, both without any isolation requirement and with anisolation threshold of 5�GeV in the em calorimeter. With a typical cluster threshold of40 GeV, imposing this isolation threshold reduces the background trigger rate by anorder of magnitude, to below 10�kHz. This compares well with the maximum level-2acceptance rate of 100 kHz.Figure 3.3. Background trigger rate for the e/g trigger due to QCD jets, versus thecluster threshold for |h| < 2.5 and luminosity 1034 cm-2s-1, with (lower curve) andwithout (upper curve) making the isolation requirement stated in the text.

35The proposed e/g trigger has eight sets of thresholds, where each set consists of acluster threshold, an electromagnetic isolation threshold, and a hadronic isolationthreshold. Eight different e/g trigger requirements can therefore be specifiedsimultaneously. This allows isolation vetoes to be relaxed for high-ET deposits,different thresholds to be set for single and multiple cluster triggers, and RoIs to bedefined using thresholds which are more relaxed than those used to produce actuallevel-1 triggers.De-clustering and RoI GenerationSince the 4_·_4 windows used by the e/g trigger overlap, a shower in one trigger cellmay pass the trigger conditions in up to four windows, producing a cluster of triggerhits. Logic is therefore needed to �de-cluster� these overlapping hits and avoid multiplecounting. There are two distinct tasks to be performed: the number of e/g hits producedby an event must be counted, and the location of each shower which passes the triggerconditions must be unambiguously identified. The former task is required to allowglobal trigger decisions based upon multiple triggers, whilst the latter is needed toidentify RoIs for the level-2 trigger.As mentioned in section 2.6.2, the level-2 trigger only reads out those sections of thedetector which are flagged as RoIs by the level-1 trigger. To minimise the amount ofdata which the level-2 trigger must accept, an RoI should therefore be defined asprecisely as possible, i.e., at a trigger-cell level. To define the position of an RoI thefollowing algorithm can be used: in addition to being part of an ET cluster whichpasses trigger conditions, a candidate RoI cell must also contain a greater ET than itsneighbours. To resolve the rare cases where a shower is shared equally by two cells,the algorithm can be modified such that the ET must be greater than that of theneighbours on two specified sides, and greater or equal to the ET of the neighbours onthe opposite two sides. Clearly, no two neighbouring cells can both pass such acondition. Each e/g shower which passes trigger conditions therefore produces a singleRoI candidate, which defines the position of the shower for the benefit of the level-2trigger.A variation on the algorithm described above can also be used to perform clustercounting: if an e/g hit is required to satisfy the conditions illustrated in figure�3.2, plusthe RoI condition described above, then no multiple counting of trigger hits occurs.Such an algorithm however, requires a significant increase in the fan-out of datasignals between processing units in the calorimeter trigger, and for this reason it is notthe preferred solution. Instead, the following global method of de-clustering is used:results from neighbouring trigger windows are combined (using an OR function) to

36form de-clustering windows of granularity Dh_·_Df_»_0.4_·_0.4. These windows donot overlap. The algorithm illustrated in figure 3.4 is then used to count the number ofde-clustering cells which produce trigger hits.Figure 3.4. The Global cluster-counting algorithm. A hit in the window R is countedprovided there are no hits in the shaded windows.The use of a reduced granularity for global cluster-counting inevitably results in a lossof efficiency for multiplicity based triggers, as multiple e/g hits which are separated byless than twice the de-clustering granularity are counted as a single hit. The use of fulltrigger-cell granularity however, is prohibited by the volume of data that would needto be processed. Physics simulation studies show that if de-clustering windows ofDh_·_Df_»_0.4_·_0.4 are used, the loss in efficiency for cluster pair triggers isminimal. See table 3.1.Process0.1�·�0.10.4�·�0.40.8�·�0.8

H�fi�gg0.979 – 0.0080.969 – 0.0100.928 – 0.015

H�fi�e+ e— e+ e—0.987 – 0.0060.957 – 0.0100.839 – 0.019 tt�fi� e+ e— jets0.938 – 0.0130.903 – 0.0160.824 – 0.021

Table 3.1. The efficiency of the two-cluster e/g trigger as a function of granularityfor a number of key physics processes. All events contain two electrons or photonswith PT > 20 GeV within |h| < 2.5.3.2.2. The Jet TriggerThe jet trigger compares the total ET in a window of trigger cells with a programmablethreshold, producing a positive trigger decision if the ET is greater than the threshold.Studies are still being conducted to determine the optimum size of the jet window: ifthe window is too small it will not fully contain the jet ET and resolution will be lost,whereas if the window is too large the summation of electronic noise and pile-up overthe increased area will also lead to a loss in resolution. One consequence of this latter

37fact is that the optimum window size for the low luminosity running period of the LHCis larger than that for the high luminosity running period. As the window size must befixed, it should be optimised for the high luminosity running period.The resolution of the jet trigger is its only figure of merit. The resolution alonedetermines the sharpness of the threshold curve and thus the trigger rate obtained whenthe threshold is set at a level efficient for the required physics. There is very littlebackground to the jet trigger, due to jet production being the dominant process at theLHC.The proposed jet trigger is based upon the total ET in a window of sizeDh_·_Df_»_0.8_·_0.8 in both the electromagnetic and hadronic calorimeters. Thiswindow slides in units of half-granularity (i.e., Dh or Df_»_0.4 for a window of sizeDh_·_Df_»_0.8_·_0.8). This avoids any inefficiency due to jets falling betweenwindows. Unfortunately, it also means that a de-clustering algorithm is required toavoid the multiple counting of jet hits and to define RoIs. The algorithm used is this:each jet window is divided into 2 · 2 jet cells and trigger hits generated within awindow are associated arbitrarily with the bottom left cell (see figure 3.5). The jet hitsare then de-clustered at jet-cell granularity using the same algorithm used to performglobal cluster-counting for the e/g trigger (see figure 3.4). Note that here, the logicused to avoid multiple counting can also be used to determine RoI coordinates, as thede-clustering granularity matches the finest granularity used by the jet trigger. The RoIcandidate cells are those jet cells which contain jet-trigger hits not vetoed by the de-clustering algorithm.Figure 3.5. A jet window.3.2.3. The Missing-Transverse-Energy TriggerThe principle of the missing-ET trigger is simple. Calorimeter ET measurements areresolved into Ex and Ey components and these quantities are summed over theacceptance range of the trigger. The total missing-ET measurement is given by thequadratic sum of the global Ex and Ey measurements, and this quantity is compared to aprogrammable threshold to produce a trigger decision.

38The missing-ET trigger processes data from all of the ATLAS calorimeters, giving it anacceptance of |h| < 5. This large pseudo-rapidity coverage is essential to avoid miss-measurements of missing-ET due to jets falling outside the acceptance of the trigger.To reduce the sensitivity of the missing-ET trigger to noise, only trigger cells whichpossess an ET above a 1 GeV threshold are included in the global Ex and Ey sums. Thelargest contribution to the background of the missing-ET trigger is from thedegradation of ET measurements in the transition regions between calorimeters, due toboth the extra material in front of the calorimeters in these regions and the difficulty incombining measurements from different calorimeters. There is also a non-physicsbackground due to beam-wall and beam-halo events. Only if this background can becontrolled will an inclusive missing-ET trigger be employed by ATLAS. If not, themissing-ET measurement will be used as a secondary signature in conjunction withother trigger criteria.3.3. Architectural OverviewThe following sections describe the design proposed for the ATLAS level-1calorimeter trigger, as presented in the ATLAS technical proposal and theaccompanying back-up document [19]. The design is based upon purpose-built digitalprocessors and extensive use is made of custom micro-electronics. The proposedprocessors implement a fixed set of algorithms which are programmable at the level ofparameters. A pipelined architecture is employed by the trigger, with many operationsbeing performed in parallel. The transmission of data to the processors and thepipelined processing are synchronous with the 40 MHz LHC clock (in some casesclock frequencies which are multiples of 40 MHz are used).Figure 3.6 shows the components of the proposed calorimeter trigger system. It can beseen that signals from the calorimeter are digitised by hardware mounted on thedetector and are then transferred by fibre-optic cable to a shielded control room, wherethe trigger processor itself is housed.3.3.1. The Front-End Digitisation SystemThe first task performed by the level-1 calorimeter trigger is the summation of theanalogue calorimeter signals to form trigger towers of the desired granularity:Dh_·_Df_»_0.1_·_0.1. An ADC system is then used to digitise the resultant signalsby sampling them every 25 ns. The ADC clock is derived from the central LHC clock,but it has an adjustable phase which allows the analogue calorimeter pulses to besampled at their peak. The dynamic range of the ADC is eight bits and the sensitivityis 1 GeV/count.

39As the calorimeters do not measure ET directly, but rather E, Look-up tables (LUTs)are employed to convert the ADC output into ET values. The signals then undergo aprocess of bunch-crossing identification — a subject which is covered in detail inchapter 4 and so is not explained here. As indicated in figure 3.6, all of the aboveprocesses may be performed either by a stand-alone level-1 front-end system, or by theFERMI front-end readout module [20], if it is accepted by ATLAS.Figure 3.6. Components of the Level-1 calorimeter trigger.3.3.2. The Optical Data LinkFibre-optic cables are used to transfer trigger data off the detector. Data bytes frompairs of trigger channels are combined to form 16-bit words and these are serialisedand transferred over an optical link at an effective rate of 640 Mbit/s. (The actualclocking rate is 800 Mbaud across the link due to the transfer of additional framing andprotocol bits, which are internal to the link and not seen by the outside system). A totalof 4000 cables are required to transfer all of the calorimeter data off the detector. In the

40counting room the cables are received into the trigger processor system describedbelow.3.3.3. The Trigger Processor SystemFigure 3.7 shows a crate-level diagram of the level-1 calorimeter trigger processor.This is the part of the system which implements the trigger algorithms described insection 3.2. Six different types of module are used in the system:• cluster processing modules (receive optical data, produce e/g hit decision, performinitial processing for jet and missing-ET triggers);• jet modules (form jet hits);• results modules (calculate Ex and Ey);• missing-ET module (calculates missing-ET from local Ex and Ey results);• de-clustering modules (de-cluster e/g hits and jet hits);• readout controller modules (interface to host computer and level-2 trigger).Figure 3.7: Crate-level diagram of the ATLAS level-1 calorimeter trigger processor.

413.4. Trigger ImplementationThe sections below describe the data path through the trigger processor for each of thethree calorimeter subtriggers (e/g, jet and missing-ET).3.4.1. The Electron/Photon TriggerFigure 3.8 shows a block diagram of the logic for the e/g trigger. Optical data from thefront-end digitisation system are received on to cluster processing modules, each ofwhich receives the data for 242 trigger cells. The cluster processing modules containmultichip modules (MCMs) to perform optical-to-electrical conversion, and cluster-processing ASICs to identify e/g hits. The hit data produced by the cluster processingmodules are passed on to de-clustering modules, which perform global clustercounting. A total of fifteen cluster processing modules and eight de-clustering modulesare employed by the e/g trigger.Figure 3.8: Electron/Photon Trigger Logic

42The Optical-To-Electrical Multichip ModulesEach cluster processing module contains four optical-to-electrical MCMs of the typeshown in figure 3.9. The fibre-optic cables which carry the calorimeter data off thedetector are received directly on to the MCMs, with four fibres being received permodule. As shown in figure 3.9, each MCM contains four different types of chip inbare-die form: optical-to-electrical converters, serial-to-parallel converters, serialisingASICs and a diagnostic memory. The serial-to-parallel converters shown form a chip-set with the parallel-to-serial converters used at the transmitter end of the optical link.Problems of framing and protocol for the transferred data are transparent to the user.In order to minimise the number of signal tracks required to carry the output from theMCM, the 16-bit parallel words produced by the serial-to-parallel converters areserialised on to four links each (16 links per MCM). These links operate at 160 Mbaud.The maximum baud rate which can be used to output data from the MCM isdetermined by the cluster ASIC, which is implemented in 0.5 mm CMOS gate-arraytechnology and is not able to handle rates beyond 160 Mbaud. Rates much above160�Mbaud also require an optical fan-out technique to be employed, rather than theproposed electrical backplane (see below).Figure 3.9. MCM block diagram.The Cluster ASICThe cluster processing ASIC lies at the heart of the calorimeter trigger processor. Itidentifies e/g trigger hits. Each ASIC computes 16 overlapping windows of the typeshown in figure 3.2, requiring data from a 7_·_7 area of electromagnetic and hadronictrigger cells (see figure 3.10). The data for each pair of trigger cells arrive at the cluster

43ASIC on four 160-Mbaud links. The data are converted into two 8-bit parallel wordsfor processing by the core logic of the ASIC, which operates at 40 MHz.Figure 3.10. Input data to a cluster processing ASIC.The cluster processing ASIC provides eight sets of thresholds for the e/g trigger, whereeach set consists of a cluster threshold, an electromagnetic isolation threshold and ahadronic isolation threshold. There are therefore eight sets of results produced for eachwindow location. Within the ASIC, the hit results for different window locations (butnot different threshold values) are combined using an OR function: if any of thewindow locations produces a positive e/g-hit result for a given set of thresholds, thenthe output of the whole ASIC for that set of thresholds is positive (i.e., an e/g clusterhas been found). This is the first step in the global cluster-counting algorithmdescribed in section 3.2.1. The output of each cluster processing ASIC for the e/gtrigger consists of an 8-bit hit pattern, where each bit gives the e/g hit decision for oneset of thresholds over the Dh_·_Df_»_0.4_·_0.4 area covered by that ASIC.In addition to the above, the cluster processing ASICs generate RoI candidatesaccording to the algorithm described in section 3.2.1. Each cluster ASIC outputs a 16-bit array of RoI data, covering the 16 reference cells of the e/g windows processed. Apositive RoI result for a given reference cell indicates that an e/g shower which passestrigger conditions is centred on that reference cell. The RoI data are stored in a FIFOon the cluster processing module. This FIFO can be read out into the level-2 trigger asrequired.Data Fan-In/Fan-OutThe overlapping nature of the windows used by the e/g trigger means that each triggercell contributes towards 16 different windows. Inevitably, the data from some trigger

44cells must be shared out between different cluster processing ASICs, different clusterprocessing modules, and in the most extreme case different cluster processing crates.Figure 3.11. Data fan-in/fan-out for a cluster processing module.Each cluster processing module houses four cluster ASICs, processing a total of 8_·_8e/g trigger windows. This requires data from an 11_·_11 area of trigger cells in boththe electromagnetic and hadronic calorimeters. As shown in figure 3.11, of the 242cells which form the input to a cluster processing module, data for 120 cells are sharedbetween two modules and data for 72 cells are shared between four modules.Data sharing between modules in a cluster processing crate is achieved via a customhigh-speed backplane, which transfers the data as ECL signals at 160 Mbaud. The fan-out/fan-in requirement for each cluster processing module is this:• data for 128 cells arrive at a module optically, from the front-end digitisationsystem;• data for a further 114 cells arrive via the crate backplane from neighbouring clusterprocessing modules;• of the data received optically, data for 78 cells are output on to the crate backplaneand transferred to neighbouring modules.Data sharing between crates is accomplished using passive optical splitters to fan-outthe data whilst they are being transmitted optically from the front-end system.De-ClusteringThe sixteen cluster processing modules employed by the e/g trigger output a total of2048 bits of hit data (256 position pixels · 8 cluster thresholds). These data aretransmitted via parallel cable links to eight de-clustering modules, such that each de-clustering module receives all 256 bits of hit information for one set of thresholds. Thede-clustering modules implement the global de-clustering algorithm shown in

45figure�3.4 and count the number of non-vetoed hits. This number is then compared to aprogrammable multiplicity threshold and a multiplicity-satisfied flag is generated.These flags (one per set of cluster thresholds) constitute the final output of the e/gtrigger and they are transmitted to the central level-1 trigger processor.3.4.2. The Jet TriggerFigure 3.12 shows a diagram of the jet trigger logic. As described in section 3.2.2, thejet trigger is based upon the ET sum in a 2_·_2 window of jet cells. It is assumed herethat the jet cells used are of dimension Dh_·_Df_»_0.4_·_0.4, and are formed in thecluster ASICs by summing over 4_·_4 areas of trigger cells. These sums are outputfrom the cluster processing modules on 160 Mbaud cable links and are sent to the jetmodules, which implement the bulk of the jet trigger logic.Figure 3.12. Jet Trigger Logic.Each jet module houses four jet ASICs, each of which processes 4�·�2 jet windows. Aseach jet window is composed of 2�·�2 jet cells and the windows slide by one cell inboth the h and f directions, this requires an input of 5�·�3 jet cells per ASIC. Seefigure 3.13. Extending this argument further shows that the input to each jet module is45 jet cells (9�·�5). Data for 32 of these cells arrive directly on the module via twisted

46pair cable from the cluster processing modules, and data for the remaining 13 arrivevia the crate backplane from neighbouring jet modules, in a similar fan-out scheme tothat used for the cluster processing modules. There are 265 jet cells in total, so eight jetmodules are required by the trigger system.Figure 3.13. The 5�·�3 block of jet cells which form the input to a single jet ASIC.Each jet module compares the ET in the 32 windows which it processes to eightdifferent thresholds. The output from each module thus consists of 32 8-bit hitpatterns. The results from the jet modules are passed on via 160 Mbit/s cable links toeight de-clustering modules which are identical to those used for the e/g trigger. Oneblock of logic which is present on all de-clustering boards but is superfluous to the e/gtrigger is the FIFO, which stores the pattern of non-vetoed hits produced by the vetoASICs. For the jet trigger this pattern constitutes the required RoI information and it istransferred from the FIFO to level-2 upon request.3.4.3. The Missing-Transverse-Energy TriggerFigure 3.14 shows the missing-ET trigger logic. The calculation of missing-ET beginson the cluster processing modules. Each of the four cluster ASICs on a modulemeasures the ET deposited in a Dh_·_Df_»_0.4_·_0.4 area of the calorimeter. TheseET measurements are resolved into their Ex and Ey components by LUTs, before beingsummed over the area of calorimeter covered by that cluster processing module. Thepartial Ex and Ey sums are then transferred via crate backplane to the results modules.There are two results modules per cluster processing crate: one to form a local Ex sumfor the entire crate and one to form a local Ey sum. The outputs from all of the resultsmodules are transmitted to the missing-ET module, which implements the final stage inthe missing-ET adder tree, forming the global Ex and Ey sums. These sums are then sentto a LUT which tests ET = �(Ex2 + Ey2) against four pre-programmed thresholds. Theoutput of the missing-Et trigger is a four-bit hit flag which gives the trigger results foreach of the four threshold values. This hit flag is passed on to the central level-1trigger processor.

47This concludes the overview of the level-1 calorimeter trigger.Figure 3.14. Missing-ET Trigger Logic

484. Bunch-Crossing Identification for the Level-1Calorimeter Trigger4.1. IntroductionOne of the tasks of the level-1 trigger will be to provide unambiguous bunch-crossingidentification for each event of interest. The implication of this for the individual level-1 trigger processors is that each trigger signal must be identifiable with one uniquebunch crossing.For the muon trigger, a dedicated muon detector can be built using resistive platechambers (RPCs) which have a response time much less than 25 ns. The problem ofbunch-crossing identification in this case is essentially one of synchronisation,allowing for the time of flight of the muons (which will be of the same order as thebunch-crossing period) and propagation delays within the trigger. Synchronisation canbe achieved easily using programmable delays.For the calorimeter trigger the situation is more complicated. The liquid-argoncalorimeters proposed for ATLAS have the drawback that they have a chargecollection time much longer than the bunch-crossing period (~400 ns). To correct forthis, electronic shaping of the calorimeter signals is employed. Figure 4.1 shows anexample of the resultant pulse shape relative to the LHC clock. This pulse was takenfrom the RD3 prototype liquid-argon accordion calorimeter [21] and has been digitisedby sampling with a 25 ns period (the bunch-crossing period). The pulse has a narrowpositive lobe which would span three to four bunch crossings, followed by a muchshallower negative lobe which would span around 15 bunch crossings. It is the widthof the positive lobe which is of the most concern.Figure 4.1. A typical pulse from the RD3 prototype Liquid-Argon AccordionCalorimeter, sampled at 40 MHz.

49If signals such as the one shown in figure 4.1 were sent directly to the calorimetertrigger, several undesirable consequences would result. Most noticeably, the triggerrates of the e/g and jet triggers would be increased as large energy deposits wouldcause the triggers to fire for several consecutive bunch-crossings. At the same time, theefficiency of the e/g trigger for isolated electrons would be decreased, as genuinely-isolated em clusters would occasionally be vetoed by energy deposits from otherbunch-crossings. There would also be an overall rise in the level of pile-up noisewhich would degrade the resolution of the jet and missing-ET triggers. The process ofbunch-crossing identification can be used to improve this situation. Once eachcalorimeter signal has been identified with a single bunch crossing, that signal can betruncated in time and the information from that signal sent to the trigger processor forone bunch crossing only.Bunch-crossing identification (BCID) may be performed using either digital oranalogue signal processing methods. Only digital implementations of a BCID filterhave been studied during the course of this project, although analogueimplementations of a BCID filter have not been ruled out for the final LHC system.The respective advantages of the two approaches are listed below.Digital Signal Processing (DSP):• programmable systems can be used, giving maximum flexibility;• non-linear DSP algorithms can be very effective in the presence of noise;• ease of diagnostics.Analogue Signal Processing (ASP):• ASP systems can be very fast;• there is no quantisation noise on the observed signal;• simple (and possibly cheap) circuits may be used.If the FERMI digital front-end system is accepted for calorimeter readout, the bunch-crossing identification of calorimeter signals will be performed using digitalalgorithms and the required logic will be housed in the FERMI module itself. If ananalogue system is used for calorimeter readout, the level-1 trigger will need toemploy both an independent ADC system and a BCID module. This BCID modulecould be placed before or after the ADC system, allowing either analogue or digitalsignal processing methods to be used.

50There are three sources of noise present on the signals observed by the BCID logic:• Electronic noise. This consists of pick-up etc. and is a function of how well thesystem is designed.• Pile-up noise. This occurs when two calorimeter signals overlap. It is a function ofthe luminosity of the machine, the granularity of the detector, and the length of thepulses produced by the calorimeter shaping circuits. Although the calorimeter willbe of a high granularity to reduce the occurrences of pile-up, the level-1 triggersystem will use only a reduced granularity.• Quantisation noise. This is a source of noise for digital signals only. It is therounding error which occurs in the analogue-to-digital conversion process.All of these sources of noise lead to possible errors in the BCID process by causingdistortion of the calorimeter pulses from their ideal shape. One further cause ofdistorted pulse shapes is saturation. Energy deposits in the calorimeter which aregreater than 255 GeV will saturate the level-1 ADC system, producing digital pulseswith truncated peaks. At some energy greater than 255 GeV the front-end electronicsfor the calorimetry will also become saturated, such that it no longer possesses a lineartime-response. The pulses produced in this situation will generally be of a longerduration than non-saturated pulses. Both of these effects — the truncation of largepulses and the non-linear time-response of the front-end electronics — present problemsfor the BCID process.On a global level, the bunch-crossing identification of an interaction of interest can bederived from the bunch-crossing identifications of the individual signatures whichconstitute that event. Looking at the signatures listed in table 2.2, it can be seen thatany event of interest will, in general, produce a large ET deposit in the calorimeter(either from an e/g cluster or a high-ET jet) which can be used to identify the event as awhole. Bunch-crossing identifications made using large calorimeter signals (from largeET deposits) will generally be more accurate than those made using small signals, dueto an improved signal-to-noise ratio (the exception being saturated pulses). BCID forsmaller ET deposits (< 5 GeV) is less important as it will not directly determine thebunch-crossing identification of an event as a whole. It will however, affect theperformance of the triggers themselves. Poor BCID for small pulses will result insmall energy deposits being missed or allocated to the wrong bunch crossing. This willdegrade the sharpness of the jet, missing-ET and e/g triggers and weaken theeffectiveness of the isolation veto for the e/g trigger.The requirements for the BCID filter are therefore that it should provide bunch-crossing identification with good efficiency for high-ET pulses, with good efficiencyfor low-ET pulses being desirable but less important. The crucial factor in determiningthe efficiency of the filter, particularly for low-ET pulses, will be its immunity to noise.

51Another important requirement is that the filter be of simple design, introducing aminimum additional latency to the level-1 trigger.4.2. Bunch-Crossing Identification AlgorithmsThe purpose of the BCID filter can be defined as this: to take a pulse which spansseveral bunch crossing and identify it with only one of those bunch crossings. If it isdigital signals which are being processed, then those signals will have been digitisedby taking samples synchronously with the bunch-crossings. The requirement of theBCID filter in this case is to take a pulse which occupies a finite number of samplesand transform it to an impulse, which occupies only one sample.It should be noted that normally, although digital signals consist of a series of discretesamples, the timing information which can be extracted from the signals is not limitedto the discrete set of times at which the samples were taken. For example, if dealingwith a bi-polar pulse of known shape but unknown phase with respect to the samplingclock, it is possible to locate the point of zero crossing by examining the relativeheights of the samples, even though in general the point of zero-crossing will not falldirectly on a sample. In this way a measure of the phase between the pulse and thesamples can be obtained. For the level-1 trigger however, this procedure is notrequired.In order to cope with saturated pulses of the type described in the previous section, it isbelieved that the BCID system for the ATLAS level-1 calorimeter trigger will requiretwo separate algorithms: one optimised for non-saturated pulses and one optimised forsaturated pulses. Most pulses will be processed by the former of these two algorithms,but when a saturated pulse is identified (by its height), it will be processed instead bythe saturated-pulse algorithm. This separate algorithm is required as most of the timinginformation associated with a calorimeter pulse (such as the peaking time and the pointof zero-crossing) is destroyed or corrupted by saturation, leaving only the rising edgeof the pulse from which to extract reliable information.All of the BCID algorithms described in this thesis have been developed to processnon-saturated calorimeter pulses. They identify the timing of a calorimeter pulse bylooking for some characteristic feature which can be identified with a single sample.For example, the peak of the pulse. All of the algorithms studied consist of either anFIR (Finite Impulse Response) filter, a peak-finding algorithm, or a combination of thetwo (namely an FIR filter followed by peak finder). Below are described the theoriesof the FIR filter and the peak finder, followed by a description of each of the candidateBCID algorithms in turn.

524.2.1. The Finite Impulse Response FilterThe Finite Impulse Response (FIR) Filter is an example of a discrete linear systemwhich is invariant in time. To express these conditions more formally:1.A discrete system is one which converts an input data set, x(n), into an output dataset, y(n) :x(n) fi y(n)where n is an integer representing the sample number.2.The definition of a linear system is that the equationx1(n) + ax2(n) fi y1(n) + ay2(n)should be true for any value of a.3.A time-invariant system is one for whichx(n + n0) fi y(n + n0)is true for any integer n0.The behaviour of a discrete, linear, time-invariant system is governed by a convolutionequation, i.e. the output from the system is given by a convolution of the input datawith the impulse response of the system. The impulse response of the system isdefined to be the output produced by the system when the input consists of a unitimpulse at time zero. The set of values, h(n), which constitute the impulse responsecompletely define the system. The definition of an FIR filter is a filter that has a finiteset of such values.The equation which describes the behaviour of an FIR filter can be written as

ynhixniiN( ) ( ) ( )= -=-�0 1

whereh(i) = aiif0 £ i £ N-1and h(i) = 0elsewhere.Here the impulse response of the FIR filter consists of a set of N coefficients, ai . Theoutput sample, y(n), is determined by a sum of the N previous input samples, weightedby the coefficients ai. A hardware implementation of an FIR filter is shown in Figure4.2. The series of latches shown at the top of the figure form a pipeline memory whichcontains the N previous data samples. These samples are multiplied by the coefficientsai and summed using an adder tree.

53Figure 4.2. A hardware implementation of the FIR filter.It is possible to construct Infinite Impulse Response (IIR) filters by the use of recursivetechniques: feeding the output of the filter back into the input. These filters have aninfinite memory and effectively perform a convolution involving all past samples.They have no practical application for bunch-crossing identification however.4.2.2. The Peak FinderThis is an example of a feature extraction algorithm which is used to identify localpeaks within a data set. It can be used either in isolation, as the whole of the BCIDalgorithm, or in conjunction with an FIR filter, in which case it is fed the filtered data.Whenever the peak finder identifies a peak in the data it generates a flag and ultimatelyonly flagged samples are sent to the trigger processor.The input to the peak finder is a set of consecutive data samples: x(n), x(n-1), x(n-2)....For convenience and clarity it is best to denote these samples by the nomenclatureR1, R2,, R3... where the sample with the largest subscript number is the most recent.With every clock cycle the samples shift forward by one position and R1, R2,, R3... takenew values.As an example, consider a peak finder which takes as its input three consecutivesamples (R1, R2, R3). For this algorithm to recognise a peak within these three samplesit requires that they fulfil the condition:R1 < R2 > R3If this is true then there is obviously a local peak in the data sample at the position R2and a flag will be generated and attached to one of the samples. Which sample this willbe depends on whether the peak finder is examining filtered or unfiltered data. Thepurpose of the BCID logic is to pass on to the level-1 trigger processor the informationfrom each calorimeter pulse for one bunch crossing only: the flagged bunch crossing.For the trigger processor to make the most accurate measurement of ET, it is thesample which contains the peak of the unfiltered calorimeter pulse that should be

54flagged. This will not necessarily coincide with the peak of the filtered pulse beingexamined by the peak finder, but will be offset from it by a fixed number of time slicesaccording to the FIR filter used. This offset needs to be taken into account whendetermining which sample to flag.The number of samples examined by the peak finder and the criteria by which a peakis defined can be used to control the response of the algorithm to different pulse shapesand to different levels of noise. Any noise on the signals from the calorimeter willhave two effects:• it will produce fluctuations in the pedestal level of the calorimeter signal whichwill cause false peaks to be identified when there is no true pulse present;• it will cause pulses to be distorted from their ideal shape.This latter effect becomes increasingly important as the magnitude of the calorimetersignal falls and the signal-to-noise ratio decreases. In the ideal situation, with noelectronic noise, the rounding error of the digitisation process will always limit theinformation carried on low energy pulses and compromise the pulse shapes. Figure 4.3shows an extreme example of this.Figure 4.3. The effect of quantisation noise on low energy signalsFalse flags generated entirely from background noise are less serious than incorrectflags generated from misshapen pulses. If a pulse is wrongly identified a large amountof energy is incorrectly entered into one bunch crossing, whilst being left out of thecorrect one. For background flags only small energy discrepancies are involved andthe net result is an increase in noise on the signals sent to trigger processor.The use of a larger number of samples in the criteria used by the peak finder to definea peak makes the peak finder more selective. For example:R1 < R2 < R3 > R4 > R5R1 < R2 > R3 > R4 > R5.The second of these could be used to search for a pulse which was of an asymmetricshape, with a sharp rising edge followed by a long falling edge.

55The use of a large number of coefficients cuts down on number of false flags generatedby fluctuations in the pedestal but also reduces the number of real peaks found in thelow energy region, where a low signal-to-noise ratio causes signals to be increasinglydistorted from their ideal shape. For a less selective peak finder one could use criteriasuch asR1 £ R2 > R3.By using �greater or equal to� requirements in the peak definition one can identifythose pulses which have peaks that cover more than one sampling. This situation ismore prevalent at low energies, where quantisation noise causes the flattening ofpeaks. See figure 4.3. The accompanying disadvantage of using such wide criteria isthat they lead to an increase in the rate at which flags are generated by pedestalfluctuations. One further alternative is to use �either/or� conditions when defining thepeak. For example:R1 £ R2 > R3 OR R1 < R2 ‡ R3 .The best peak-finding criteria for a given situation ultimately depend upon the shape ofthe pulse.Peak-finding algorithms can be easily implemented in hardware using a set ofcomparators. The outputs from the comparators can be combined using the requiredlogic functions to give the desired algorithm. Figure 4.4 shows a simple example.Figure 4.4. The Hardware implementation of a peak-finding algorithm with thecriterion R1 < R2 > R3.

564.3. The Candidate AlgorithmsThis section describes in turn each of the algorithms investigated during the course ofthis project.4.3.1. The Deconvolution FilterThe aim of the deconvolution filter [22] is to deconvolute the shaped calorimeter pulseback into an impulse signal. This impulse will contain both timing and energyinformation. Figure 4.5 illustrates the theory behind the deconvolution filter.Figure 4.5. The deconvolution filterThe characteristic pulse shape seen by the BCID filter can be regarded as having beenproduced by some system, H (labelled by its impulse response), in response to aninitial input of impulse, S. This is a hypothetical system: in reality the pulse shape isthe product of the calorimeter shapers acting on the initial calorimeter signal (which isnot an impulse) and the subsequent digitisation by the ADC system.The output from the system H is given by a convolution of the input, S, with theimpulse response of the system, H. As S itself will always be an impulse, the output, Y,will simply be the impulse response multiplied by the height of S. For the special casewhere S is unitary the output from the system will be the impulse response itself — asituation which can be expressed by the matrix equation:

YHSHyh= =ØºŒ øßœ = ØºŒ øßœØºŒ øßœ = ØºŒ øßœ.: .........: : : : . : .123 12 13 2 1 1230 0 10

The elements of H can therefore be written down from the inspection of the ideal pulseshape (i.e., the right-hand side of the above equation). If H is known it is possible tocalculate its inverse matrix, W. This matrix can be used to reconstruct the originalimpulse from the shaped output: 57

W H S H HS

S WYw w w w w w h h = = Ø º Œ Œ ø ß œ œ = Ø º Œ Œ ø ß œ œ Ø º Œ Œ ø ß œ œ - 1 12 12 2 1 123 10 0 0 0 . .. ...

......

: : : : . :

This equation again illustrates the case where Y is equal to H and a unitary impulse hastherefore been reconstructed.In general the matrix W will be of infinite dimensions. For certain pulse shapes thoughit will contain only a finite number of non-zero or non-negligible elements. In suchcases the coefficients of the W matrix ( w1 , w2 , w3...) can be used as the coefficients ofan FIR filter. In the ideal case (i.e., with no noise) the output from such a filter willconsist of a series of impulses, each representing one calorimeter pulse and having aheight proportional to the ET deposit in the calorimeter. This data can therefore be sentdirectly to the trigger processor.The drawback of using the deconvolution filter is its effect on noise. The filter used toperform the deconvolution has the adverse effect of increasing the noise present onsignal. For this reason it is only suitable for low noise signals.4.3.2. The Stand-Alone Peak FinderThe term �stand-alone peak finder� is used here to denote that case where BCID isperformed using just a peak-finding algorithm (with no prior FIR filter). Here, timinginformation is extracted from the calorimeter pulse by identifying its peak. The peakhowever, is not necessarily the optimum feature of the pulse from which to extracttiming information.For analogue pulses, timing information should ideally be extracted from that part ofthe pulse where the gradient, dV/dt, is at its maximum. At this point any shift in thetiming of the pulse, Dt, will produce the greatest change in signal height, DV.Conversely, any noise on the signal, DV, will produce the smallest change in theextracted time information, Dt . For maximum sensitivity to small time shifts andminimum sensitivity to signal noise, timing extraction should therefore be performedby investigating the height of the pulse in this region.For digital systems the situation is similar: small phase shifts between the originalanalogue pulse and the sampling clock are most accurately measured by examining the

58sample heights at positions where dV/dt is at its maximum, rather than at the peak,where dV/dt is zero. This is not an important consideration for the level-1 BCID logichowever, as there is no need to extract timing information about the phase of a pulserelative to its samples. It is the sensitivity of the BCID algorithm to noise which isimportant.Noise will produce incorrect results from a feature extraction algorithm when it altersthe relative heights of the samples which constitute the feature. What matters is not thegradient of the original analogue pulse over this feature, but the variation in sampleheight. The sensitivity of the peak finder to noise therefore depends upon the sharpnessof the peak of calorimeter pulses when observed in the time-frame of the 25 nssampling clock.4.3.3. Zero-Crossing IdentifierThe zero-crossing identifier is more commonly implemented as an analogue method ofextracting timing information from analogue signals. Those signals must necessarilybe bi-polar. As the gradient of a pulse at the point of zero crossing is non-zero, timingmeasurements made from this point are more precise than those made from the peak.The digital implementation of this algorithm uses an FIR filter to integrate theincoming calorimeter pulse, forming a peak where formerly the point of zero-crossingoccurred. A peak-finding algorithm is then used to identify those peaks. The advantageof using this method of zero-crossing identification, rather than a feature extractionalgorithm which searches for the featureR1 > Pedestal AND R2 < Pedestalis that no knowledge of the local pedestal height is required. An algorithm whichcompares the data samples with some preprogrammed pedestal level is susceptible toerrors due to pedestal drift and pile-up.The integration of the calorimeter pulse is performed by convolving it with a set ofunity coefficients (1, 1, 1...). Only a finite set of coefficients is required as theintegration need not be over all time, only over the duration of a single pulse. Theminimum number of coefficients required to transform the point of zero-crossing intoa peak is the number required to cover the positive region of the pulse.The subsequent peak-finding algorithm should be optimised for the shape of the pulsesproduced by the FIR filter.

594.3.4. Constant Fraction DiscriminatorThe constant fraction discriminator [23] is another algorithm usually implemented asan analogue signal-processing method. It extracts timing information from the risingedge of the pulse — the optimum location for analogue signals as here the gradient ofthe pulse is generally at its maximum.The constant fraction discriminator uses the basic principle of a threshold counter,identifying that time when the pulse height rises above some set threshold. The use ofa fixed threshold however, is not suitable for pulses of varying height, as the time atwhich the threshold is crossed will depend upon the total pulse height. Instead theconstant fraction discriminator sets a threshold which is a constant fraction of the totalpulse height.Figure 4.6 illustrates the theory behind the constant fraction discriminator. For claritythe pulses are shown as analogue signals. The initial input pulse from the calorimeteris sent down two channels. Down one of these it is delayed by a time Dt and multipliedby some number, X. The value of Dt is chosen such that the rising edge of the delayedpulse coincides with the peak of the undelayed pulse. The delayed pulse is thensubtracted from the undelayed pulse and the result is a pulse which has a point of zero-crossing at the time when the delayed pulse is equal to 1/X of its total height. The pointof zero-crossing is then identified by integrating the pulse and using a peak-findingalgorithm, as for the zero-crossing identifier. X t Figure 4.6. The Constant Fraction DiscriminatorFor a digital constant fraction discriminator, the generation of the delayed pulse and itssubtraction from the undelayed pulse can be performed using an FIR filter. A second

60FIR filter is then needed to integrate the resultant pulse. The two convolutions requiredfor this process can easily be combined though, and performed by a single FIR filter.This is shown in figure 4.7. Appendix A explains the notation used in this figure.

*^{Figure 4.7. The FIR coefficients required to implement a constant fractiondiscriminator. The width of}D^{i corresponds to the number of timeslices required togenerate the delay}D^{t shown in figure 4.6. It is assumed in this figure that}Di = 1.The pulses ^{A, B and C referred to here are those shown in figure 4.6.When dealing with digital signals rather than analogue signals there are additionalfactors which must be taken into consideration when determining the optimum valuesof}D^{t and X. The most obvious is that}D^{t is limited to a set of discrete values. Whendetermining the optimum value of X, regard must be made to the fact that the height ofa digital pulse is not a continuous function of time (as it is for analogue pulses). Thethreshold of the constant fraction discriminator can therefore be set at a levelcorresponding to the height of one of the samples on the rising edge of the pulse, or ata level which falls between the heights of two consecutive samples.If the threshold is set to correspond to the height of one of the samples, then even asmall amount of noise on that sample will be able to raise or lower the sample heightabove or below the threshold level, shifting the time at which the constant fractiondiscriminator fires by one whole time slice. For maximum immunity to noise thethreshold should therefore be set midway between consecutive sample heights.The peak finder required by this algorithm should be optimised for the shape of pulsesproduced by the FIR filter.4.3.5. The Comparison of the Pulse with its IntegralThis algorithm is very similar to the constant fraction discriminator. It fires when thepulse height is equal to a constant fraction of its own integral. An analogueimplementation of this algorithm was proposed as the BCID system for the GEMcollaboration on the SSC [24].The digital implementation of this algorithm requires two convolutions. The first ofthese multiplies the original pulse by a factor X,} and subtracts from it the integral ofthe original pulse. The result of this is a pulse which has a point of zero-crossing when

61the original pulse height is equal to 1/X of its own integral. A second convolution isthen required to integrate this pulse, before sending it to a peak finder. As with theconstant fraction discriminator, these two convolutions can be combined andperformed by a single FIR filter. Figure 4.8 illustrates this. The same considerations asfor the constant fraction discriminator apply when optimising the value of X .

* Figure 4.8. The FIR coefficients required to perform the comparison of the pulsewith its integral.4.3.6. Peak-Sharpening AlgorithmsThese algorithms are essentially the same as the stand-alone peak finder, except thatthey use an FIR filter to sharpen the peak of the pulse before trying to identify it. Theoptimum coefficients for use by the FIR filter depend upon the shape of thecalorimeter pulse. The basic form is of positive coefficients in the centre of the FIRfilter, to give a large positive output when the pulse is centred on the filter andnegative coefficients at the extreme, to reduce the magnitude of the output when thepulse is off-centre. The net effect is to reinforce the peak of the pulse, whilstsuppressing the samples on the rising and falling edge. This operation is then followedby a peak finder.4.4. ConclusionThe testing of the above algorithms is described in the following chapter. It is alreadypossible to draw one important conclusion however. All of the above algorithmspossess a very similar structure: an FIR filter followed by a peak finder. The stand-alone peak finder and the deconvolution filter, whilst not explicitly consisting of thisstructure, can be considered as possessing a transparent FIR filter and peak finderrespectively. Any hardware system consisting of a programmable FIR filter and aprogrammable peak finder would therefore be able to implement all of the abovealgorithms and more besides. This would allow the FIR coefficients and peak-findingcriteria to be optimised for the shape of pulses observed at the LHC. Such a system isproposed for the level-1 calorimeter BCID system. It is foreseen as existing in parallelto a second system which will handle saturated pulses. It should be remembered thatthe front-end electronics for the ATLAS calorimeters have not yet been fixed and

62neither therefore has the expected shape of the pulses. Certainly the shape of pulseswill vary between different calorimeters. The large degree of flexibility provided bythis proposed BCID system is therefore essential.

635. BCID software simulation5.1. IntroductionAll of the algorithms described in section 4.3 have been simulated in FORTRAN andtested with real data from a prototype of an ATLAS calorimeter. The data wererecorded at a CERN test beam using a technical demonstrator of the level-1 triggersystem connected to the RD3 prototype LAr accordion calorimeter. Two sets of datawere used for the algorithm tests. The first was recorded in November 1992, thesecond during April and May 1993 [25].The primary purpose of the level-1 beam tests was to test the phase-1 prototypeCluster Finding Module (CFM) [26]: a module which implemented an early versionlevel-1 e/g trigger. It was also recognised however, that the data recorded from thecalorimeter could be used to test candidate BCID algorithms.Data were recorded with a wide variety of beam conditions, including pions andelectrons at a range of energies, from 10 to 400 GeV. The pulses observed from thecalorimeter were of the characteristic shape shown in figure 4.1.5.2. Test Beam Set Up5.2.1. April/May 1993Figure 5.1 shows a block diagram of the system used to record the data during theApril/May beam tests.Figure 5.1. Block Diagram of the calorimeter and trigger demonstrator system usedin the April/May 1993 beam tests.The level-1 trigger cells were formed from a 4�·�4 area of calorimeter cells, summedover the first two layers of the electromagnetic calorimeter. This was achieved usinglinear fan-in modules to sum the analogue signals output from the calorimeter shaping

64modules. The summed signals were then transmitted down 40�m long BNC 50�Wcoaxial cables to the level-1 demonstrator system.The analogue signals were digitised by FADCs using a free-running 40 MHz clock anda TDC was used to record the phase of the clock relative to the arrival of the test beamparticle. The FADCs had a calibration of 0.9 GeV/count. Once digitised the data werepassed on to the CFM, which implemented a version of the e/g trigger algorithm. Theoutput of this module contained the results from the trigger algorithm and theunprocessed data (as received from the FADCs). Only the unprocessed data were ofinterest for the BCID tests.The data recording process was triggered by a signal from a scintillator counter placedin the beam line, upstream of the calorimeter. On receipt of this signal the systemclock module produced a programmable number of clock cycles before freezing andwaiting for the next event signal. These clock signals were used to drive the FADCsand the CFM, such that for each event a programmable number of samples wererecorded. Programmable delays were used to adjust the position of the calorimeterpulse within the time-frame of these samples, so that all of the pulse could beobserved. The data were read out from the trigger using a VME-based data-acquisition(DAQ) system [27] and recorded using an exabyte storage system.5.2.2. November 1992The system used to record the November 1992 data was a simpler version of that laterused to record the April/May data. The CFM was not present for the November 1992beam tests and the data passed straight from the FADCs to a Mac-driven dataacquisition (DAQ) system. The data were recorded on floppy disks before beingtransferred to a hard disk on CERNVM. The FADCs used in the November 1992 testbeam were not the same as those used in the later tests, but were borrowed from theH1 drift-chamber readout system [28]. They had a calibration of 1.4 GeV/count.At the time of the November test beam, the proposed bunch-crossing period of theLHC was 15 ns and so most of the data were recorded using a 67 MHz clock. This wasthe original design frequency of the demonstrator system.5.3. Data Playback.The data recorded during the beam tests required sorting before they could be used totest the BCID algorithms.With the trigger demonstrator system, the sampling process was driven by a free-running clock and the calorimeter pulses arrived at the FADC with a random phasewith respect to the clock. At the LHC however, sampling will be driven by the LHC

65clock and will be synchronised with the bunch crossings. The phase of the ADC strobewill be adjusted so that each pulse is sampled at its maximum. To replicate thissituation with the data recorded by the trigger demonstrator, the recorded TDC valuewas used as a measure of the phase between the original analogue signal and thesampling clock. Only events which had a phase within a defined window were used totest the BCID algorithms. This window was centred on the region which correspondedto the pulse being sampled at its maximum. The width of the window was determinedby a compromise between the need for a narrow window to more accurately reflect thesituation at the LHC and the need for a large number of test events. For the November1992 data the window was 5 ns (2/3 p) wide for the data recorded with a 15 ns clock,and 10 ns (4/5 p) wide for the data recorded with a 25 ns clock (this was due to thesmaller volume of these data). For the April/May 1993 data, all of which wererecorded with a 25 ns clock, the window was 5 ns (2/5 p ) wide.In addition to random noise, the data recorded in the April/May test beam showed thepresence of coherent pick-up noise. This was generated by one of the demonstratorsystems power supplies and it was visible on around 15% of all events as a 1.7 MHzsinusoidal oscillation of the pedestal level. Events which displayed this pick-up wereremoved from the test data by an algorithm which searched for oscillations of thecharacteristic frequency in a trigger cell which was not targeted by the beam.To analyse the performance of the BCID algorithms as a function of pulse height, theremaining events were sorted into an energy spectrum. To obtain a large number oftest events at the low energy range of the spectrum, pion data were used, together withdata runs where the beam had been targeted between two trigger cells. These dataproduced a range of low-energy signals.5.4. Results5.4.1. November 1992During the November 1992 test-beam, data were recorded using both a 25 ns samplingperiod and a 15 ns sampling period. As 15 ns was the proposed LHC bunch-crossingperiod at that time, most of the data were recorded with this sampling period. Theemphasis of early BCID tests was also placed on evaluating the performance of thealgorithms with these data. When the proposed bunch-crossing period was changed to25 ns, the results of these tests became less relevant. Nonetheless, they did allowseveral important conclusions to be drawn, most notably with respect to thedeconvolution filter.

66The deconvolution filter was the first of the BCID algorithms to be studied. Itsperformance was tested on data recorded both with a 15 ns clock and a 25 ns clock,with the same method being used for both. Ideal pulse shapes were formed from thesummation of many pulses (~1000) to increase the signal-to-noise ratio. Thecoefficients of the deconvolution matrix (w1, w2, w3... ) were then extracted from thispulse shape by means of a FORTRAN program.Unfortunately the shape of pulse observed in the test data produced a deconvolutionmatrix with an infinite number of coefficients (for both the 15 ns and 25 ns data). Thiswould have been acceptable if the coefficients tended towards zero, but in this case thecoefficients tended towards infinity. The deconvolution process could therefore not beapproximated by an FIR filter. Deconvolution was also tried using pulses which hadundergone pedestal subtraction and suppression of the negative lobe of the pulse (anoperation which is proposed for the �final� level-1 trigger system), but here too theresultant matrix was infinite.All of the other algorithms described in section 4.3 were tested with the Novemberdata. As the stand-alone peak finder was the simplest algorithm, its performance wasused as the baseline with which to compare that of the other algorithms.For the data recorded with a 15 ns clock, the stand-alone peak finder achieved 100%efficiency for pulses of a height of ten counts (14 GeV) or greater. The efficiency hereis defined as the percentage of pulses correctly identified. Below this level the peakfinder still achieved an efficiency of 88% for pulses down to a height of four counts(5.6 GeV). These results were based on a data sample of around 100 events per energylevel. The performance of the stand-alone peak finder showed that bunch-crossingidentification could easily be performed for large pulses and that it was only for smallpulses that the situation was more demanding.The only algorithm to improve significantly on the performance of the stand-alonepeak finder for the data recorded with a 15 ns clock was the constant fractiondiscriminator. This algorithm achieved 100% efficiency down to a pulse height of tencounts, and 98% efficiency down to a pulse height of four counts.The results produced for the data recorded with a 25 ns clock were based on muchlower statistics — around 30 events per energy level. It was clear however that all of theBCID algorithms showed a significant improvement in performance when workingwith the 25 ns clock as compared to the 15 ns clock. The stand-alone peak finder wasthe most efficient of the algorithms in this case, achieving 100% efficiency down to aheight of three counts above pedestal. The other algorithms produced efficiencies

67which were only a few percent below this, allowing no real distinction between theperformances of the algorithms because of the low-statistic data.The BCID algorithms gave an improved performance for the data recorded with the25�ns clock because when the analogue signal is sampled at 25 ns intervals rather than15 ns intervals, the resultant digital signal in the sampling time-frame is significantlycloser to an impulse. This is the ideal situation for the stand-alone peak finder, whichexplains why this algorithm had the highest efficiency of all the algorithms for the25�ns data. If a smaller sampling period is used, as was the case for the 15 ns data, theresultant digital signal is closer to the original analogue signal. This explains why theconstant fraction discriminator, the optimum analogue signal processing method, hadthe highest efficiency of the algorithms tested on the 15 ns data.The limiting factor on the efficiency of the algorithms for all of the data wasquantisation noise, rather than electronic noise. This was shown by the highefficiencies of the algorithms for pulses of only a few counts height, and the very lowrate at which false bunch-crossing identifications were generated from the backgroundpedestal. Fewer than 0.1% of pedestal samples produced a false bunch-crossingidentification which contained a deviation from the pedestal height of two counts orgreater. The R.M.S. fluctuation of the pedestal due to noise was found to be ~1 count.A wide variety of FIR coefficients and peak-finding criteria were tested with theNovember 1992 data. From the results obtained for both the 25 ns data and the 15 nsdata several conclusions could be drawn:• The number of coefficients used in any FIR filter could always be reduced to amaximum of five samples, with no loss in the efficiency of the algorithm.• The values of the coefficients used in an FIR filter could be limited to powers oftwo, with no loss in the efficiency of the algorithm. (The implication of this is thatin a hardware implementation of the BCID algorithm the multiplication requiredfor the FIR filter can be performed by bit-shift operations, reducing the latency ofthe BCID algorithm.)• The use of complex peak-finding criteria involving many samples and logical ORconditions did not improve the performance of a BCID algorithm compared to theuse of more simple criteria.These conclusions were used to determine which algorithms were tested moreexhaustively with the high-statistic 25 ns data, recorded at the April/May test beam.The results obtained from the November 1992 data were published as an RD27internal note [29].

685.4.2. April/May 1993The data recorded in the April/May �93 test-beam period which were used to test theBCID algorithms are shown in table 5.1. This table shows the number of events ineach run before and after the TDC and pick-up-noise cuts described in section 5.3. Thebeam position is given in terms of trigger-cell coordinates. The area of calorimetervisible to the trigger was a 6�·�6 array of trigger cells, where each cell was of agranularity corresponding to Dh�·�Df�» 0.1�·�0.1 in the barrel. Where more than onetrigger-cell coordinate is given in table 5.1, the beam was targeted between cells anddata from all of the cells in which the beam was visible were used to test thealgorithms. The break-down of the test events with respect to pulse height is shown intable 5.2.Runno.BeamTypeBeamPositionInitial no.of eventsNo. of eventsafter TDC cutNo. of eventsafter Pick-upcut

198200 GeV p(4, 4)10, 05421091694

21250 GeV p(4, 4)14, 39729582572

21350 GeV p(2, 4)12, 87926912236

26230 GeV p(4, 4)11, 12923131720

22750 GeV e (4, 3),(5, 3)738015441356

23050 GeV e (4, 3), (5, 3),(4, 4)49441038897

23150 GeV e (5, 3), (4, 3),(5, 4)926419951707

23250 GeV e (5, 3),(5, 4)825818101558

Table 5.1. The April/May 1993 test data.Pulse height /FADC counts12345678910‡11

Number ofPulses21006214284382944012913362892884958

Table 5.2. The number of test pulses as a function of pulse height.

69The algorithms tested with the April/May 1993 data are shown in tables 5.3 and 5.4.Table 5.3 shows the FIR filter coefficients used in each case and Table 5.4 lists thedifferent peak finders used. Each algorithm was tested with all of the different peak-finding criteria. It can be seen in table 5.4 that peak-finding criterion 1 uses fivesamples to define the peak of a pulse. Tests with the November 1992 data had alreadyindicated that using such a strict definition of the peak was undesirable, as it reducedthe number of correct bunch-crossing identifications to a greater extent than it reducedthe number of incorrect bunch-crossing identifications. Peak-finding criterion 1 wasincluded in the April/May data tests to confirm this result with high-statistic data.AlgorithmFIR filter CoefficientsStand-Alone Peak Finder10000

Zero-Crossing Identifier11100

Constant Fraction Discriminator #111-100

Constant Fraction Discriminator #211-200

Constant Fraction Discriminator #31-2-200

Comparison of Pulse With Integral #110-1-20

Comparison of Pulse With Integral #210-100

Peak-Sharpening Algorithm #1-111-20

Peak-Sharpening Algorithm #2-2111-2

Peak-Sharpening Algorithm #3-1010-1

Peak-Sharpening Algorithm #4-1020-1

Peak-Sharpening Algorithm #5-1040-1

Table 5.3. The BCID algorithms tested with the April/May test data.Criterion NumberPeak Definition1R1 < R2 < R3 > R4 > R52R1 < R2 > R3

3R1 £ R2 > R3

4R1 < R2 ‡ R3

5R1 £ R2 ‡ R3

Table 5.4. The Peak-finding criteria tested with the April/May test data.

70The FADCs used to collect the April/May test beam data were of a higher sensitivitythan those used in the November test beam: 0.9 GeV/count. It was hoped that theresultant reduction in quantisation noise would lead to an improvement in theefficiency of the BCID algorithms. The decrease in quantisation noise however wasaccompanied by an increase in electronic noise, so that this became the dominantsource of noise on the observed signals. The resultant performance of the BCIDalgorithms was slightly worse than for the November 1992 data. The increase inelectronic noise was understandable as the FADCs being used here were prototypemodules, rather than the fully developed F1001 drift chamber readout FADCs used forthe November 1992 beam tests.The main results for each algorithm are detailed in the following sections.The Stand-Alone Peak FinderFigure 5.2 shows the results produced by the stand-alone peak finder for each of thefive peak-finding criteria. Each graph shows three plots as a function of pulse height:• The percentage of correct identifications. This is the percentage of pulses correctlyidentified.• The percentage of incorrect identifications. This is defined by the equation:

Percentage of incorrect id.s

=no. of incorrect id.s no. of pulses · 100

.Note that as some algorithms may miss a pulse entirely and others may producemore than one identification per pulse, the number of correct identifications plusthe number of incorrect identifications do not necessarily total to 100%. Thepercentage of incorrect identifications may exceed 100% using this system.• The background identification rate. This is the percentage of samples which lay offthe calorimeter pulse entirely which produced false bunch-crossing identificationsdue to noise of the specified height above pedestal.The efficiency of a BCID algorithm should be measured not only by the number ofcorrect identifications made, but also by the number of incorrect identifications made.The rate at which an algorithm produces false identifications from pedestal noiseshould also be considered. From the graphs it can be seen that the most efficient peakfinder was criterion 3 from table�5.4:R1 < R2 ‡ R3.Using this criterion, the stand-alone peak finder correctly identified 100% of pulsesdown to a height of five counts (5 GeV) above pedestal. Below this, it was this

71criterion which reached the best compromise between the number of correctidentifications made and the number of incorrect identifications made. This is to beexpected. It can be seen by inspection that this peak-finding criterion is more sensitiveto the rising edge of a pulse than it is to the falling edge. As the pulses observed fromthe RD3 calorimeter had sharper rising edges than they did falling edges (see figure5.3), it was the rising edge which was least likely to be corrupted by noise. Peak-finding criterion 3 was therefore the optimal criterion for such pulses.Figure 5.2. Results from the BCID peak finder as a function of energy. Each graphshows the percentage of correct identifications (solid line), the percentage ofincorrect identifications (dashed line), and the background identification rate(hatched area).

72Figure 5.3. A typical pulse from the RD3 prototype LAr calorimeter.Peak-finding criterion 5:R1 £ R2 ‡ R3produced a greater percentage of correct identifications than criteria 3, but it alsoproduced double the amount of incorrect identifications. This was due to its ability toproduce more than one bunch-crossing identification per pulse. At the LHC, inefficientBCID for small pulses (< 5 GeV) will have the greatest effect on the energy sumsformed by the jet and missing-ET triggers, and the isolation sum formed by the e/gtrigger. Doubling the rate at which spurious identifications are generated obviouslyreduces the accuracy of such measurements to a greater extent than does accepting aloss in efficiency of a few percent. Peak-finding criterion 5 is therefore less suitable forthe task of BCID than criterion 3.The rate at which an algorithm generates background identifications from pedestalnoise is less important than the rate at which it generates incorrect identifications foractual pulses, as these will produce much smaller errors in the ET values sent to thetrigger processor. A measure of the importance of these background identifications canbe gained from looking at their effect on the e/g isolation sum. When no pulse waspresent, the stand-alone peak finder using criterion 3 produced an R.M.S. deviationfrom the pedestal of +0.14 GeV (+0.14 counts) per sample. Summed over the 12electromagnetic and 16 hadronic calorimeter cells this would produce an energydeposit of 4 GeV in the e/g isolation window. If a threshold of 1�GeV is applied toindividual triggers cells before they are included in the isolation sum however, theR.M.S. contribution to the isolation sum from background bunch-crossingidentifications drops to only 0.3 GeV per bunch crossing. This compares to 0.02 GeVper bunch crossing if BCID is performed using peak-finding criterion 1, and 0.3 GeVif BCID is performed using criterion 5.At the time of conducting these tests, the background identification rate had a moreimportant implication for the level-1 trigger. At that time it was proposed to use an

73asynchronous fibre-optic link to transfer the level-1 calorimeter data off the detector.In order to reduce the bandwidth of the data prior to transmission, it was proposed touse zero-suppression. The rate at which bunch-crossing identifications were generatedfrom background noise therefore had an important role in determining what factor ofdata reduction could be achieved. For the above data using peak-finding criterion 3, ifa zero-suppression threshold were set at 0 GeV, 87% of the off-peak samples would besuppressed. If the threshold were set at 1 GeV, 95.5% of the off-peak samples wouldbe suppressed. It was primarily for making measurements such as these that thebackground identification rate was recorded. These results became less importantwhen a fully synchronous data-transfer system was adopted and zero-suppressionbecame redundant.The Zero-Crossing IdentifierThe zero-crossing identifier produced its best results when the number of coefficientsin the FIR filter was truncated to three. This corresponded to the number of samplesoccupied by the positive lobe of the calorimeter pulse. The reason why this producedthe best results is illustrated in figure 5.4.Figure 5.4. Pulse shape a) before FIR filter and b) after integration over threesamples (unhatched area) and all samplings (additional hatched area).When the integration is performed over only three samples, the point at which theintegral first encounters negative values (and thus begins to fall in value) correspondsto the point at which it no longer covers the entire positive region of the pulse. Theeffect of this is to produce an output pulse from the FIR filter with a steeper fallingedge than would otherwise be the case. For small calorimeter pulses the shallownegative region of the pulse is rounded to zero by the quantisation process. In suchcases the algorithm relies entirely on this secondary effect to produce correct bunch-crossing identifications.The results produced by the zero-crossing identifier are shown in figure 5.5. They areworse than those produced by the BCID peak finder, a fact accounted for by theshallow nature of the negative lobe of the calorimeter pulse.

74Figure 5.5. Results from the zero-crossing identifier as a function of energy. Eachgraph shows the percentage of correct identifications (solid line), the percentage ofincorrect identifications (dashed line), and the background identification rate(hatched area).Constant Fraction DiscriminatorFigure 5.6 shows how the efficiency of the constant fraction discriminator varies as afunction of the fraction used. These results were obtained using a value of one timeslice for Dt. As the observed calorimeter pulses had only one sample on their risingedge, this was the only delay which corresponded to the algorithm functioning as atrue constant fraction discriminator. The test events used to generate this plot weretaken from a subset of the April/May 1993 data containing only pulses of a height of10 counts (10 GeV) or greater. It has already been shown that BCID can be performedfor such pulses with 100% efficiency using a stand-alone peak finder.

75Figure 5.6. The efficiency of the constant fraction discriminator as a function of thethreshold used.From figure 5.6 it can be seen that even for pulses of 10 counts or greater the constantfraction discriminator achieved 100% efficiency only when using a threshold of one.In this situation the constant fraction discriminator was behaving exactly as a peakfinder — identifying the point where the pulse reached its total height. This is illustratedin figure 5.7. The efficiency reached a minimum when fractions of around one halfwere used. This corresponded to the height of the sample on the rising edge of thepulse.

* Figure 5.7. The two convolutions necessary to implement a constant fractiondiscriminator with the values Di =�1 (Dt�=�1 timeslice) and X�=�1, and the single,transparent convolution to which they are equivalent.

76Figure 5.8. Results from the constant fraction discriminator #2. Each graph showsthe percentage of correct identifications (solid line), the percentage of incorrectidentifications (dashed line), and the background identification rate (hatched area).Improved results were obtained if a delay of two time slices was used for the constantfraction discriminator. In this case the algorithm was not functioning as a true constantfraction discriminator as it was comparing the height of a point on the rising edge ofthe pulse, not with the peak of the pulse, but with a point on the falling edge of thepulse. The true constant fraction discriminator measures the height of the pulse at itspeak (the optimum place for height measurements as dV/dt is at its minimum), anduses this to extract timing information from the rising edge of the pulse (the optimumplace for timing measurements as dV/dt is at its maximum). The improvedperformance of this algorithm when using delay of two time slices thoughdemonstrates that such considerations are less important here than they would be ifdealing with analogue pulses. From table 5.3, constant fraction discriminator #2 uses a

77delay of two time slices and a threshold level of one third. The full results for thisalgorithm are shown in figure 5.8. They are worse than those of the stand-alone peakfinder.Comparison of the Pulse with its IntegralThis algorithm produced its best results when the FIR filter used was truncated to justthree coefficients (1, 0, -1). Figure 5.9 shows a comparison of the results produced bythe algorithm when three coefficients were used (1, 0, -1), and when four coefficientswere used (1, 0, -1, -2). The results in both cases are worse than those of the peakfinder.Figure 5.9. Results from comparison of the pulse with its integral, using thecoefficients a) 1, 0, -1, and b) 1, 0, -1, -2. Each plot shows the percentage of correctidentifications (solid line), the percentage of incorrect identifications (dashed line),and the background identification rate (hatched area).The convolution performed by the FIR filter in this algorithm has the effect ofsuppressing the falling edge of the pulse and making the peak sharper. Unfortunately italso has the effect of increasing the noise on the pulse. If the number of coefficientsemployed by the filter is limited to three, this latter effect is reduced.The Peak-Sharpening AlgorithmsPeak sharpening algorithm #4 and peak-sharpening algorithm #5 were the onlyalgorithms to improve on the performance of the stand-alone peak finder. Theimprovements were minimal. Table 5.5 shows the percentage of pulses identifiedincorrectly by each algorithm.All of the algorithms listed in table 5.5 produce only one identification per pulse, sothe number of correct identifications is directly related to the number of incorrectidentifications. The rate at which background identifications were produced is similarfor all three algorithms. The results produced by peak sharpener #5 are shown infigure 5.10.

78PulseHeightStand-Alone Peakfinder, R1�<�R2�‡�R3Peak Sharpener #4,R1�<�R2�‡�R3Peak Sharpener #4,R1�<�R2�‡�R3

‡�5 GeV0 %0 %0 %

4 GeV2 %1 %0.5 %

3 GeV6 %6 %3 %

2 GeV25 %18 %17 %

Table 5.5. A comparison of the percentage of pulses identified incorrectly by aselection of BCID algorithms.Figure 5.10. Results from peak sharpener #5. Each graph shows the percentage ofcorrect identifications (solid line), the percentage of incorrect identifications(dashed line), and the background identification rate (hatched area).

795.5. Summary of resultsThe results produced by the software tests show that a simple peak-finding algorithmalone can be used to perform bunch-crossing with very good efficiency, down toenergy deposits of a few GeV. This level of performance is enough to correctlyidentify any single pulse large enough to produce an e/g trigger. More complex BCIDalgorithms were in general less efficient than the stand-alone peak finder. This isbecause those algorithms identified the timing of the pulse by searching for featureswhich were more easily swamped by noise than the peak of the pulse. The peak was anefficient feature from which to extract timing information because of the narrow widthof the pulse in the time-frame of the 25 ns sampling clock.Two algorithms were found which could improve on the performance of the BCIDpeak finder by convolving the data with a simple set of coefficients. Theimprovements in efficiency produced were only minimal however, and it isquestionable whether the improvements produced would warrant the added complexityand latency of the algorithm in the final system.The results produced by any BCID algorithm will depend critically on the shape of thepulses used. As the shape of pulses that will be used in the final LHC systems is notfixed it is important that the range of algorithms which are studied is maintained aslarge as possible. For this reason it is important that any demonstrator systemconstructed for the purpose of bunch-crossing identification should be able toimplement a variety of the above algorithms. The results from the software tests of thealgorithms were used to formulate a set of rules for a general BCID demonstratorsystem:• FIR filters which sum over more than five consecutive samples are not required.• The coefficients of the FIR filter can be limited to powers of two.

806. The BCID Demonstrator Module6.1. IntroductionAs part of the design studies for the ATLAS level-1 calorimeter trigger, two BCIDdemonstrator systems have been constructed. The first of these consists of a singleboard designed to be used in conjunction with the CFM demonstrator system describedin section 5.2. It performs BCID on a single channel of trigger data, implementingBCID algorithms in discrete logic. The use of Look-Up Tables (LUTs) to perform themultiplication necessary for the FIR filters, and the use of programmable comparatorsfor the peak finder enable this board to implement a number of the BCID algorithmsdescribed in chapter�4. This board was tested in a CERN test beam in 1993 and theresults are described in reference [30].In 1995 a more comprehensive BCID demonstrator system was constructed. Whereasthe single-channel BCID board was built to demonstrate the feasibility ofimplementing digital BCID algorithms in hardware, this second BCID system wasconstructed to study the effect of BCID on the CFM demonstrator in a test-beamenvironment. It consists of three identical boards which perform BCID on a total of 36trigger channels — the number of channels processed by the CFM demonstrator. Field-Programmable Gate-Arrays (FPGAs) are used to implement the BCID logic. Theyprovide a much more compact solution than discrete logic without incurring any of thegreat expense or development time of an ASIC. Their field-programmable natureallows different BCID algorithms to be downloaded at will, providing a desirabledegree of flexibility to the demonstrator system.This chapter describes in detail the design of the 36-channel BCID system. The boardsthemselves are discussed in section 6.5, whilst sections 6.2 to 6.4 describe the FPGA-based BCID logic.6.2. A Hardware Implementation of the BCID AlgorithmsAll of the BCID algorithms described in chapter 4 consist of a single FIR filterfollowed by a peak finder. The hardware implementation of such a system is obviousand is shown in figure 6.1. Like the rest of the level-1 trigger, the BCID logic isimplemented as a systolic array. This form of architecture requires the algorithm to bebroken down into functions of sufficient simplicity that they can be completed withinone clock cycle. These functions are then allocated fixed compute stations within thesystem and are connected via a network of data paths and delays which ensure that allof the arguments required at a compute station arrive within the same clock period.

81The latency of the system is determined by the number of clock cycles required toimplement the given algorithm.In the logic shown in figure 6.1, incoming data are stored in a pipeline memory whilstBCID is performed. Data samples are tapped from this pipeline by the FIR filter,which performs a weighted sum of the samples and writes the result to a secondpipeline memory. This memory contains the filtered waveform. The peak finder thenexamines this filtered waveform and upon finding a peak, gates out the correspondingdata sample from the original pipeline memory. If no peak is found in the filteredwaveform for a given timeslice, the output from the BCID logic for that timeslice issuppressed to zero. Different algorithms employ different FIR coefficients and peak-finding criteria.Figure 6.1. Block Diagram of the BCID Logic.6.3. Field-Programmable Gate-ArraysAn FPGA is a user-programmable logic device. It is configured for a specificapplication by downloading configuration data to an on-chip static RAM. The BCIDdemonstrator system uses Xilinx XC4008 devices, capable of implementing logicfunctions of up to ~8000 gates in size [31].Architecturally, an FPGA is composed of three different configurable elements: logicblocks, I/O blocks and programmable interconnections. The configurable logic blocks,which provide the functional elements from which the user-specified logic isconstructed, are arranged in a matrix in the centre of the device. They contain LUTs toperform combinatorial logic functions (adders, comparators etc.) and storage elementsin the form of flip-flops. The data path through a logic block is controlled bymultiplexers set up during configuration. Configuration also specifies the functionalityof the LUTs.The XC4008 contains 324 identical logic blocks, arranged in an 18�·�18 array. Figure6.2 shows the design of these logic blocks. Each logic block contains three LUTs to

82implement Boolean logic functions and two 1-bit registers for data storage. As anexample of the computational power provided by such logic blocks, four blocks arerequired to implement an 8-bit adder.Figure 6.2. XC4000 series FPGA Logic Block.Signals are transmitted between logic blocks via three types of configurableinterconnection. General purpose connections form a grid surrounding the logicblocks. Intersection points on the grid are occupied by switching matrices which routesignals according to the downloaded configuration. Long line connections also form agrid around the logic blocks, but these bypass the switching matrices. They areintended for use with high fan-out signals which must travel long distances with aminimum propagation delay. Additional long lines driven by a global buffer areprovided for the distribution of a clock signal. The third type of connection, the directconnection, provides a high-speed link between adjacent logic blocks. The input and

83output connections of each logic block to the direct connection network, the long lines,and the local segments of the general purpose network are controlled by switches onthat logic block which are set up during configuration.Signals enter and exit the FPGA via the I/O blocks, which provide an interfacebetween the internal logic and the device package pins. Each I/O block contains bothinput and output buffers and the downloaded configuration determines not onlywhether a pin is to act as an input or output, but also whether the voltage thresholdswill be TTL or CMOS compatible. Before configuration, all I/O levels are TTLcompatible.The configuration of an FPGA can be performed at power-up or upon command. Avariety of modes exist for the transfer of the configuration data, and setting a 3-bitpattern at the �mode pins� of the FPGA informs the device of which mode is to beused. In �Master Parallel� mode for example, the FPGA retrieves the data from anexternal memory, supplying both the memory addresses and the clock signal itself(using an internal crystal oscillator). Alternatively, in �Peripheral� mode, a micro-processor can be used to supply both the configuration data and a clock signal to theFPGA, which provides a READY/BUSY signal as a handshake. A total of sixconfiguration modes exist for the XC4008 device. The configuration bit-stream itselfis generated by proprietary software, and is the end result of producing a logic designfor an FPGA (as discussed in more detail in the following section). The length of theconfiguration bit-stream is independent of the complexity of the logic design anddepends only upon the size of the device to be configured (147,505 bits for anXC4008).6.4. Implementation the BCID algorithms in an FPGADeveloping a logic design for an FPGA is a process with two distinct stages. The firststage is to specify the functionality of the logic design. This may be done using eitherschematic capture, a hardware design language such as ABEL, or some combination ofthese two methods. The design at this stage may be kept independent of the technologyupon which it is to be implemented, or such device-specific features as I/O pins maybe allocated via the schematic or ABEL file etc.. Simulation may be performed beforeprogressing any further to ensure that the logic specified is functionally correct. Oncethis has been completed, the next stage is to target the logic design towards FPGAtechnology. For most designs this is a largely automated process. Software supplied bythe FPGA manufacturer can target the design towards a specific FPGA, or the smallestFPGA in a given family which will accommodate the specified logic. The routing ofdesigns is optimised to maximise the speed of the logic and a configuration bit-streamis produced. At this stage the design can be simulated once again, to verify thefunctionality and the timing of the logic.

84Figure 6.3. A schematic diagram of an FPGA-based BCID logic design. The FIRcoefficients used in this design are —1, 0, 4, 0, —1 and the peak-finding criterion isR1 < R2 ‡ R3.

85The BCID logic was designed using schematic capture. CAD software supplied byViewlogic was used for this process, together with a components library supplied byXilinx. Figure 6.3 shows one of the logic designs produced. Functionally, this design isa slight expansion of that shown in figure 6.1. For diagnostic reasons the range of datawhich can be output from the design has been expanded to include signals which arenot visible in the normal mode of operation, such as the filtered waveform produced bythe FIR filter. The data to be output are selected by setting the Peak Finder Overrideand FIR Filter Enable inputs, as shown in table 6.1. When operating in �BCID mode�,this design is functionally identical to that shown in figure 6.1. Appendix B fullyexplains the schematic diagram shown in figure 6.3.An FPGA implementation of the logic design shown in Figure 6.3 was developedusing the XACT software package, supplied by Xilinx. Once the functionality of thedesign had been verified by simulation, the primary concern was to ensure that a clockof period 25 ns could be used with the design. It was chosen to target the designtowards FPGAs of the XC4000 family (the most advanced family available), which arequoted as being able to support clocks down to a minimum period of 20 ns. This figureassumes that a minimal amount of processing is performed per clock cycle. For aparticular design the minimum clock period which can be used is actually determinedby the complexity of the functions which must be carried out in one clock period. Thefirst attempt at implementing the BCID logic in an FPGA produced a design whichhad a minimum clock period of 29 ns (as verified by simulation).Status of PeakFinder OverrideinputStatus of FIRFilter EnableinputMode of Operation

00BCID Mode: full BCID is performed.

01FIR + BCID Inspection Mode:the filtered waveform produced by theFIR filter is output from the logic, gatedby the peak finder result.

10Transparent Mode:data are passed through the logicunchanged

11FIR Inspection Mode:the filtered waveform produced by theFIR filter is output directly from thelogic (with the result of the peak finderbeing overridden).

Table 6.1. Modes of Operation for the BCID logic.

86There are various ways to optimise the timing of an FPGA logic design. At theschematic level, the maximum acceptable delay for a data path can be defined, and it ispossible to specify the order in which nets are routed. The nets which have the mostcritical timing can therefore be routed first, taking a more direct path through theconnection resources of the FPGA. When using the XACT automatic routing program,there are many constraints and parameters which can be used to optimise the routing ofa particular design. Unfortunately all of these methods failed to produce a BCIDdesign which could be used with a clock of period less than 26 ns, so manual routinghad to be performed. The XACT design editor provides an interface which allowsrouted designs to be modified or created at the FPGA level, with the user directlycontrolling the configuration of logic blocks and connection resources. This is anarduous process and is best attempted only after all other methods of controlling theimplementation of a design have been exhausted. For the BCID logic however, itproduced the desired result, with the final design being able to accept clock signalswith a minimum period of 21 ns. This is the guaranteed worst-case minimum clockperiod, as predicted by the Xilinx software.A total of 10 different BCID algorithms were converted into FPGA designs. Thesealgorithms are listed in table 6.2. It can be seen that only FIR filter coefficients whichare powers of two have been employed, so that all of the necessary multiplication canbe performed by bit-shift operations. The number of non-zero coefficients in a singledesign has also been limited to three, to minimise the size of FPGA required toimplement the designs.FIR filtercoefficientsPeak-Findingcriteria0, 0, 1, 0, 0R1 < R2 ‡ R30, 0, 1, 0, 0R1 < R2 > R30, 0, 1, 0, 0R1 £ R2 > R30, 0, 1, 0, 0R1 £ R2 ‡ R3-1, 0, 2, 0, -1R1 < R2 ‡ R3-1, 0, 2, 0, -1R1 £ R2 > R3-1, 0, 2, 0, -1R1 £ R2 ‡ R3-1, 0, 4, 0, -1R1 < R2 > R3-1, 0, 4, 0, -1R1 £ R2 > R3-1, 0, 4, 0, -1R1 < R2 ‡ R3Table 6.2. The BCID algorithms implemented as FPGA designs.Each BCID design performs BCID on four channels of data in parallel on one Xilinxchip, so that logic shown in figure 6.3 represents only one quarter of a completedesign. All of the designs have a latency of eight clock cycles. Some of the designs

87(most notably those which use the FIR coefficients 0, 0, 1, 0, 0) could be implementedwith a shorter latency than this (five clock cycles), but it is desirable to have the samelatency for all of the algorithms.6.5. The BCID BoardIn this section is presented the design of the BCID board. Three identical boards of thistype have been constructed, for the purpose of testing and demonstrating the FPGA-based BCID logic system. The boards are wire-wrap, 9U x 40 cm in size, and fit intothe crate used by the CFM demonstrator system.Figure 6.4. The BCID board. Logic is shown for channel 0 only.Figure 6.4 shows a block diagram of the BCID board. Whilst the full board housesthree FPGAs and processes twelve channels of trigger data, only one channel has been

88shown here for the sake of clarity. There are two modes of operation for the BCIDboard: �Beamline� mode and �Test� mode. In Beamline mode the board is designed toact as part of a larger demonstrator system, accepting input data from a collection ofFADCs and transmitting output data to the CFM described in section 5.2. The datapath in Beamline mode is this: twelve channels of 8-bit FADC data are received on tothe front panel of the BCID board as differential ECL signals. These signals areconverted to TTL levels and latched, before being used to address LUTs whichsubtract from the data the DC pedestal introduced by the FADCs. The resultantpedestal-subtracted data are then passed through the FPGAs, which perform BCID,and are converted to totem-pole ECL levels before being transmitted to the CFMacross the crate backplane. Rolling memories capture the data at two stages on theBCID board: before pedestal subtraction and after BCID. At the end of each event theBCID board is halted by a stop signal from the clock module, so that the memories onthe board can be read out by the DAQ.The second mode of operation, Test mode, is designed to allow the functionality of theFPGA-based BCID logic to be tested in isolation from the rest of the demonstratorsystem. Test data are downloaded on to the BCID board from the crate controller andare stored in the memories normally used to perform pedestal subtraction. When theboard is run in Test mode an incrementing counter is used to address these memories,and the test data are scrolled through the FPGAs at 40 Mbaud. The output of theFPGAs is recorded in the output memories for later examination.6.5.1. Clock Distribution and TimingFigure 6.5 shows the logic pertaining to clock distribution on the BCID board. A40�MHz differential-ECL clock signal arrives on the board via the crate backplane. Itis converted to TTL levels and gated by two signals: Stopped and Clock Enable. Ifeither of these signals is low, then the distribution of the clock signal around the BCIDboard is disabled. The Stopped and Clock Enable signals are more fully explained insection 6.5.2. It can be seen from figure 6.5 that logic is included to ensure that noglitches are generated when the clock signal is enabled or disabled: the distribution ofthe clock signal always starts on a rising clock edge and stops on a falling clock edge.When distribution of the external clock is disabled, it is possible to generate singleclock ticks internal to the BCID board by pulsing the Single Tick signal line. Thisoperation is performed by the Control and Status Register and is intended fordiagnostic purposes only.

89Figure 6.5. BCID board clock tree.As shown in figure 6.5, the clock signal is fanned out six ways. Passive delay lines areused to correctly align the phase of the clock signals to different parts of the circuit. Adelay line is also used to stretch the high-time of the clocks used to provide theWrite Enable signals for the input and output memories. These memories require awrite strobe of at least 12 ns duration. The high-time of the received 40 MHz clocksignal is 12.5 ns (theoretically), but this could easily be altered by signal reflectionsand the rise/fall-times of the buffers used in the clock circuit. The delay line istherefore used to stretch the high-time to 14 ns, which provides a margin of error of1.5 ns.All of the delay lines on the BCID board are 10 ns long, with taps every 1 ns. Themoveable jumper connections shown in figure 6.5 allow different output taps to beused, so that the timing of the clock circuit can be optimised. Figure 6.6 shows the pathfollowed by the data and address signals when the BCID board is running in eitherBeamline mode or Test mode. Various points on the data path have been labelled A toC, and figures 6.7 and 6.8 show the timing of the signals at these points. Figure 6.7illustrates the fact that the same clock signal can be used to drive the front-end latchesand the XC4008 devices, due to an internal delay in the distribution of the XC4008clock. Figure 6.8 shows the delays necessary for the write strobes to the input andoutput memories (~18 and ~22 ns respectively).

90Figure 6.6. Key to timing diagrams.Figure 6.7. The timing of data from the front-end latches to the XC4008s.Figure 6.8. The timing of data and address signals to the input and output memories.

916.5.2. Slow Control and Data ReadoutSlow control and readout of the BCID board are performed using a VME-based DAQsystem, which interfaces with the BCID board via a local crate controller. The cratecontroller provides 16 bi-directional data lines, a 7-bit address bus, a read/write selectline and a data strobe. The interface to the crate controller on the BCID board consistsof the seven registers listed in table 6.3. With the exception of the read-only ModuleIdentification Register, which contains a hard-wired bit-pattern denoting the type andserial number of the board, all of these registers can be both written to and read. TheControl and Status Register (CSR) controls the mode of operation of the BCID moduleand displays its current status. Table 6.4 lists the bits in this register. It can be seen thatthere are two types of bits: those which are set by the user (via the crate controller) andthose which are set by the board itself. To avoid any conflict in the informationarriving at a register, none of the bits can be set by both of these sources. Some of thebits, such as the Clear Stop bit, can be repeatedly set high by the crate controller torepeatedly trigger the same operation. These bits are always read back as zero.Address locationRegister name0Module Identification Register1Control and Status Register

2Counter Register

3Clock Countdown Register

4Memory Access Register

5FPGA Control Register

6FPGA RAM Access Register

7FPGA RAM Counter Register

Table 6.3. Access registers on the BCID moduleThe Stopped, External Clock Enable, Card Is Halted and Clear Stop bits in the CSR,all determine or reflect the status of the 40 MHz clock signal on the BCID board. TheStopped bit is set when the board is halted by a STOP signal from the clock module.This state is cleared by writing a 1 to the Clear Stop bit. The function of the STOPsignal is to halt all of the modules in the demonstrator system at the end of an event.An alternative method of halting the board is to set the External Clock Enable bit low(a situation which is reversed by setting the External Clock Enable bit high). If theboard is halted for either of these reasons the Card Is Halted bit is set, indicating thatthe external clock is being ignored.

92Two further bits in the CSR relate to the clocking of the BCID board: the GenerateSingle Tick and the Clock Countdown Enable bits. Both of these are inputs to theboard. Writing a 1 to the Generate Single Tick bit whilst the BCID board is haltedgenerates a single clock tick which is internal to the board. Setting the ClockCountdown Enable bit high whilst the board is running places the board in �ClockCountdown� mode, such that with every clock tick the number contained in the ClockCountdown Register (see table 6.3) is decremented by one. When this number reacheszero the BCID board transmits a Countdown Complete signal via Lemo cable to theexternal clock module, which issues a stop signal halting all of the boards in thedemonstrator system. Clock Countdown mode is designed for diagnostic purposes, toallow the entire demonstrator system to be run for a set number of clock ticks. TheClock Countdown Register can be loaded with any number between 1 and 255.BitBit nameBit type0Channel Pair No. (bit 0)Input to card1Channel Pair No. (bit 1)Input to card

2Channel Pair No. (bit 2)Input to card

3Clear StopInput to card(Always 0 on read)

4Memory Type (bit 0)Input to card

5Memory Type (bit 1)Input to card

6Auto-Increment EnableInput to card

7Clear Protocol ErrorInput to card(Always 0 on read)

8Generate Single TickInput to card(Always 0 on read)

9External Clock EnableInput to card

10Clock Countdown EnableInput to card

11Test Mode EnableInput to card

12Card is haltedOutput from card

13Unused—(Always 0 on read)

14StoppedOutput from card

15Protocol ErrorOutput from card

Table 6.4. The Control and Status Register.

93The remaining bits in the CSR relate to memory access. Access to the input memories,output memories and LUTs on the BCID board is provided by the Memory AccessRegister. This register is actually a window which opens on to the memory locationspecified by the Address Counter (see figures 6.4 and 6.6) and the Channel PairNumber and Memory Type bits in the CSR. The decoding scheme is shown in figure6.9. As the input, output memories and LUTs are all 8-bits wide and the data interfaceto the crate controller is 16 bits wide, the memories are read out in pairs, beinggrouped according to channel number. Setting the Channel Pair Number to 0, forexample, specifies channels 0 and 1 on the BCID board.Figure 6.9. Memory Access.The Address Counter can be pre-loaded via the Counter Access Register with anyvalue from 0 to 255 (the address range of each memory), or it can be set to auto-increment after each memory access. This function, which is enabled by the Auto-Increment Enable bit in the CSR, makes it possible for the DAQ to read or writesequential blocks of memory without the need to reset the counter before each access.It can be seen from figure 6.9 that the Memory Type and Channel Pair Number bits inthe CSR can be used to select memories which do not physically exist on the BCIDboard. Any attempt to access a non-existent memory is illegal. In order to avoid thesituation where the crate controller and the BCID board both try to read or modify theinformation in a given register at the same instant, it is also illegal to access any of theregisters listed in table 6.3, other than the CSR and the Module Identification Register,whilst the BCID board is running. No information is written to the board by an illegalaccess and any information read will be undefined (i.e., unpredictable). To indicatethat an illegal access has taken place the Protocol Error bit in the CSR is set high bythe board. This bit can be cleared by writing a 1 to the Clear Protocol Error bit.

94The FPGA-based logic on the BCID board is controlled by the FPGA Control andStatus Register (FCR). Table 6.5 lists the bits in this register. As described above, eachFPGA-based BCID design has two mode-select inputs: Peak Finder Override and FIRFilter Enable (see table 6.1). These inputs are tied to the two least significant bits ofthe FCR, such that setting the Peak Finder Override bit in the FCR asserts the PeakFinder Override signal to all of the FPGAs on the BCID board, and similarly for theFIR Filter Enable bit. The rest of the bits in the FCR are used to control or monitor theinitial act of configuring the FPGAs with a given design.BitBit nameBit type0Peak Finder OverrideInput to card1FIR Filter EnableInput to card

2Unused—(Always 0 on read)

3Unused—(Always 0 on read)

4FPGA Number (bit 0)Input to card

5FPGA Number (bit 1)Input to card

6Unused—(Always 0 on read)

7Unused—(Always 0 on read)

8Clear ProgramInput to card

9ReadbackInput to card

10RAM Clock TriggerInput to card(Always 0 on read)

11RAM Clock StatusOutput from card

12Not InitialisedOutput from card

13All LoadedOutput from card

14Readback In ProgressOutput from card

15LoadedOutput from card

Table 6.5. FPGA Control and Status Register.

956.5.3. FPGA ConfigurationThe configuration bit-stream which determines the internal configuration of an FPGAis transferred from the DAQ system to the FPGA in a two-stage process. In the firststage the bit-stream is downloaded from the DAQ on to the BCID board and stored inthe FPGA Configuration RAM (a 9k�·�16-bit block of memory which is external to allof the FPGAs on the board). This memory is accessed via the FPGA RAM AccessRegister, which provides a window on to the memory location specified by the FPGACounter Register. After each RAM access the address contained within the FPGACounter Register automatically increments, to speed up the data transfer process. TheFPGA Counter Register can be pre-loaded with any desired value.Once the entire bit-stream has been downloaded to the FPGA Configuration RAM itcan be used to configure any of the FPGAs on the BCID board. As mentioned insection 6.3, there are a number of different modes in which a bit-stream can betransferred to an XC4008 FPGA. �Synchronous Peripheral� mode is used on the BCIDboard. In this mode the configuration bit-stream is supplied to the FPGA as a sequenceof 8-bit parallel words, accompanied by a clock signal. The FPGA uses the clock toserialise the 8-bit words internally, so the clock must run at eight times the baud rate ofthe data [31].Figure 6.10. Signals used to control and monitor the FPGA configuration process.On the BCID board the configuration process is initiated by the FCR, but controlled bya state machine. Figure 6.10 illustrates the process. The FPGA to be configured isselected via the FPGA number contained within the FCR (see table 6.5). The ClearProgram, Readback, Not Initialised, Readback In Progress, and Loaded bits in theFCR all refer only to this FPGA, and not to the board as a whole. Configuration isinitiated by setting the Clear Program bit in the FCR high. The effect of this is to pullthe prog input to the selected FPGA low, putting the device in a loop where itcontinuously flushes its configuration memory, erasing any configuration previouslyheld. In this state the FPGA also pulls down the Loaded bit in the FCR. When the

96DAQ subsequently lowers the Clear Program bit, the FPGA is placed in a state whereit awaits the arrival of the first rising edge of the configuration clock. This clock isprovided by the state machine mentioned above. For reasons internal to the XilinxFPGA there must be a 5 ms delay between the lowering of the Clear Program bit andthe arrival of the first configuration clock edge. Rather than have this delay providedby the BCID board it is provided by the DAQ, which starts the state machine bypulsing the RAM Clock Trigger bit.The state machine is driven by a 1 MHz crystal oscillator. In addition to providing theclock to the FPGA it provides all of the signals necessary to read the configuration bit-stream out of the FPGA Configuration RAM and time-multiplex the resultant 16-bitwords on to the 8-bit bus used to transfer the bit-stream to the FPGA. Whilst running itmonitors the Not Initialised, Loaded, and Clear Program bits in the FCR, halting ifany of these bits are pulled high. If the Loaded bit is pulled high (by the FPGA), thisindicates that the configuration process has been completed successfully. If the FPGApulls the Not Initialised bit high, this indicates that an error has been found in theconfiguration bit-stream and the loading process has been aborted. The only way forthe DAQ to stop the state machine is to pull the Clear Program bit high, which abortsthe loading process and erases from the FPGA any configuration data alreadytransferred. The status of the state machine is displayed in the FCR by the RAM ClockStatus bit, which is pulled high whilst the state machine in running. Once all threeFPGAs on a board have been configured, the All Loaded bit in the FCR is set high. Itis pulled low again if any of the FPGAs have their configuration cleared.In order to verify the configuration of an FPGA, the configuration bit-stream may beread back non-destructively by placing the FPGA in �Readback� mode. This is done bysetting the appropriate FPGA number in the FCR and pulling the Readback bit high.Once in Readback mode an FPGA, if supplied with an external clock, outputs itsconfiguration bit-stream serially on a dedicated pin. On the BCID board, this serial bit-stream is assembled into 16-bit words and transferred to the FPGA ConfigurationRAM — a process which is controlled by the same state machine as the configurationprocess. The Readback In Process bit in the FCR is driven high by the FPGA whilstreadback is occurring and the state machine halts when this bit is driven low,indicating that the complete bit-stream has been transferred to the FPGA ConfigurationRAM. If the Readback bit is cleared by the DAQ whilst readback is occurring, theprocess is aborted and the state machine is halted. If readback is allowed to run tocompletion the Readback bit remains high until cleared by the DAQ. The FPGA andthe state machine are only sensitive to transitions in the state of this bit, so to initiateanother readback the DAQ must clear and reset this bit.

976.5.4. Board LayoutThe design entry and layout of the BCID board were performed using the CadnetixCAD package. Figure 6.11 shows the board layout. The front panel is on the left of thediagram; it houses three 64-way ribbon-cable connectors through which the boardreceives twelve channels of 8-bit differential ECL data. There are a total of 207 ICcomponents on the board. Most noticeable are the outlines of the three large FPGApackages: U25, U77 and U131. Most of the other components consist of RAM blocksto record data, tri-state latches to control bus access, and ECL/TTL converters. Dataare output from the board to the CFM via the Teradyne back-plane connectors (PL1—4,PL9—12 and PL28—31). Access for slow-control and readout is provided by the back-plane connectors PL61 and PL62. Most of the slow control logic is implemented in the40-pin PALs (EP910s) shown at the top of the board (U1, U2, U7, U8).Figure 6.12 shows a photograph of a BCID board.

98Figure 6.11. Layout diagram for the BCID board.

99Figure 6.12. A photograph of a BCID board.

1007. Beam Tests7.1. IntroductionThe BCID modules described in the previous chapter were designed to be tested in aCERN test beam, in conjunction with the already-existing cluster finding module(CFM). This complete demonstrator system was run in a test beam for two periodsduring 1995: June and September [32]. This chapter describes the work done duringthose periods.7.2. Test Beam Set UpFigure 7.1. A block diagram of the BCID and trigger demonstrator system.The demonstrator system used in the 1995 beam tests is shown schematically infigure�7.1. As in previous tests, calorimeter signals were taken from the RD3 prototypeLAr calorimeter module. On this occasion the calorimeter was divided into sevenregions, each of which employed different front-end electronics [33]. Only three ofthese regions produced signals which could be used by the trigger demonstrator (theremaining four regions featured a geometry which could not be mapped on to the h—fgeometry of the level-1 trigger). The three regions which were of use to the level-1demonstrator are shown in figure 7.2. They are labelled according to the type andposition of the pre-amps used to amplify the signals from the calorimeter read-outelectrodes in that region:• in the Si region, linear pre-amps were used, situated inside the LAr cryostat;• in the Si-0T region, linear pre-amps were used, situated outside the cryostat;• in the Si-bi-gain region, non-linear, bi-gain pre-amps were used, situated inside theLAr cryostat.In order to implement 6 · 6 triggers cells in the area of calorimeter available, it wasnecessary to use a reduced trigger-cell granularity of Dh�·�Df�»�0.05�·�0.05 (c.f.

101Dh�·�Df�»�0.1�·�0.1 used in previous beam tests and proposed for the final system).With this granularity, each of the regions shown in figure 7.2 was 6�·�4 trigger cells inarea. The connections between the calorimeter and the trigger demonstrator weremoved frequently to make the region of the calorimeter targeted by the beam visible tothe trigger demonstrator.The FADCs shown in figure 7.1 were purpose-built for the level-1 demonstratorsystem by the University of Heidelberg [34]. There were nine FADCs in total, eachprocessing four channels of data. The analogue signals were digitised using a free-running 40 MHz clock and a TDC was used to record the phase of the clock relative tothe arrival time of the beam particle. The calibration of the FADCs was 0.9 GeV/countand the dynamic range was 8 bits. After digitisation the calorimeter signals weretransmitted, via twisted-pair ribbon cables, to the BCID system.Figure 7.2. The area of calorimeter available to the trigger demonstrator.The BCID system consisted of three boards of the type described in chapter 6. Thirtysix channels of data were processed, with each BCID board receiving the data fromthree FADC boards. Once BCID had been performed the signals were transferred via acustom-built crate backplane to the CFM [26]. This module implemented a version ofthe e/g cluster-finding algorithm which predated that described chapter 3.Figure 7.3. The e/g trigger algorithm used by the CFM.It was intended that the CFM should process two cluster windows: one in the hdirection and one in the f direction. Instead, a slight design error in the CFM resultedin the cluster windows shown in figure 7.3 being implemented. The CFM processed atotal area of 6�·�6 trigger cells, forming nine e/g trigger windows. Each trigger

102window was formed by one of nine ASICs mounted upon the module. Two sets ofisolation and cluster thresholds were provided by each ASIC (set A and set B) and thee/g hit result was calculated for both sets of thresholds. In addition, each ASICperformed the initial stages of the missing-ET and jet triggers by calculating the energysum over a 4�·�4 area of trigger cells. Together with the e/g hit results, these energysums were sent to FIFOs on the CFM. From there they were read out by the DAQ.The data processed by the level-1 demonstrator were captured in memories positionedthroughout the system. In addition to the FIFOs mentioned above, memories werepositioned at the output of the FADCs, the input and output of the BCID boards, andthe input of the CFM. It can be noted that some of these memories recorded identicaldata: the FADC memories and the BCID input memories for example. This duplicationof recorded data was a valuable feature when commissioning the system, as it allowedfaults in data transmission due to bad connections or inappropriately phased clocks tobe tracked down easily.The data recording process itself was almost identical to that described in section 5.2.It was initiated by a signal from a scintillator counter placed in the beamline, upstreamof the calorimeter. Upon receipt of this signal the clock module produced aprogrammable number clock ticks which drove the FADCs, the BCID boards and theCFM. After the programmed number of ticks had elapsed the clock signal wassuspended, freezing the system, and the various memories described above were readout by the VME-based DAQ. An exabyte storage system was used to record the data.7.3. A sample EventFigure 7.4 shows a sample of the data recorded for one event in the June test beamperiod. Eighty timeslices were recorded for this event, of which only sixty time slicesare shown.The uppermost plot in figure 7.4 shows the data for one trigger cell, as captured by theBCID input memory. The next plot down shows the data for the same trigger cellrecorded in the BCID output memory. Between these two stages pedestal subtractionand bunch-crossing identification are performed, so the only non-zero timeslice in theBCID output data should be that corresponding to the peak of the calorimeter pulse.Two conditions should therefore be met by the peak in the output data. Firstly, itshould appear eight clock cycles after the peak in the input data (corresponding to thelatency of the BCID algorithm), and secondly, it should be of a height equal to that ofthe input pulse minus the constant pedestal value of thirty FADC counts. Inspectionshows that both of these conditions are met. The BCID algorithm used here is a stand-alone peak finder with the criterion R1 < R2 ‡ R3.

103Upon reaching the CFM, data from individual trigger cells are combined to form the4�·�4—cell windows used by the e/g trigger. The last two plots of figure�7.4 show twoof the results obtained from a window built using data from the trigger cell shown inthe previous plots. The results shown are the energy sum over the trigger window andthe e/g hit results for one of the two sets of thresholds implemented by the CFM. Notethat these two processes are implemented with different latencies and their outputsappear in different timeslices.

BCID input

Recorded BCID Output

Energy Sum

Trigger Hits, threshold set B Figure 7.4. A sample of the data recorded by the demonstrator system for asingle event.

104As the height of the energy sum shown in the third plot of figure 7.4 is greater thanthat of the pulse shown in the previous plots, it obviously contains contributions fromtrigger cells other than that shown. It is encouraging that the energy sum is not spreadover more than one timeslice, as this would indicate that BCID had been performedincorrectly for at least one of the trigger cells in the window. From the e/g hit resultshown in the last plot in figure 7.4, it can be deduced that the position of the e/gshower relative to the trigger window under consideration was such that the triggerconditions were met. Namely, the energy in one of the cluster windows was greaterthan 10 FADC counts and the energy in the isolation region was less than 5 FADCcounts. Again it is encouraging that the trigger condition was met for one timesliceonly: that corresponding to the peak of the calorimeter pulse. Not shown in figure 7.4are the contents of the FADC output memories and the CFM input memories. Thesememories would have recorded the same data as the BCID input and BCID outputmemories respectively, but over a slightly different time frame (due to the time takento transfer data between boards).7.4. Analysis of Test Beam Data7.4.1. Hardware TestsThe programme to analyse the data recorded at the test beam had two goals: toestablish that the hardware functioned to specification, and to evaluate theperformance of the BCID algorithms. Initially, priority was given to the former ofthese tasks. This was for two reasons. Firstly, it was necessary to establish the integrityof the recorded data before any algorithmic evaluation could be conducted. Secondly,it was desirable to use the data recorded in the June test beam period to identify andcorrect any faults in the demonstrator system before the September run. Whilst it wasknown from on-line monitoring that the results produced by the demonstrator systemappeared sensible, no detailed event-by-event analysis was possible on-line. This taskwas left to the off-line hardware checks.The off-line hardware checks involved comparing the data recorded at all stages of thedemonstrator system with that predicted by a software model of the system. Thissoftware model used the data recorded in the FADC memories as input. The vastmajority of the events examined showed the hardware behaving as expected. Foraround 0.5% of events however, some inconsistency was found between the recordeddata and the predicted data. There were found to be two causes of error in thehardware.One cause was the timing set-up of the write strobe to the memories on the BCIDboard. Occasionally the write strobe would arrive at a memory out of time (by ~1�ns)with either the address or data signals and would either begin before these signals had

105properly been set up, or persist longer than they were valid. In such instances the datawritten to a particular memory location would be corrupted. Setting up the correcttiming on a BCID board was a non-trivial task and no significant reduction in the rateat which these errors occurred could be made before the September run.All errors in the recorded data not accounted for by the above problem were found tobe caused by the memories on a BCID board occasionally being out of synchronisationwith the memories on other modules. When this loss of synchronisation occurred all ofthe data recorded by one BCID board for one event appeared displaced by a singletimeslice. This phenomenon was due to a slight flaw in the logic on the BCID board,as explained below.At the end of each event the BCID boards received a STOP signal from the clockmodule. This signal prevented the memories on a module from recording any furtherdata and inhibited the distribution of the clock signal around the module.Unfortunately, in the original design of the BCID module, whilst the memoriesstopped recording data instantly, the clock signal continued to be propagated until afalling clock-edge was reached (thus avoiding glitches in the clock). This meant thaton occasion a BCID module would process one more clock cycle than it recorded,leading to a miss-alignment between the recorded data and the Address Counter onthat board. When the data for that event were read out by the DAQ, the data from thatBCID board would thus appear to be out of step with the rest of the system. Once thisfault had been identified it was corrected with a minor wiring change which ensuredthat the data recording process was disabled synchronously with the clock signal beinghalted (on a falling clock edge).The conclusions drawn from the hardware tests were positive. The BCID algorithmswere shown to be behaving as they had been designed to do and the vast majority ofthe recorded data were shown to be reliable. Analysis of the BCID algorithms couldtherefore proceed with the knowledge that any failures in the BCID process discoveredwould most likely be due to design flaws in the algorithms themselves rather thanhardware faults.7.4.2. Evaluation of the BCID algorithmsTable 7.1 summarises the 1995 test-beam data which have been used to evaluate theperformance of the BCID algorithms. Only data recorded in the Si and Si-0T regions ofthe calorimeter have been used for this purpose, as preliminary analysis of the datarecorded in the bi-gain region shows that the pulses produced by the front-endelectronics in that region of the calorimeter are unsuitable for testing the BCIDalgorithms. This is for two reasons.

106AlgorithmLabelFIR coefficientsPeak-FindingCriteriaNumber ofeventsrecorded

bcid10, 0, 1, 0, 0R1 < R2 ‡ R3232,000

bcid20, 0, 1, 0, 0R1 < R2 > R395,000

bcid30, 0, 1, 0, 0R1 £ R2 > R315,000 bcid40, 0, 1, 0, 0R1 £ R2 ‡ R321,000 bcid5-1, 0, 2, 0, -1R1 < R2 ‡ R3294,000 bcid6-1, 0, 2, 0, -1R1 £ R2 > R315,000 bcid7-1, 0, 2, 0, -1R1 £ R2 ‡ R38000 bcid8-1, 0, 4, 0, -1R1 < R2 > R317,000 bcid9-1, 0, 4, 0, -1R1 < R2 ‡ R3232,000 bcid10-1, 0, 4, 0, -1R1 £ R2 > R313,000

Table 7.1. Data used to evaluate the BCID algorithms.Firstly, the pulses from the bi-gain region are much longer than those for which theBCID algorithms were designed. This is important for those algorithms which employFIR filters, as the coefficients in those filters have been optimised for pulses of aspecific length and the algorithms are known to fail for pulses of a longer duration thanthis.Secondly, and most importantly, the pulses produced in the bi-gain region of thecalorimeter have an amplitude-dependent shape. This is catastrophic for BCID, as suchpulses cannot be processed adequately using linear-response algorithms. In the mostoptimistic (hypothetical) case, BCID can be performed on such pulses using a bank offilters, with the appropriate filter being selected according to the pulse height. Thisidea is complicated though by the fact that the trigger cells used by the level-1 triggerare formed from a summation of calorimeter cells. Each pulse seen by the trigger istherefore a composite of a number of smaller pulses, and its shape will depend notupon its total height, but upon the height of each individual pulse from which it iscomposed. This means that there will be no unambiguous relationship between theheight of a pulse, as seen by the trigger, and its shape. To attempt BCID for suchpulses is beyond consideration. In the final ATLAS system only linear calorimeterpulses will be acceptable to the level-1 trigger.The data shown in table 7.1 were recorded in both the June and September periods.Data were collected for all of the BCID algorithms, with the number of events

107collected per algorithm ranging from 8000 to over 200,000. The algorithms whichwere targeted with the most events were those which simulation studies indicatedwould give the best performance. As had been done in previous beam tests, a TDC wasused in the June and September runs to record the time between the arrival of theincident beam particle and the first rising edge of the demonstrator clock. In order toanalyse properly the performance of the BCID demonstrator, the TDC value has beenused to make a cut on the data considered.Only events which feature a calorimeter pulse being sampled within – 2.5 ns of itspeak have been used as test data. This reduces the number of events in the test data toone fifth of that shown in table 7.1. The number of test pulses which can be extractedfrom each event however, is greater than one. Each shower generally occupies fourtrigger cells (due to the reduced trigger-cell size employed in the 1995 test-beamperiod). As the noise in those four cells is uncorrelated, each of the four resultantpulses can be considered separately when analysing the data. Furthermore, as theenergy in the shower is not (in general) distributed evenly between all four trigger-cells, the four pulses are generally of differing amplitudes.The performance of each BCID algorithm has been evaluated by examining thecontents of the input and output memories on the BCID modules. In this process theheight of a pulse is measured from the input memories, and the output memories arethen used to examine how BCID has proceeded for that pulse. The results have beensorted into four categories:• Correct results are those where the peak of a pulse has been gated through theBCID hardware to appear in the output data in the correct timeslice and at thecorrect height, whilst all other timeslices in the immediate vicinity of the peak(– 2�timeslices) have been suppressed to zero.• Incorrect results are those where a sample other than the peak of the pulse has beengated through the hardware. It is important to note that some of the BCIDalgorithms can gate through more than one sample per pulse. If a single pulse isfound to have produced two non-zero timeslices in the output data, onecorresponding to the peak of the pulse and one to some other sample, then thatresult is counted twice: once in the correct category and once in the incorrectcategory. The incorrect category is designed to count incorrect identificationsproduced by inefficiencies in the BCID algorithm, as opposed to hardware faultssuch as missing bits and dead output channels.• Missing bit events are those where the peak of the pulse is present in the outputdata in the correct timeslice, but at the wrong height.• Dead events are those where no data is output within 5 samples of the expectedoutput peak.

108These last two categories are intended to highlight any cases where the BCID outputdata may be incorrect due to a hardware fault rather than an algorithmic inefficiency.They are intended as guidelines only and some incorrect events are open to miss-interpretation. For example, the presence of no output data for a single input pulsecould have a number of causes, including an algorithmic inefficiency. A large numberof results of this type for a given channel though would definitely indicate some sort ofhardware problem. In practice, less than 0.1% of the incorrect BCID results fall intoeither the missing bit or dead categories.Figure 7.5 shows some of the results obtained from the BCID algorithm tests. All ofthe algorithms displayed in this plot use a transparent FIR filter, so only the peak-finding criteria vary between algorithms. The plot shows the percentage of eventsclassified as correct for each algorithm as a function of pulse height. Note that as inthe earlier software simulation of the BCID algorithms (chapter 5), the analysis of theresults has concentrated on pulses of small amplitude.Figure 7.5. Percentage of correct identifications produced by the stand-alone peakfinders. Results are shown for the peak-finding criteria indicated.The general form of the results in figure 7.5 is as expected: the efficiency of all of thealgorithms improves with the amplitude of the pulse, and full efficiency is reached forpulses of a few FADC counts height (five in the worst case). It can also be seen thatthe efficiency varies between different peak-finding criteria as expected. The peak-finding criterion R1 < R2 > R3 has the lowest rate of correct identifications for pulses of

109small amplitude, as it is the most sensitive to noise. The peak-finding criteriaR1 < R2 ‡ R3 and R1 £ R2 ‡ R3 have produced the best results, as they are less sensitiveto noise on the falling edge of the pulse (as discussed in chapter 5). The apparent dropin the efficiency of the R1 £ R2 ‡ R3 peak finder for pulses of 3 FADC counts height isdue to poor statistics for this particular algorithm: one pulse out of a total of 63 wasincorrectly identified at this height. By comparison, the algorithms with the peak-finding criteria R1 < R2 > R3 and R1 £ R2 > R3 were tested with ~200 events per pulseheight, and the algorithm with the peak-finding criterion R1 < R2 ‡ R3 was tested with~2000 events per pulse height.Figure 7.6. The incorrect identifications produced by the stand-alone peak finders,expressed as a percentage of the total number of test pulses of the height indicated.Not all of the information needed to judge the relative performance of the algorithmsshown in figure 7.5 is contained within that plot. In addition to examining the rate ofcorrect identifications produced by each algorithm, the number of incorrectidentifications must be studied. These are shown in figure 7.6.Most of the algorithms displayed in figures 7.5 and 7.6 can produce only oneidentification per pulse, so for these algorithms the percentage of incorrectidentifications and the percentage of correct identifications total to 100%. Theexception to this is the algorithm which uses the peak-finding criterion R1 £ R2 ‡ R3. Itcan be seen from figure 7.6 that for pulses of height one FADC count, this algorithmhas a rate of producing incorrect identifications of greater than 140%. This means that

110for most pulses of this height the algorithm produced at least one incorrectidentification, and for some pulses of this height it produced two incorrectidentifications. These incorrect identifications will have been produced in addition toany correct identifications that may have been made for the same pulse.Looking back to figure 7.5 it can be seen that the percentage of correct identificationsproduced by the peak-finding criteria R1 < R2 ‡ R3 and R1 £ R2 ‡ R3 are approximatelyequal (discounting the results for peaks of just 1 FADC count in height). From figure7.6 however it can be seen that the more relaxed of the two peak-finders, R1 £ R2 ‡ R3,has a much higher rate of producing off-peak identifications for low-energy pulses. Asmentioned in chapter 5, it is better to accept a loss in BCID efficiency of a few percentfor small pulses than to generate large numbers of spurious identifications at theseenergy levels. It can therefore be concluded that of the peak-finding criteria shown infigures 7.5 and 7.6, R1 < R2 ‡ R3 is the most suitable criterion for use in the level-1calorimeter trigger.Figure 7.7. Percentage of correct identifications produced by all algorithms usingfilter coefficients -1, 0, 4, 0, -1. Peak-finding criteria are as indicated.Figure 7.7 shows more of the results obtained from the beam tests. The general formatis the same as figure 7.5: the percentage of correct identifications is shown as afunction of pulse height for a variety of algorithms. This time all of the algorithmsshown use the FIR filter coefficients -1, 0, 4, 0, -1. As before, all algorithms achievefull efficiency for pulses above a few FADC counts in height (four counts in the worst

111case), and the BCID efficiency for pulses below this height improves when moresuitable peak-finding criteria are used. The improvement in efficiency obtained whenusing the peak-finding criterion R1 < R2 ‡ R3, as opposed to R1 < R2 > R3 though is lessnoticeable here than when a transparent filter is used. This is because using a filterwith the coefficients given leads to a reduction in the number of pulses which have flattops (i.e., no single peak sample). This greatly improves the performance of the peak-finding criterion R1 < R2 > R3, but has a much smaller effect on the efficiency of thepeak-finding criterion R1 < R2 ‡ R3.The results obtained for the algorithms which use the filter coefficients -1, 0, 2, 0, -1are almost identical to those obtained for the algorithms which used the coefficients-1,�0,�4,�0,�-1, and for this reason they are not shown here. In each case, irrespective ofthe filter coefficients used, the peak-finding criterion which produces the bestefficiency is R1�< R2 ‡ R3. This was the expected result and it was for this reason thatthese algorithms were used the most extensively during the beam tests. Figure 7.8shows the results for the three algorithms which use this peak-finding criterion. It canbe seen that the use of a non-transparent filter produces only a small gain in BCIDefficiency, mainly due to the fact that the efficiency when no filter is used is alreadyvery impressive: greater than 99% efficiency for all pulses of 2 FADC counts height orgreater.Figure 7.8. percentage of correct events for all algorithms using the peak-findingcriterion R1< R2 ‡ R3. FIR filter coefficients as indicated.

112As all of the algorithms shown in figure 7.8 can produce only one bunch-crossingidentification per pulse, the rate at which off-peak identifications are produced by eachalgorithm is equal to the deficit in the rate at which correct identifications areproduced. It can therefore be seen that the performance of all of the algorithms shownin figure 7.8 is comparable. For the data observed in this test beam then, the use of anFIR filter (which adds complexity and latency to the BCID algorithm) is not justifiedby a significant increase in efficiency.Figure 7.9 shows the efficiency of one BCID algorithm acting on data recorded in1993, and 1995. The results for the 1993 data have been taken directly from chapter 5.The difference in efficiency between the two data sets is due to the difference in thenoise level on the recorded data. The data recorded in 1993 has an R.M.S. noise levelof ~0.8 counts, whilst that recorded in 1995 has an R.M.S. noise level of ~0.2 counts.This reduced noise level can be attributed to two factors: the superior quality of theFADCs used for the 1995 beam tests and the reduced trigger-cell granularity used forthose tests. Reducing the number of calorimeter cells which contribute towards atrigger cell inevitably reduces the level of (predominantly electronic) noise present inthat cell.Figure 7.9. Results for the stand-alone peak finder (R1< R2 ‡ R3) with data recordedin 1993 (dotted line) and as performed in real-time in 1995 (solid line). Both sets ofdata were recorded using FADCs of sensitivity 0.9 GeV/count.The ATLAS technical proposal quotes an expected noise R.M.S. of 400 MeV for theelectromagnetic calorimeter. This figure is for a 3�·�3 area of calorimeter cells; itincludes electronic noise and pile-up noise calculated at the LHC design luminosity.To a first approximation, these contributions scale as the square root of the area of

113calorimeter considered [3]. The R.M.S. noise level for a trigger cell composed of 4�·�4calorimeter cells will therefore be in the order of 500 MeV, or ~0.5 FADC counts. Thisis somewhere between the level of noise observed on the 1993 data (over a 4�·�4 areacalorimeter cells) and the level of noise observed on the 1995 data (over a 2�·�2 areacalorimeter cells). It can therefore be predicted that if the BCID algorithms were testedwith a noise level (and granularity) matching that expected at the LHC, the efficiencyobserved would be somewhere between that observed for the 1993 data and thatobserved for the 1995 data.7.4.3. CFM OutputAs the BCID demonstrator system was used to perform BCID on a 6�·�6 area oftrigger cells, the effect of BCID on the performance of the trigger algorithms used bythe CFM demonstrator can be investigated.The CFM demonstrator outputs three results for each of the nine trigger windowswhich it processes. These are:• an e/g hit decision for threshold set A;• an e/g hit decision for threshold set B;• the energy sum over the area of the trigger window (for the proposed use of the jetand missing-ET triggers in the final system).Figure 7.10. The energy measured by the CFM over a window of 4�·�4 trigger cellsfor a sample of 981 events. Distributions are shown for all events (dotted line) andfor those events which produced a positive e/g hit result (solid line).

114Figure 7.10 collates the CFM demonstrator output for a run of 981 events recorded atCERN with a 15 GeV electron beam. BCID has been performed on all of the eventsshown using algorithm bcid1 (see table 7.1). The horizontal axis of the plot denotes theenergy of the incident beam particle as measured by the CFM (i.e., the energy sumdescribed above), whilst the vertical axis indicates the number of particles which weremeasured as having this energy.Two sets of data are shown in figure 7.10. The first set of data (shown as a dotted line)contains the energy measurements for all 981 events recorded. Looking at these data,two types of incident beam particle can be distinguished: electrons and pions. Theelectrons, which deposit the majority of their energy (~97% [35]) in the RD3calorimeter, are responsible for the Gaussian distribution of events centred at17�FADC counts (15 GeV). The pions, which deposit only a small fraction of theirenergy in the (electromagnetic) calorimeter, are responsible for the much broaderspread of events at energies below this.The second data set shown in figure 7.10 (as a solid line) contains the energymeasurements for only those events which produced an e/g trigger hit from the CFM,for either set of thresholds. The thresholds used were:• threshold set A: cluster threshold = 14 FADC counts, isolation threshold = 4095�FADC counts;• threshold set B: cluster threshold = 10 FADC counts, isolation threshold = 5 FADC counts.It can be seen from figure 7.10 that whilst no pion events produced an e/g hit (asexpected), there were also some electron events which failed to produce an e/g hit,even though they produced an energy deposit greater than the lowest cluster threshold(10 FADC counts). This was not due to the hits being vetoed by the isolationrequirement, but was a result of the decreased granularity of trigger cells used for thesebeam tests (Dh�·�Df�»�0.05�·�0.05 compared to Dh�·�Df�»�0.1�·�0.1 proposed for thefinal system). This reduced granularity led to a poor lateral containment of showerswithin the 2�·�1 cluster windows implemented by the e/g trigger. In general, eachshower was spread over a 2�·�2 area of trigger cells, so only around half of the energyof a shower was captured by any one cluster window. Figure 7.11, for example, showsan event which has produced a total energy deposit of 16 FADC counts — greater thanthe lowest cluster threshold of 10 FADC counts. The largest amount of energy whichhas been deposited in a single cluster window however, is only 9 FADC counts. Theevent has therefore failed to produce an e/g hit. All of the electron events which failedto produce a hit did so for a similar reason. No hits were vetoed by the isolationrequirement.

115Figure 7.11. A map of the energy deposits produced in the calorimeter for asingle shower.Figure 7.12 shows the same 981 events as figure 7.10. Here however, each event hasbeen plotted as a function of the largest energy deposit it produced in any clusterwindow — i.e., the cluster energy as measured by the e/g trigger. This measurement hasbeen reconstructed off-line using the recorded CFM input data. From figure 7.12, itcan be seen that there is a clear cut between those events which produce an e/g hit andthose which do not, and that this cut occurs at 10 FADC counts as expected. From thisit can be concluded that the CFM functioned correctly during the beam tests.Figure 7.12. The largest energy deposit in a CFM cluster window for a sample of981 events. Distributions are shown for all events (dotted line) and for those eventswhich produced a positive e/g hit result (solid line).

116A more important conclusion can be drawn from figure 7.12 if the cluster energy isreconstructed not from the CFM input data, but from the FADC or BCID input data. Ifthis is done the resultant plot is identical to that shown. As the FADC and BCID inputdata were recorded before BCID was performed, it can be concluded from this that forthese 981 events at least, BCID did not have a detrimental effect on the performance ofthe e/g trigger.In order to understand fully the effect of BCID on the e/g trigger a more thoroughinvestigation is required. Specifically, it is important to look at the effect of BCID onthe sharpness of the trigger threshold. As described in section 3.2.1, this is one of twofigures of merit for the e/g trigger (the other being the trigger rate produced when thethresholds are set at a level efficient for the desired physics).To examine the effect of BCID on the sharpness of the e/g cluster threshold, a softwaremodel of the e/g trigger has been created. The algorithm used by this model is not theexact e/g trigger algorithm but is a modification of it designed to cope with the reducedtrigger cell granularity. A cluster window of 3�·�3 cells is used. This window is largeenough to contain 98% of the energy deposited in the calorimeter by all showers. Themodified algorithm compares the energy deposited in this window to a single clusterthreshold. No isolation requirement is imposed.The software e/g trigger has been tested on data recorded at the test beam. By usingdata recorded either before or after BCID was performed, it is possible to examine theeffect of BCID on the trigger. Figure 7.131 shows how the efficiency of the triggervaries as a function of the cluster threshold, both with and without BCID having beenperformed. The BCID algorithm used in this instance is bcid10 (see table 7.1) and thedata are from a 200�GeV electron beam (325 events). It can be seen that the effect ofBCID is to shift the threshold curve down by 1—2 FADC counts, without degrading thesharpness of the curve. This is because BCID reduces the value of the energy in thecluster window by an average of ~ 1 FADC count (see below). If such a situation werereplicated at the LHC, the e/g trigger thresholds would have to be lowered by one ortwo counts to maintain efficiency for the events of interest. As BCID reduces allenergy deposits by ~1 GeV, the background trigger rate would not be increased by thisaction (compared to no BCID and a higher threshold). This situation is thereforeacceptable. A more detrimental situation would be if BCID lead to a decrease in thesharpness of the threshold. The necessary lowering of the thresholds in this case wouldlead to an increased background trigger rate.

1 Figure 7.13 is courtesy of Adam Connors.

117Figure 7.13. The efficiency of the e/g trigger as a function of the cluster thresholdwhen BCID is not performed (solid line) and performed (dotted line). The e/gtrigger algorithm used to generate this plot is described in the text.Figure 7.14. Hit results from the e/g trigger as a function of time. Plots are shownfor a) data recorded before BCID and b) data recorded after BCID.

118The need for BCID is illustrated in figure 7.14. This plot shows the e/g hit results forthose events used to generate figure 7.13 as a function of time, both before and afterBCID. The e/g-trigger algorithm used to generate this plot is that implemented by theCFM demonstrator. This has been performed in real-time by the CFM itself for thepost-BCID data, and by a software model for the pre-BCID data. The cluster thresholdin both cases is set at 40 FADC counts. It can be seen that when BCID is notperformed, over half of the events produce e/g hit flags for more than one consecutivetimeslice. After BCID, all events produce a hit result in one timeslice only: thatcorresponding to the peak.In addition to studying the effect of BCID on the e/g trigger, it is also important tostudy its effect on the resolution of the CFM energy measurements. This resolution canbe extracted from figure 7.10 (for example), by fitting a Gaussian curve to thedistribution of electron events (all electron events, not just those which produce e/ghit). If this is done, the figure obtained for the resolution is s/E�=�(7.4�–�0.3)%.The resolution of the RD3 calorimeter is quoted as

s E= ¯ ¯ ¯10 28 0 3 0 1% % . % . %

where E is in GeV. It should be noted that this resolution is for the full calorimeter,which is 25 radiation lengths in depth[14]. As the level-1 demonstrator system wasconnected to only the first two sampling depths of the calorimeter (18 radiation lengthsin total) the actual resolution observed will be worse than that predicted by thisequation, due to the leakage of shower energy. This matter will be dealt with below.Each term in the above equation represents a contribution to the calorimeter resolutionfrom a different source. The first term is the sampling term, which accounts forfluctuations in the number of electrons produced and detected for a shower (hence thevariation with E-1/2). The second term is the contribution to the resolution from bothpile-up noise and electronic noise. The third term is due to instrumental effects such asdifferences in calibration between calorimeter cells, and the fourth term is due toquantisation noise on the digital signals.For particles of energy 15 GeV (17 FADC counts), the above equation predicts aresolution of ~4% for the calorimeter. The resolution extracted from figure 7.10, whichis the resolution of the CFM energy measurement, is almost twice this figure. This is acommon result: by fitting Gaussian distributions to electron events for a variety ofbeam energies, the resolution of the CFM energy measurement can be measured over arange of energies. In each case the measured CFM resolution is 2-3 times worse thanthat predicted by the above equation. It is obviously necessary to identify all of thecauses of this poor resolution and to establish that BCID is not responsible.

119Figure 7.15 clearly shows that BCID is not a cause of the poor resolution of the CFMenergy measurement. This plot shows the resolutions obtained from actual CFMenergy measurements (post-BCID) and from energy measurements reconstructed off-line using FADC data (pre-BCID data). It can be seen that in each case the resolutionsof these two measurements are comparable, and that they are a factor of two worsethan the predicted calorimeter resolution. Further investigation shows there to be twocauses of discrepancy between the resolution as predicted above and the resolutionobserved. These two causes are the leakage of shower energy (as mentioned above),and a poor calibration between trigger cells.Figure 7.15. The resolution of the CFM energy measurement before and afterBCID. Also shown is the predicted calorimeter resolution (lower dotted line).In the test beam the BCID demonstrator system took signals from only the first twosampling depths of the calorimeter. This covered a total depth of 18 radiation lengths.For showers of 200 GeV (for example) only 93% of the energy of the shower will bedeposited within this length [35]. The effect of this on the resolution of the calorimetercan be judged by Monte Carlo simulation. According to such methods an extra term of1.49 % should be added (in quadrature) to the predicted resolution of the calorimeterfor electrons of 200 GeV. The predicted resolution for such electrons becomes

s E= ¯ ¯ ¯ ¯ =10 28 0 3 0 1 1 49 2 0% % . % . % . % . %

. 120_{a) All Eventsb) Events which deposit 75% of their energy within a single cell.c) Events which deposit 75% of their energy within cell (3,4).}d) Events which deposit 75% of their energy within cell (3,3). Figure 7.16. The Energy distribution for a sample of 297 events with the cutsindicated.The poor calibration observed between trigger cells at the test beam may haveoccurred either in the FADCs, or before them in the RD3 front-end electronics. Thedata available cannot be used to distinguish between these two cases. Figure 7.162shows the effect of poor calibration on the resolution of the CFM energy measurement.Plot (a) shows the distribution of the CFM energy measurements for 500 events of200�GeV electrons. The energy measurements have been made over a 4�·�4 area ofcells. It can be seen that a wide spread of measurements is obtained and that thedistribution of these measurements is not Gaussian. Plot (b) shows a subset of the datafrom plot (a). A cut has been made such that only showers which deposited > 75% of

2 Figure 7.16 is courtesy of Adam Connors.

121their energy within a single trigger cell are shown. This has resolved the distribution ofevents into two peaks, centred at ~195 FADC counts and ~225 FADC counts. Closerexamination shows that these two peaks correspond to the showers being centred ontwo different trigger cells (see plots (c) and (d)). It can therefore be concluded that theenergy measurements from these two trigger cells must have a different calibration.By fitting a Gaussian curve to the events shown in figure 7.16(d), a value can beobtained for the resolution of the CFM energy measurement without any degradationdue to the difference in calibration between trigger cells. The Gaussian curve shouldbe fitted only to those events of energy greater than 186 FADC counts, not to the longlow-energy tail of the distribution which is due to leakage. The resolution obtained iss/E = (2 – 0.2)%. Thus, when leakage and calibration are taken into account, there isa good correlation between the predicted calorimeter resolution of 2.0% and themeasured CFM resolution of (2.0 – 0.2)%. This means that the quality of the energymeasurement has not been degraded by any process between the calorimeter and theCFM. Specifically, it has not been degraded by BCID. This is an important conclusion.Despite the above results, BCID obviously does have some effect on the energymeasured by the CFM. This is shown in figures 7.13 and 7.15, wherein the plotsconstructed using data recorded before and after BCID are not identical. Figure 7.17shows the mean discrepancy between energy measurements made before and afterBCID. The energy measurements made after BCID are taken directly from therecorded CFM output, whilst the energy measurements made before BCID have beenreconstructed off-line using the recorded FADC data. All measurements are over a4�·�4 area of trigger cells (Dh�·�Df�»�0.2�·�0.2). It can be seen that on average BCIDreduces the measured energy by ~1 FADC count, irrespective of the original energy ofthe event. The cause of this reduction can be traced back to inefficient BCID for pulsesof 1-2 FADC counts in height. Most of the observed events generated at least onepulse of this height in a trigger cell on the periphery of the shower. As BCID is only~50% efficient for pulses of such height, some energy is inevitably lost. This effect isgreatly exaggerated by the decreased trigger-cell granularity, which results in showersbeing spread over a larger number of trigger cells than would otherwise be expected.Thus showers of 200 GeV (for example) still manage to produce a significant numberof pulses of ~1 FADC counts height in individual trigger channels.If trigger cells of granularity Dh�·�Df�»�0.1�·�0.1 are used, the above effect becomesinsignificant for all but the smallest of pulses. Figure 7.18 shows this. It has beengenerated using the same 1000 events as figure 7.17. Here however, a trigger cellgranularity of Dh�·�Df�»�0.1�·�0.1 has been created by summing the recorded FADCdata over the appropriate trigger cells. BCID has then been applied using a softwaremodel and the energy has been measured over the same area as before(Dh�·�Df�»�0.2�·�0.2). It can be seen that for all energy deposits above 10 FADCcounts in magnitude, the mean energy loss due to BCID is immeasurably small.

122Figure 7.17. The mean discrepancy between energy measurements made before andafter BCID, as a function of the energy measured before BCID. All measurementsare made over an area of Dh�·Df�»�0.2�·�0.2, using a trigger cell granularity ofDh�·Df�»�0.05�·�0.05Figure 7.18. The mean discrepancy between energy measurements made before andafter BCID, as a function of the energy measured before BCID. All measurementsare made over an area of Dh�·Df�»�0.2�·�0.2, using a trigger cell granularity ofDh�·Df�»�0.1�·�0.1

123In order to judge properly the effect of BCID on the level-1 calorimeter trigger, it isnecessary to simulate BCID and the level-1 trigger algorithms together under LHCconditions (namely, at the LHC design luminosity). This has been done byparameterising the BCID performance in terms of the percentage of correctidentifications made as a function of pulse height, and fitting these parameters into theexisting GEANT [36] simulation code for the ATLAS level-1 trigger3. Two sets ofBCID efficiencies have been created: BCID1 and BCID2 . The parameters for thesesets of efficiencies are listed in table 7.2. BCID1 is a pessimistic estimation of theBCID efficiency — it is comparable to the level of efficiency observed for BCID withthe 1993 data (see chapter 5). BCID2 is a more optimistic estimation of BCIDefficiency, comparable to the results obtained from the 1995 beam tests.BCID labelPercentage of correct identifications given forpulses of the height indicated1 GeV2 GeV3 GeV4 GeV‡ 5 GeV

BCID150 %70 %85 %95 %100 %

BCID264 %94 %98%100 %100 %

Table 7.2. The BCID efficiency as parameterised for the Monte CarloGEANT simulations.The first step towards judging the effect of BCID on triggering is to determine thetightest trigger thresholds (i.e., the highest cluster threshold and the lowest isolationthresholds) which can be used to achieve the required trigger efficiency. Thesethresholds will produce the lowest background trigger rate for that given efficiency.Table 7.3 lists the tightest thresholds which can be used with the e/g trigger to producea 95% efficiency for electrons of 40 GeV. The results in this table have been generatedusing a sample of 500 electron events. The e/g trigger algorithm used here is the fullalgorithm described in section 3.2.1. The results are shown for the two BCIDefficiencies (BCID1 and BCID2), and for the case where BCID is performed with100% efficiency.In the first column of table 7.3, the cluster threshold shown is the highest which can beapplied whilst maintaining an efficiency of ‡ 95% for 40 GeV electrons. This is whenno isolation requirement is imposed. The second column of the table shows the tightestthresholds which can be applied when the full e/g trigger algorithm is used, and thethird column shows the lowest isolation thresholds which can be used when the clusterthreshold is set at zero. This latter case is equivalent to setting the efficiency of the

3 All of the Monte Carlo results presented here are courtesy of Alan Watson.

124cluster threshold to 100%. This is appropriate for modelling the efficiency of thetrigger for electrons which are more than a few GeV above the cluster threshold.Table 7.3 shows that for the e/g trigger, inefficient BCID has the largest effect on theisolation thresholds. This is to be expected, as BCID is only inefficient for smallpulses. These small pulses make a more significant contribution towards the isolationsums than they do towards the cluster sum, hence it is the isolation thresholds whichare most affected by inefficient BCID.BCIDThresholds required to produce 95 % efficiency for e/g trigger.EfficiencyClusterThresholdonlyFull e/g trigger algorithmIsolation thresholdsonly

PerfectBCID > 32___em_cluster__�_>_32_+_em_isolation�_<_6_+_had._isolation_<_4(___em_cluster___>_32_+_em_isolation__<_7_+_had._isolation_<_3__)___em_isolation__<_5_+_had._isolation_<_3_______(__em_isolation__<_6_+_had._isolation_<_2_)

BCID1> 32___em_cluster____>_32_+_em_isolation�<_4_+_had._isolation_<_3(___em_cluster___>_31_+_em_isolation__<_4_+_had._isolation_<_2�)___em_isolation__<_3_+_had._isolation_<_2

BCID2> 32___em_cluster____>_32_+_em_isolation__<_5_+_had._isolation_<_3___em_isolation__<_4_+_had._isolation_<_2

Table 7.3. Trigger thresholds required to produce 95 % trigger efficiency forelectrons of 40 GeV with the BCID efficiencies indicated. Where two sets ofthresholds produce identical results, the alternative set of thresholds is shown inparentheses.Having obtained the above results, it is important to determine what trigger rates resultfrom the threshold levels listed in table 7.3. As mentioned previously, the trigger rateof the e/g trigger is dominated by the QCD jet background. A Monte Carlo study hastherefore been made using a sample of 1289 QCD jet events, with a pile-up of 18events per bunch-crossing and an energy spectrum matching that expected at the LHC(see figure 3.3 for example). Table 7.4 shows the number of triggers generated by thee/g trigger with each of the BCID efficiencies. The isolation thresholds set in each caseare those from the last column of table 7.3. The cluster threshold is set at 15 GeV. Thislow cluster threshold has been used in order to increase the number of triggers

125generated, and thus to increase the statistical significance of any difference in triggerrates observed between the three BCID efficiencies. The resultant trigger rates aretherefore not realistic figures for the final ATLAS e/g trigger. They do however, showthe relative effect of different BCID efficiencies on the trigger rates. In the mostpessimistic case, the performance of BCID with a finite efficiency increases the triggerrate by ~15%. This compares to an error in the predicted ATLAS level-1 trigger ratesof ~10% [19]. At this stage then, the increase in the trigger rate due to BCID isinsignificant when compared to the general uncertainty in the predicted trigger rates.BCID efficiencyNumber of triggersCorresponding trigger rate

Perfect BCID51 (52)(74 – 10) kHz

BCID159(86 – 11) kHz

BCID257(83 – 11) kHz

Table 7.4. The trigger rates produced by the isolation thresholds specified intable�7.3 for a Monte Carlo simulation of 1289 QCD jet events at L = 1034cm—2s—1.Table 7.5 shows the effect of BCID on the jet trigger. This table has been generatedusing ~500 events each of 40 GeV and 300 GeV QCD jets. Shown in each case is thejet threshold required to produce a trigger efficiency of 90%. It can be seen that tomaintain efficiency when non-perfect BCID is performed it is necessary to lower thejet threshold by a few GeV, irrespective of the energy of the jets being considered.Such a situation would be perfectly acceptable for the final ATLAS level-1 trigger. Asthere is no significant background to the jet trigger, lowering the jet threshold tocompensate for imperfect BCID would not lead to an increase in the jet trigger rate.BCID efficiencyThreshold required for90�% efficiency for40�GeV QCD jetsThreshold required for90�% efficiency for300�GeV QCD jets

Perfect BCID> 30 GeV> 272 GeV

BCID1> 24 GeV> 264 GeV

BCID2> 27 GeV> 268 GeV

Table 7.5. The effect of BCID (with a finite efficiency) on the jet-trigger thresholds.The above results show that the level of efficiency achieved by the BCID demonstratorsystem would be acceptable for the final ATLAS level-1 trigger system.

1268. ConclusionThe high luminosity and large centre-of-mass energy of the LHC will provide anopportunity to explore many new areas of physics, most notably, the electroweakHiggs sector. The proposed ATLAS detector is a multi-purpose pp experiment, able toexploit the full discovery potential of the LHC. The high luminosity and short bunch-crossing period of the LHC will present a considerable challenge to the ATLAStriggering system.Bunch-crossing identification is an essential part of the ATLAS level-1 calorimetertrigger. Investigation shows that in most instances bunch-crossing identification can beperformed with good accuracy using relatively simple, digital algorithms. There arethree types of pulses for which these algorithms are less accurate:• small pulses (less than ~ 5 GeV), due to the increased signal-to-noise ratio;• saturated pulses;• overlapping pulses (instances of pile-up).Of these three types of pulses, only pulses of the first type have been considered in thisthesis. It has been shown that for small pulses, BCID can be performed to an accuracyacceptable to the level-1 calorimeter trigger using simple, digital algorithms. Thefeasibility of implementing these algorithms in hardware has been proven by atechnical demonstrator.The accuracy of a BCID algorithm when dealing with overlapping pulses is notconsidered to be an important figure of merit for the level-1 BCID system. MonteCarlo studies have been performed to determine the extent of pile-up expected at theLHC. Assuming pulses of three bunch-crossings duration are observed by thecalorimeter trigger, there is a ~20% chance of any one pulse overlapping with a secondpulse of 1 GeV height (averaged over the whole detector). The chances of any pulseoverlapping with a second pulse of 2�GeV height are ~2%, and the chances of anypulse overlapping with a pulse of 3�GeV height are ~0.5%. Extrapolating from this, itcan be concluded that the probability of two significant pulses overlapping isnegligible [37]. Overlapping pulses are therefore not a concern of level-1 BCID.Whilst the issue of saturated pulses has not been addressed in this thesis, it is believedthat the problems associated with such pulses are understood. A second BCIDalgorithm is required, operating in parallel to the one which performs BCID for non-saturated pulses. This second algorithm is required to recognise saturated pulses andextract timing information from them. A number of simple digital algorithms are under

127consideration as possible methods of performing BCID for saturated pulses. Onecandidate algorithm is the constant fraction discriminator.The architecture of the level-1 BCID system has not yet been finalised; it could beimplemented using either analogue or digital technology. The requirements for adigital BCID system however are well understood, and some guiding design principlescan be specified:• If a digital BCID system is to be used, it must be implemented in ASICtechnology. Whilst FPGAs provide an ideal solution for a BCID demonstratorsystem, they are too large and costly to be used in the final system.• Two parallel BCID algorithms are required, to deal with saturated and non-saturated pulses.• The BCID logic should be programmable at the level of parameters (FIRcoefficients, etc.) to allow it to be optimised for the different pulse shapes whichare expected in different areas of the calorimeter.• The BCID logic should be of minimal latency. Current latency calculations for thelevel-1 trigger assume a latency of four bunch crossings.The investigation of both digital and analogue methods of bunch-crossingidentification is continuing. The technology choice for BCID (and for the level-1calorimeter trigger as a whole) will be frozen in 1997. At this point detailed design ofthe BCID system will begin, with the proposed prototype modules ready in 1999. TheLHC is currently scheduled to start running in 2004.

128Appendix A. A Note on the Conventions used to DescribeFIR Filters in this Thesis.As noted in chapter 4 (section 4.2.1), the behaviour of an FIR filter is described by theequation

yn hixni^i_N( ) ( ) ( ) = - = -�^0_1 whereh(i) = aiif0 £ i £ N-1and h(i) = 0elsewhere.This can also be written as a matrix equation:

yaaaaax123 12 13 2 1 1230 0: .........: : : : . :ØºŒ øßœ = ØºŒ øßœ ØºŒ øßœ

where yn is the output from the FIR filter in the nth timeslice.Throughout this thesis, a graphic representation of the FIR coefficients (ai) is used. Forexample, a filter which contains the following coefficients:a1 = 1,a2 = —X,ai = 0,where i ‡ 3,can be represented by the pictogram shown in figure A.1.Figure A.1. A graphic representation of the FIR filter coefficients (ai) described inthe text.

129The operation of the FIR filter shown in figure A.1 can be described by the followingmatrix equation.

yXXXx

1234 1234 1 0 0 0

1 0 0

0 1 0

0 0 1 :

... ... ... ... : : : : : . : ØºŒ øßœ=- - -

ØºŒ øßœØºŒ øßœ

In section 4.3.4 (and elsewhere) it is stated that two FIR filter operations can becombined and performed by a single FIR filter. This is easy to show using matrices.Consider an output, yn, which is the product of two consecutive FIR filters (A and B)acting on the input xn. This is described by the equation

YBAXybbaax=ØºŒ øßœ= ØºŒ øßœØºŒ øßœØºŒ øßœ. .: .........: : : : . .........: : : : . :123 12 13 2 1 12 13 2 1 1230 0 0 0

which can be seen to be equivalent to the equation

YCXybabababababababababax=ØºŒ øßœ= + + +ØºŒ øßœØºŒ øßœ.: .........: : : : . :123 1 12 1 1 2 1 13 1 2 2 1 3 2 1 1 2 1 1 1230 0

hence the two FIR filters, A and B, can be replaced by a single FIR filter with thefollowing coefficients:c1 = b1a1,c2 = a1b2 + b1a2,c3 = a1b3 + a2b2 + a3b1, etc..

130It is this process of combining coefficients from consecutive FIR filters which isshown in figure A.2. This figure is a reproduction of figure 4.8 from chapter 4. Itshows that the equation

y XXXX

1234 1 0 0 0

1 1 0 0

1 1 1 0

1 1 1 1 1 0 0 0 1 1 0 0

1 1 1 0

1 1 1 1 : ... ... ... ... : : : : : . ... ... ... ... : : : : : Ø º Œ Œ Œ ø ß œ œ œ = Ø º Œ Œ Œ ø ß œ œ œ - - - - - -

- - - - Ø º Œ Œ Œ ø ß œ œ œ Ø º Œ Œ Œ ø ß œ œ œ. :x1234

is equivalent to

yXXXXXXXXXx1234 12341 0 0 02 1 0 03 2 1 04 3 2 1: ............: : : : :. :ØºŒ øßœ= -- -- - -- - - -ØºŒ øßœØºŒ øßœ

which follows from simple matrix mathematics.

*^{Figure A.2. A graphic illustration of how two consecutive FIR filters can becombined and performed by a single FIR filter. The example shown here is takenfrom section 4.3.5: The Comparison of the Pulse with its Integral.}

131Appendix B. An Explanation of the Schematic Diagram for the FPGA-Based BCID Logic.Each FPGA-based BCID logic design contains four identical blocks of logic,processing four channels of calorimeter data in parallel. The logic required to processone channel of calorimeter data is shown as a block diagram in figure B.1. In thislogic, incoming data are stored in a pipeline memory whilst BCID is performed. Datasamples are tapped from this pipeline by the FIR filter, which performs a weightedsum of the samples and outputs the result to a second pipeline memory. This memorycontains the filtered waveform. The peak finder then examines this filtered waveformand upon finding a peak gates out the corresponding data sample from the originalpipeline memory. If no peak is found in the filtered waveform for a given timeslice,then the output from the BCID logic for that timeslice is suppressed to zero.Figure B.1. Block Diagram of the BCID Logic.Figure B.2 shows a more fundamental schematic diagram of a BCID logic design. Aswith figure B.1, the logic shown is that required to process one channel of calorimeterdata — a complete design would contain four blocks of logic identical to this. Thecorrespondence between the schematic diagram of figure B.2 and the block diagram offigure B.1 is shown in figure B.3.It can be seen from figure B.3 that the two pipeline memories used in the BCID designare built from chains of registers. Further registers are positioned throughout thedesign to ensure the synchronous operation of the logic.

132Figure B.2. A schematic diagram of an FPGA-based BCID logic design. The FIRcoefficients used in this design are —1, 0, 4, 0, —1 and the peak-finding criterion isR1 < R2 ‡ R3.

133Figure B.3. The correspondence between the BCID logic-block diagram shown infigure B.1 and the more fundamental schematic diagram shown in figure B.2.

134The FIR filter indicated in figure B.3 performs four tasks:1. The data samples extracted from the pipeline memory are weighted. For the designshown this means that the samples are multiplied by a factor of either one or four,according to the position in the pipeline from which they are extracted. Anymultiplication necessary is done by bit shifting: null bits are added to the leastsignificant end of the data bus to increase the value of the data transferred. Whereno multiplication is necessary, null bits are added to the most significant end of thedata bus. This means that all of the buses are expanded from eight bits in width toten bits in width by the weighting process.2. The weighted samples are summed. In the design being considered here, it issubtracters which are used for this purpose as negative filter coefficients arerequired (-1, 0, 4, 0, -1).3. The ten-bit wide output from the subtracters is rounded to eight bits.4. Any negative values output from the subtracters are suppressed to zero. Negativevalues are identified via a flag produced by the subtracters.Tasks 3 and 4 are necessary to simplify the design of the BCID logic. Without thissimplification it is not possible to produce a BCID design capable of processing fourchannels of calorimeter data per XC4008 FPGA.The data output from the FIR filter are fed into the second pipeline memory and fromthere into the peak finder. It can be seen that the peak finder consists of twocomparators whose results are combined using an AND gate.The output from the peak finder is combined with the Peak Finder Override slow-control input using an OR gate, and the resultant signal forms one of the two controlinputs to a multiplexer. The other control input is the FIR Filter Enable slow-controlsignal. The multiplexer determines what data (if any) are output from the BCID logic.This is shown in table B.1. As described in section 6.4, in normal operation both theFIR Filter Enable and the Peak-Finder Override inputs should be set low.

135Inputs to multiplexer:Data Output from BCIDLogic:Peak-FinderOverride(slow control)FIR FilterEnable(slow control)Peak FinderResult

000Value of data output = zero.

001Data output from pipelinecontaining unfilteredcalorimeter data.

010Value of data output = zero.

011Data output from pipelinecontaining output of FIRfilter.

100Data output from pipelinecontaining unfilteredcalorimeter data.

101Data output from pipelinecontaining unfilteredcalorimeter data.

110Data output from pipelinecontaining output of FIRfilter.

111Data output from pipelinecontaining output of FIRfilter.

Table B.1. The control inputs to the multiplexer shown in figure B.3.

136List of References[1] S. L. Glashow, Nucl. Phys. 22 (1961) 579, S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264, A. Salam, �Elementary Particle Theory�, (Ed.) N. Svartholm,(Almqvist and Wikell, Stockhom, 1968) 367.[2] F. Halzen and A. D. Martin, �Quarks and Leptons: An Introductory Course inModern Particle Physics�, (Wiley, 1984).[3] ATLAS letter of intent, CERN—LHCC/92—4.[4] Design Study of the Large Hadron Collider (LHC), CERN/91—03.[5] R. P. Feynman �Quantum Electrodynamics�, (Benjamin, New York, 1962).[6] W. Marciano and H. Pagels, Phys. Reports 36C (1978) 137.[7] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. Japan 49 (1973) 652.[8] P. W. Higgs, Phys. Rev. Lett. 13 (1964) 508, Phys. Rev. 145 (1964) 1156.[9] M. �Quir�s, Bounds on the Higgs mass in the Standard Model and MinimalSuspersymmetric Standard Model�, CERN—TH.7507/94.[10] H. B. Jensen, �Evidence for Top Quark Production in 1.8 TeV pp Collisions�,Proceedings of the 27th International Conference on High Energy Physics,Glasgow, July 1994. F. Abe et al., �Observation of Top Quark Production in pp Collisions with theCDF Detector at Fermilab�, FERMILAB—PUB—95/022—E.[11] M. Carena et al., �Higgs Physics at LEP2�, CERN/HEP—PH/9602250.[12] H. Georgi and S. L. Glashow, Phys. Rev. Lett., 32 (1974) 438.[13] D. H. Perkins, �Introduction to High Energy Physics�, 3rd edition,(Addison and Wesley, 1987).[14] ATLAS technical proposal, CERN—LHCC/93—43.[15] CMS technical proposal, CERN—LHCC/94—38.

137[16] ALICE technical proposal, CERN—LHCC/95—71.[17] LHC-B letter of intent, CERN—LHCC/95—5.[18] I. P. Brawn et al, �A Demonstrator Programme for the ATLAS Level-1 Trigger�,ATLAS DAQ note DAQ—No—31 (1994). N. Ellis et al., �Level-1 trigger system�, ATLAS DAQ note DAQ—No—5 (1992).[19] I. P. Brawn et al, �The Level-1 Calorimeter Trigger System for ATLAS�,ATLAS DAQ note DAQ—No—30 (1994).[20] H. Alexanian et al., Nucl. Instr. and Meth. A357 (1995) 306,Nucl. Instr. and Meth. A357 (1995) 318.[21] RD3 proposal, CERN—DRDC/90—23.[22] S. Gadomski et al., �The Deconvolution Method of Fast Pulse Shaping at HadronColliders�, CERN—PPE/92—23.[23] P. W. Nicholson, �Nuclear Electronics�, (Wiley, 1974).[24] GEM technical design report, GEM—TN—93—262. O. Benary et al., �Precision Timing with Liquid Ionisation Calorimeters�,BNL—481459.[25] I. P. Brawn et al., Nucl. Instr. and Meth. A349 (1994) 356.[26] R. Staley et al., �Implementation of a First-Level Calorimeter Trigger for use atthe LHC at CERN�, RD27 note 17 (1993).[27] Spider write-up, CN Division, CERN.[28] W. Zimmerman et al., �A 16-channel VME flash ADC system (F1001—FADC)�,H1 internal report, DESY, Hamburg (1989).[29] I. Brawn, �Preliminary Investigations into Bunch-Crossing Identification for theLevel-1 Trigger�, RD27 note 11 (1993).[30] I. P. Brawn et al., �Beam Tests of a Single-Channel Bunch-CrossingIdentification Module for the Level-1 Trigger�, RD27 note 31 (1993).[31] The Programmable Logic Data Book, Xilinx Inc., 1993.

138[32] I. P. Brawn et al., �Bunch-Crossing Identification for the ATLAS First-LevelCalorimeter Trigger�, Proceedings of the 1st Workshop on Electronics for LHCExperiments, Lisbon, September 1995.[33] D. V. Camin et al., �Front-End Electronics in III — V Technology for LiquidArgon Calorimetry�, Proceedings of the 1st Workshop on Electronics for LHCExperiments, Lisbon, September 1995. R. L. Chase et al., Nucl. Instr. and Meth. A343 (1994) 598.[34] P. Hanke et al., �A flash ADC for Trigger Tests with ATLAS Calorimetry�,RD27 note 41 (1995).[35] J. Bishop et al., �DULAC, a Compact Electromagnetic Calorimeter for the HighRate SSC Environment�, Proceedings of the 1st International Conference onCalorimetry in HEP (1990).[36] GEANT detector simulation package, CERN program library long write-up,W5013.[37] Private email from Alan Watson.