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1 IntrodutionA future e+e� linear ollider (LC) operating at a entre-of-mass energy in the range 500 GeV to1 TeV is a high priority for the future of High Energy Physis. It was strongly supported by thereent HEPAP review panel in the US [1℄, itself based on numerous studies produed through the\Snowmass 2001" meeting [2℄. UK existing and possible future involvement in various aspetsof a future LC was disussed in the \Blair Report" [3℄.A future linear ollider would play a strong rôle in omplementing the physis programmeof the LHC. Researh and development work towards a linear ollider has been proeeding forthe past deade at DESY, KEK and SLAC. Although the exat spei�ation of a future linearollider has yet to be deided, the feasibility of suh a projet is demonstrated in the TESLATehnial Design Report (TDR) [4℄, published last year.This proposal onerns the CALICE R&D projet [5℄ whih is aimed at providing the moste�etive alorimetry for an experiment at the LC. Spei�ally, the solution proposed for theeletromagneti alorimeter is a silion-tungsten sandwih alorimeter with high spatial seg-mentation.In this doument we �rst outline the physis ase for the LC, and the requirements thisimposes on the alorimeter performane. We then introdue the CALICE R&D projet andexplain its objetives before desribing the proposed UK ontribution. We �nally give lists ofthe resoures needed and the e�ort, milestones and deliverables for this projet.2 Physis at a Linear ColliderThe physis ase for a future linear ollider has been established at a series of workshops underthe aegis of ECFA and DESY, and is stated in the TESLA TDR [4℄. The main goals of thephysis programme are summarised below:Higgs Physis: If the Higgs boson exists, it is probable that it will have been disovered atthe LHC or Tevatron before the start of the LC. One disovered, the emphasis will beon establishing its nature. Preise measurements will be essential to establish whether thepartile has the properties expeted in the SM, or whether it orresponds to one of theHiggs bosons of a supersymmetri theory. However, the measurement of the properties ofthe Higgs boson at the hadron olliders will be relatively rude ompared to what an beahieved at the LC. The measurements whih the LC an perform inlude:� Measurements of the Higgs boson mass and width with preisions of 0.1% (or better)and O(5%), respetively.� Preise measurements of its ouplings to fermion pairs, to massive gauge bosons andto photons.� Determination of the spin and parity of the Higgs boson.� The Higgs boson self-oupling and hene the Higgs potential an be probed using theZHH �nal state (! 6j or ! 4j`+`�).� The Higgs-top Yukawa oupling an be measured in the �nal state ttH.� Supersymmetri Higgs bosons may be studied in �nal states like H+H� ! tbbt andh0A0 ! 4b.On the basis of these measurements it will be possible to establish the nature of the Higgsboson. 2



Supersymmetry: Supersymmetry (SUSY) is widely believed to be the most likely theoryfor physis beyond the Standard Model. However, if orret, the theory will need tobe onstrained by experiment sine there are a large number of parameters and severalpossible senarios for SUSY breaking. If SUSY partiles exist in the sub-TeV energyrange, they are likely to be disovered at the LHC where squarks and gluinos would beopiously produed. In this ase, it is important to determine the properties of the SUSYpartiles in order to onstrain the many parameters of the supersymmetri theory. TheLC would ful�l a powerful omplementary rôle to the LHC here, espeially in determiningthe properties of sleptons, gauginos and the ~t squark. In addition to determination of themixing parameters in the gaugino setor, preise measurements an be made of spartilemasses, widths, and branhing frations, as well as separating losely-lying mass states.The wealth of preise measurements possible at the LC will provide a powerful probe ofthe underlying struture of the SUSY theory.Strong Eletroweak Symmetry Breaking: If the Higgs boson is not disovered at the LHCor Tevatron, the LC should see evidene of other new physis. In the absene of the Higgsboson the ross-setion for the proess of longitudinal W-boson sattering, W+LW�L !W+LW�L , would grow, violating quantum mehanial unitarity. To avoid unitarity violationit is required that the interation between the vetor-bosons beomes strong at energiesof order 1 TeV. This would be manifested in anomalous triple or quarti gauge bosonouplings. Observation of W+W� and Z0Z0 sattering proesses will be possible using the�nal states ��W+W� and ��Z0Z0. Anomalous gauge boson ouplings an be studied usingsimilar tehniques to those used at LEP, suh as the reonstrution of angular distributionsand orrelations.Top-quark Physis: An e+e� LC provides a lean environment in whih to study the prop-erties of the top quark. In partiular, the mass of the top quark is a key input in �ts tohigh preision eletroweak data. At the LC the top quark mass an be determined froma threshold san with a preision of � 200 MeV ompared to � 1 � 2 GeV at LHC. Inaddition to the top quark mass, preise measurements of many of its other properties maybe made at the LC.The baseline TESLA TDR design spei�es a luminosity of 3:4 � 1034 m�2 s�1 at a entre-of-mass energy of 500 GeV. This would be upgradable to 5:8� 1034 m�2 s�1 at 800 GeV withoutreplaing the linear aelerator avities. This gives an integrated luminosity of 1 ab�1 in twoto three years. Obviously the running strategy depends on what the LHC and LC �nd, but itseems that a full physis programme at a LC, suh as that desribed above, would require a fewab�1 of data.3 Calorimetry at a Linear ColliderMost of the physis proesses mentioned above are haraterised by multi-jet �nal states some-times aompanied by harged leptons and/or missing transverse energy assoiated with neu-trinos or the lightest supersymmetri partiles. The reonstrution of the invariant mass oftwo or more jets will provide a powerful tool for identifying the physial proess and in re-jeting bakground. In addition, deays ommonly involve a asade through several massivestates, whih an be eluidated by mass reonstrution. To give just three examples: a) theseparation of the rare but important Z0H0H0 ! 6j �nal state from bakground will rely onidentifying pairs of jets with the invariant masses of the Z0 and Higgs; b) the identi�ation andseparation of the ��W+W� and ��Z0Z0 �nal states will rely almost entirely on di-jet mass re-onstrution; ) the measurement of the ~��1 mass and the ~��1 � ~�01 mass di�erene in the proess3



e+e� ! ~��1 ~�+1 ! `��qq0 ~�01 may be ahieved by measurement of the di-jet mass and energydistributions.3.1 Lessons from LEPSine the reonstrution of the invariant mass of two or more jets will play a major rôle inthe analyses of numerous proesses at the LC, a good measurement of the jet energies is ofgreat importane. At LEP it was found that the jet energy resolution was not limited bythe intrinsi momentum/energy resolution of the traking hambers/alorimeters. Rather theresolution is limited by the ability to separate and orretly assoiate traks and energy depositsin eletromagneti and hadroni alorimeters.3.1.1 Energy Flow and Jet Energy ResolutionMeasurements of jet fragmentation at LEP have given us a good understanding of the partileomposition of jets (e.g., [6, 7℄). On average, after the deay of short-lived partiles suh as�0 and K0S, roughly 62% of the energy of jets is arried by harged partiles (mainly hadrons),around 27% by photons, about 10% by long-lived neutral hadrons (n/K0L), and around 1.5% byneutrinos. Charged partiles are most aurately measured in the traking detetors, photonsin the eletromagneti alorimeter (ECAL), and n/K0L by the hadron alorimeter (HCAL). Tomeasure the energy of the jet, information from all three detetor elements has to be ombinedtaking into aount orrelated energy deposits; for example a harged hadron will typiallydeposit energy in both alorimeters, while a neutral hadron may often start showering in theeletromagneti alorimeter. The most suessful algorithms for jet reonstrution at LEP haveused an energy owmethod, in whih geometrial assoiations between traks and energy lustersin the alorimeter and between lusters in the eletromagneti and hadroni alorimeters areused to minimize double ounting of energy. So, for example, the energy deposited in thealorimeters by a harged partile is not double ounted along with the energy determined fromthe traking hambers.The ALEPH experiment at LEP obtained a jet energy resolution1 �E=E = 60%(1 +j os �j)=pE using suh a method [8℄. For omparison OPAL ahieved �E=E � 80%=pE.Despite the OPAL lead-glass alorimeter having a better energy resolution than ALEPH's, theALEPH alorimeter has signi�antly better spatial resolution, permitting better mathing andseparation of the various energy deposits within a jet.3.1.2 The Rôle of Kinemati Fitting at the Linear ColliderIt is worth noting that at LEP preise measurements of the W boson mass have been performedby diret reonstrution of the invariant mass of the W boson deay produts. The LEP ex-periments did not provide partiularly aurate measurements of jet energies. However, thislimitation was overome using kinemati �tting. By imposing the onstraints of energy and mo-mentum onservation, the jet energies ould be determined, largely from angular information,muh more aurately than by diret measurement[9℄.Although kinemati �tting will undoubtedly play a signi�ant rôle at the LC, its appliabilitywill be more limited. As already mentioned, many of the interesting �nal states have missingenergy. In �nal states with more than one unmeasured partile, there are insuÆient onstraintsto perform a kinemati �t. Furthermore, the energy lost to initial state radiation (ISR), whihis only � 3 GeV at LEP in W+W� events, beomes � 25 GeV at 500 GeV and � 50 GeV at800 GeV. Thus at LEP the average ISR energy is muh smaller than the jet energy resolution,1In this and similar expressions for resolutions throughout this doument, the energy E is assumed to bemeasured in GeV. 4



whereas at the LC it would be muh greater. In addition, the beams at the LC will losesimilar amounts of energy through beamstrahlung (radiation in the eletromagneti �eld of theother beam). Therefore, a signi�ant proportion of events at the LC will not be suseptible tokinemati �tting. Consequently, good jet energy resolution beomes of paramount importaneat the LC. Sine jet energy resolution is mainly determined by the ability to resolve separateenergy deposits in the di�erent detetor omponents, the alorimeters at the LC must haveexellent transverse spatial resolution.3.2 Calorimetry at the Linear ColliderThe prinipal requirements for the eletromagneti alorimeter in a LC experiment may besummarised as follows:� Good energy resolution for photons and eletrons; needed for example for e/� separationand for the identi�ation of H!  events.� Exellent transverse spatial resolution, in order to separate partiles in jets and makeenergy ow measurements.� Good longitudinal segmentation as an aid to e/� separation.� The ability to identify non-pointing photons; for example in the gauge-mediated SUSYbreaking senario where a long-lived neutralino may deay to a photon and a stable grav-itino: ~�01 !  ~G.� Exellent hermetiity.� Good time resolution, to avoid pile-up from partiles originating from other bunh ross-ings.� Compat, so that the alorimetry an be plaed inside the magnet oil without prodigiousost.The preferred solution adopted for the TESLA TDR envisages a silion-tungsten (Si-W) eletro-magneti alorimeter, followed by a hadron alorimeter. Speialised alorimetry in the forwardregion would omplete the angular overage.Tungsten is an attrative hoie for the showering medium in the ECAL, having a very lowradiation length of 3.5 mm and a small Moli�ere radius of 9 mm. The small Moli�ere radius allowsnearby showers to be resolved. By using silion as the deteting medium, the gaps betweentungsten layers an be kept thin, so that the whole ECAL of 24 radiation lengths depth anbe �tted into a thikness of about 20 m. The granularity of the silion readout, i.e., thesize of the silion pads, is determined by the Moli�ere radius, whih de�nes the transverse sizeof eletromagneti showers. If the pad size is signi�antly greater than the Moli�ere radius theshower an only be loalised to within the area of one pad and the spatial resolution is degraded.Consequently a pad size of � 1�1 m2 is envisaged. The TDR design has 40 longitudinal samplesand this results in 32 million diodes (i.e., hannels) in total.The HCAL would onsist of 38 stainless steel plates, instrumented either with sintillatortiles, or with wire hambers or resistive plate hambers with digital readout. Both these optionsare still being atively investigated. A third option under onsideration is a devie instrumentedwith a mixture of the two tehnologies.
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3.2.1 Energy ResolutionThe performane of suh a alorimeter has been extensively studied using Monte Carlo (MC)simulations as part of the TESLA TDR. The energy resolution of the proposed ECAL for photonshas been found to be approximately given by �E=E = 1%+10:3%=pE [10℄, leading for exampleto a mass resolution in H0 !  of 2.1 GeV (for MH = 120 GeV). The angular resolution forphotons was found to be �� = (8+ 68=pE) mrad, orresponding to a resolution on the impatparameter at the ollision point of � 4 m for a 20 GeV photon [10℄. Eletron-pion separation,based on shower shape and mathing the ECAL energy with the trak momentum in the entraltraker, has been estimated to yield a probability for misidentifying a pion as an eletron ofaround 10�4 [10℄.The ase for the Si-W ECAL rests largely on its energy ow performane, whih in turn leadsto good jet energy reonstrution and good di-jet mass resolution. An elementary kinematialulation shows that a jet energy resolution �E=E = �=pE leads to a di-jet mass resolutionof roughly �M=M = �=pEjj where Ejj is the energy of the di-jet system. A reasonablegoal is to math �M for the W or Z bosons to their natural widths, i.e., � 2 GeV. SineEjj �250 GeV at the LC, this suggests that one should aim for � � 30%, i.e., more than afator two better than that ahieved by the LEP detetors. For the proposed LC detetor, usingan energy ow algorithm [10℄, an energy resolution of �E=E � 33%=pE has been ahieved,with sope for improvement in the algorithm, already meeting the above requirements. As anexample, Figure 1 shows the reonstruted Z0 mass distribution (from e+e� ! qq at Em =MZ)determined by applying the energy ow algorithm to the jets. A mass resolution of � 3 GeV isahieved.3.2.2 Physis SimulationThe impat of the quality of the eletromagneti and hadroni alorimeters on the physis resultsat the LC has been studied as part of the TESLA TDR. Two examples are given here. Theproess e+e� ! Z0H0H0 probes the Higgs boson self-ouplings and is of onsiderable interestin the determination of the exat nature of an observed Higgs boson. However the signal, witha orresponding ross-setion of � 0:5 fb, needs to be separated from a large bakground. Theinvariant masses of the reonstruted di-jet pairs may be used to signi�antly redue bakground.Having identi�ed six jets, a useful disriminating variable isD = q(m12 �mH)2 + (m34 �mH)2 + (m56 �mZ)2:Figure 2 shows the distributions of D for signal and bakground for two ases: �E=E =60%(1 + j os �j)=pE (LEP-like) [10℄ and �E=E = 30%=pE (proposed LC). The impat ofimproved jet resolution is apparent and is quanti�ed in Figure 3, whih shows the signi�ane(signal=pbakground) as a funtion of the jet energy resolution parameter �, for an integratedluminosity of 1 ab�1 [4℄. The inreased signi�ane of the signal above the bakground ex-petation in going from �E=E = 60%=pE to �E=E = 30%=pE is equivalent to a fourfoldinrease in luminosity. Given the smallness of the ross-setion, a jet energy resolution of at least�E=E = 35%=pE is required to establish the signal for an integrated luminosity of 1 ab�1.Another example of the importane of the resolution of the alorimeters at the LC is theanalysis of WW sattering events whih would be of great interest if no elementary Higgs bosonwere disovered. The identi�ation of, and separation between, the hannels ��W+W� and��Z0Z0 when the bosons deay hadronially depends ruially on di-jet mass resolution. Figure 4shows how the separation between these two hannels using the two di-jet masses in the eventis improved when the jet energy resolution is hanged from �E=E = 60%=pE to �E=E =30%=pE [11℄. The inreased separation has been estimated to be equivalent to an inrease ofapproximately 40% in luminosity. 6



4 The CALICE ollaborationThe CALICE ollaboration [5℄ was formed to study the issues of alorimetry for a future linearollider detetor. It urrently onsists of 96 physiists from 17 institutes in 7 ountries. Thespokesperson is J.-C. Brient from LPNHE - Eole Polytehnique and the hair of the SteeringBoard is R.-D. Heuer from DESY. The alorimetry setions of the TESLA TDR [4℄ were mainlywritten by members of CALICE.The ollaboration is studying both eletromagneti and hadroni alorimetry. As desribedabove, the physis goals of a linear ollider require an integrated approah to the energy mea-surement, so the design of the two types of alorimeter need to be losely related. The membersof CALICE are roughly equally divided between three groups; one studying the silion-tungstenECAL, a seond studying the tile sintillator HCAL while the third is studying the digital HCALoption. The UK would be interested in joining the ECAL subgroup.The overall aim of the ollaboration is to perform detailed studies of the alorimeters requiredfor linear ollider physis so that informed design hoies an be made on the timesale of anylikely linear ollider. Spei�ally, one (possibly optimisti) senario ould have the linear olliderbeginning operations in 2012. Working bakwards, this means onstrution of the alorimeterswould need to be started around �ve years previous to this, in 2007. To begin onstrutionat this time, prototyping of a likely design would need to start around two years before that,in 2005. It should also be noted that if a linear ollider is to be built on this timesale, thenapproval would be required around 2005. Hene, the aim of the CALICE ollaboration is to getto the point of knowing what should be built within the next three years, by whih time thestatus of a linear ollider may be muh more ertain.At present, there are many tehnial unertainties related to how to build suh a alorimeter.For the Si-W ECAL, these inlude very basi issues suh as where to put the front-end eletronis.It is diÆult to get suÆient ooling into the O(mm) gaps between the tungsten plates to allowon-detetor ampli�ation; the degradation of performane as these gaps inrease needs to beevaluated. The alternative is a high density of ables several metres long arrying unampli�edsignals that are required to have a resolution of 10 bits. This would be eased if more sophistiatedenergy ow algorithms redue the required hannel resolution. Other unresolved issues inludethe mehanial struture (the e�et of dead material), fabriation of tungsten plates to the righttoleranes (how well the thiknesses need to be ontrolled), aeptable diode yield (how manydead hannels an be tolerated) and the alibration of the huge number of hannels involved(how well does the alibration have to be known). In addition, the ost of the ECAL as spei�edin the TESLA TDR is high, estimated as 133 Meuros, with 93 Meuros of that being purely forthe silion diodes. It is lear that a serious ost-performane optimisation still needs to be done.Many of the studies required will be done using MC simulations of various detetor on-�gurations. Most of the work involves determining the resolution of hadroni jet energies, asmuh of the physis depends on this quantity. This in turn depends heavily on the ability ofthe simulation to aurately desribe hadroni interations. However, it is thought that this isurrently not well modelled in simulations.A major goal of the CALICE studies is therefore to tune the simulation against real data.This requires a beam test and this forms a large part of the e�ort of the ollaboration over thenext two years. The shedule is to build a \physis prototype" of the ECAL and the two optionsfor the HCAL and put both ombinations into a test beam early in 2004. The analysis of thedata is then expeted to take the rest of that year.The beam test loation is not yet determined and the data may be taken at more thanone laboratory. The study will need data from both eletrons and hadrons at energies of thesame order as the typial energy of a hadron in a LC hadroni jet, namely between 1 and 10GeV. In addition, data from several experimental on�gurations will be needed; there are learly7



two di�erent HCAL options, but also the e�ets of partiles entering the alorimeter at variousangles and of material in front of the alorimeter will be studied. Overall, around 107 to 108events are expeted.5 Proposed UK ontributionThe UK groups propose to join the CALICE ollaboration to work on the silion-tungstenECAL. We have disussed with the ollaboration potential plaes where we ould ontributeand we propose to work in two areas:� The beam test ECAL readout eletronis and overall data aquisition seem to be a goodmath in terms of the UK expertise and e�ort and this area is not urrently overed byother ollaborators. We detail below the ECAL part of the physis prototype and whatthe UK intends to ontribute. The same eletronis should also be able to read out thetile HCAL and we propose to produe extra boards to do this.� In addition, the UK groups have a strong interest and relevant experiene in the softwarestudies to develop energy ow algorithms, inluding the use of novel tehniques suh asneural networks. We would also like to onsider the ost/performane optimisation of thedesign. This ativity would lead diretly to analysis of the test beam data when it beomesavailable in 2004.The UK groups onsider this work to be a ommitment for the next three years. Joining theollaboration would not neessarily tie the UK into a alorimeter projet for the linear ollider.However, if this projet is suessful and the UK wishes to remain involved in the long term,then we would learly be very well plaed to play a major role in a linear ollider alorimeter.The UK groups involved have all expressed an interest in readout eletronis for the long term(in addition to several other potential areas), so if this did lead on to a future involvement, thisprojet would put us in a very strong position.5.1 The ECAL physis prototypeThe prototype ECAL will onsist of 30 layers of silion diodes interleaved with 30 layers oftungsten, whih has a radiation length X0 = 3:5 mm. The tungsten layers will have varyingthikness; the �rst 10 layers will be 1.4 mm thik (orresponding to 0:4X0 eah), the next 10will be 2.8 mm thik (0:8X0) and the last 10 will be 4.2 mm (1:2X0). The total thikness istherefore 24X0. The physial size of the ative area will be 18� 18� 18 m3.Eah detetion layer omprises a 3 � 3 array of silion diode wafers, with eah diode being1� 1 m2 and eah wafer ontaining a 6� 6 array of diodes. Every diode needs to be read outand so orresponds to a hannel. Hene, eah wafer ontains 36 hannels, eah layer ontains36� 9 = 324 hannels and the whole prototype is 324 � 30 = 9720 hannels.The three silion wafers in a row in eah layer will be mounted on PCBs that route the diodesignals (without ampli�ation) to the very front end (VFE) hips whih provide ampli�ationand shaping. Eah layer therefore onsists of three suh PCBs whih are mehanially onnetedbut eletrially independent.The VFE hip will handle 18 hannels and will provide a sample-and-hold for eah signal onan external trigger for eah hannel. It will have a single gain ampli�er and will multiplex thesignals from the 18 hannels onto a single output line at up to 1 MHz. The VFE hip will alsoaept a alibration signal whih is used to injet a pulse at the hip input.The diodes, VFE hips, wafer PCBs and their power supplies, as well as the trigger and itslogi, will be provided by non-UK groups, while the UK groups propose that they provide allthe readout eletronis downstream and the data aquisition system to read it out.8



5.2 The proposed readout eletronisThe proposed system is relatively straightforward and is not expeted to require any majortehnial development. Given the relatively short timesale, simpliity and robustness wereemphasised over high performane. A brief desription is given below, with further detailsavailable in [12℄.An overview of the physis prototype and the proposed UK readout eletronis is shown inFigure 5. The proposed readout system ommuniates with the PCB-mounted silion wafersvia twisted pair ables, attahed to eah of 15 VME boards mounted in a single 6U rate. Allof the neessary readout eletronis is ontained on these boards. The system will run triggeredand read out eah event before allowing the next trigger to our. This will be ontrolled by asingle VME trigger handling board whih distributes the trigger aross the bakplane. No dataredution is done in hardware, so all 9720 hannels are read out for eah trigger.A dediated board will be needed to test the readout boards. This will produe signalsequivalent to those expeted from the ECAL and use the same ables as the �nal system. Thisallows the whole readout eletronis hain to be tested.5.2.1 The readout boardA oneptual layout of the readout board is shown in Figure 6. It onsists of line drivers andreeivers for the able lines, ADC's to digitise the analogue signals and one or more FPGAs toontrol the board and the VME interfae. It also ontains DACs for VFE alibration.Eah readout board must digitise the signals from six silion wafer PCBs. The board takesin six twisted-pair ables, one from eah of the wafer PCBs, through its front panel. Theseables arry ontrol and timing signals to the VFE hips and the analogue signals from the VFEhips. This number of ables orresponds to two ECAL layers, or 6� 6 = 36 multiplexed VFEhip outputs, whih will be digitised using 16-bit ADCs.Following reeipt of a trigger over the J2 bakplane, the FPGA generates a pre-de�nedreadout sequene of signals for the VFE hips; namely the sample-and-hold, followed by themultiplex shift register ontrol signals and strobes for the ADCs. All the timing for these signalsis on�gurable through VME to give maximum exibility.Eah board reeives data from 648 hannels, whih is 648�2 bytes = 1296 bytes and bu�ersthese data within the FPGA until read out via VME. Eah event onsists of 9720 hannels � 2bytes = 19440 bytes or 19 kbytes.The readout board an also generate a alibration sequene, whih is similar to the readoutsequene but �rst sets a voltage level on a 16-bit DAC and strobes the alibration iruit in theVFE hips before initiating a readout sequene as above. The hannels being alibrated an behosen using on�gurable alibration selet lines.5.2.2 The trigger boardThe trigger module must reeive a trigger from an external soure and output this trigger toall readout boards via the J2 bakplane bus. It must generate a veto whih stops any furthertrigger being output until it is leared via VME.In addition, the trigger board at the prototype-testing stage will allow stand-alone generationof triggers from a front panel push-button and from VME. It will output the veto signal to allthe readout boards via the J2 bakplane bus. It will have VME registers for status, ommandand external input enables. It will also have a stand-alone lok osillator (probably at 60 MHz).To allow maximum exibility for integration with the HCAL readout the �nal trigger boardwill also allow for outputs of the lok to all readout boards via J2 bakplane bus, for a front9



panel external lok and veto/input, and will provide multiple front panel outputs for lok,trigger and veto signals.5.2.3 The test boardThe test board will onnet to a readout board via a able onneted to the readout board frontpanel, exatly as for the standard input. The test board will output di�erential analogue signalsfrom a 16-bit DAC to simulate the output from VFE hips up to the 1 MHz VFE multiplex rate.A total of 6� 6 di�erential analogue outputs are required to test a omplete readout board.The test module should also reeive and hek the analogue alibration voltages, sample-and-hold signals, 1 MHz multiplexing lok input, alibration pulses and alibration selet signals.5.3 The proposed data aquisition systemThe data aquisition system will need to read out all subsystems in the beam test, not just theECAL, so that the data from both alorimeters an be analysed together.The physis prototype version of the tile sintillator will onsist of up to 1200 hannels witha pulse shaping time that is omparable to that of the ECAL VFE hip. It is therefore plausiblethat the tile sintillator HCAL ould use the same readout boards as the ECAL, hopefully withminimal modi�ations as the timing of all ontrol signals is software on�gurable. Three extrareadout boards are inluded in the proposal to over this option.The digital HCAL will have 38 instrumented layers with around 10000 hannels per layer,eah produing a single bit of data. This system will require a ompletely di�erent readout andthe UK groups do not propose to provide this.In addition, there will need to be readout for the beam monitoring and trigger systems. Thisis to a large extent unspei�ed, but it is known that it will be provided by non-UK groups. Toover these as well as the HCAL readout, a system ontaining two VME rates will be neessaryand we request a seond VME rate for this purpose.Inluding the ECAL, the total event size is expeted to be around 30 kBytes per event forthe tile HCAL option and up to 80 kBytes per event for the digital HCAL, depending on thelevel of zero suppression implemented. This will take at least 1 ms to read over VME and sowill limit the event rate to a maximum of around 1 kHz. As a high data rate is not a majordesign requirement for this projet, a throughput rate of around 100 Hz would be aeptable.This gives a data sample of O(Tbyte) in total.The software for the data aquisition will be adapted from existing systems where possible.Members of the UK groups have provided online ode for the MINOS experiment and heavyreuse of this is expeted.5.4 Proposed simulation studiesThe optimization of the design of the LC eletromagneti and hadroni alorimeters in terms ofost and physis performane is of great importane, partiularly given the relatively high ost ofthe proposed alorimeters. The �nal design will be optimized using MC simulation. These MCstudies will enable a quantitative omparison of the performane of the energy ow algorithmfor di�erent detetor on�gurations. However, before relying on these studies it is neessary toverify the auray of MC simulation. Using data reorded in the CALICE test beam it will bepossible either to verify or to improve the MC implementation of eletromagneti and hadronishowers. Of partiular interest is the response of the CALICE alorimeters to hadroni showers,sine it is well known that the GEANT3 simulation of hadroni showers is not perfet. Theimpat of these unertainties on energy ow, and therefore physis performane, is a questionthat is relevant to the design of the �nal LC alorimeters. In addition, sine the CALICE10



(and future LC) MC programs are being written using GEANT4, it is important to verify thesimulation of eletromagneti showers.The CALICE test beam programme will provide high statistis samples of eletromagnetiand hadroni showers. Given the high granularity of the CALICE alorimeters, it should be pos-sible to test the MC simulation to high preision. Members of the UK groups have onsiderableexperiene in the area of MC simulation, having been involved in simulation work at LEP. Twoof the UK institutes have already installed GEANT4 and the existing alorimeter simulationode and have used this ode for studies of the event sizes and data rates in the prototype.Having worked on the simulation of CALICE, the UK groups would be well plaed to providesigni�ant input to the optimization of the design of the alorimetry for the LC.6 Deliverables, osts, timesale, e�ort6.1 DeliverablesThere are only a few deliverables for this projet. The UK will ommit to providing:� A readout system for the ECAL physis prototype.� A data aquisition system for the whole physis prototype.� Better understanding of and improvements to the simulation.� Improvements to the alorimeter design.6.2 CostsIn addition to the purpose built boards desribed above, the system needs ommerially availableinfrastruture, namely ables, PCI/VME interfae ards, a high-end PC, some disk storage andVME rates. Therefore, the estimated ost of the readout eletronis and data aquisitionsystem is:� Non-reurring design osts; for all eletronis = $2k.� Readout boards; $2800 per board � 22 boards = $62k.� Trigger board (estimated); $1200 per board � 3 boards = $4k.� Test board; $2900 per board = $3k.� Cables (estimated); $30 per able � 100 ables = $3k.� PC and disk; $4k for the PC, $8k for 1.4 Tbytes of disk = $12k.� VME interfaes; $4k for PCI-VME interfae, $3k for VME extender = $7k.� 6U VME rate and power supplies; $5k per rate � 2 rates = $10k.All values given are in FY02/03 pries and inlude VAT, so the total ost of the equipment forthe projet is therefore FY02/03 $103k.
11



6.3 TimesaleTable 1 shows the milestones for the readout eletronis. The system needs to be ready for abeam test in early 2004. It therefore needs to be ompleted by the end of 2003. Fabriation,testing and data aquisition software development of the full system is likely to require around6 months, whih sets the end of the prototype phase to be mid-2003. Therefore, the time fromapproval to mid-2002 will be used to omplete the spei�ation of the eletronis. The rest of2002 will be used for designing the boards. Prototype fabriation will take plae early in 2003and prototype testing will take the rest of the �rst half of 2003.Hene, prototype osts will be inurred in FY02/03 while prodution will our in FY03/04.The prototype osts will be for some of the infrastruture (PC, the PCI-VME interfae, oneVME rate and a few ables), two readout boards and the test board, giving a total of $23k inFY02/03. The remaining infrastruture and board prodution osts, totalling FY02/03 $80k,will all be inurred in FY03/04.Milestone Date of ompletionReadout eletronis spei�ation ompleted End June 2002Prototype readout board design ompleted End Deember 2002Test readout board design ompleted End February 2003Prototype readout board layout and fabriation ompleted End February 2003Test board layout and fabriation ompleted End April 2003Prototype readout board testing ompleted End June 2003Prodution readout board design ompleted End July 2003Trigger board design ompleted End August 2003Prodution readout board layout and fabriation ompleted End September 2003Trigger board layout and fabriation ompleted End Otober 2003Prodution readout board testing ompleted End Deember 2003Trigger board testing ompleted End Deember 2003Table 1: Milestones for the readout eletronis.6.4 Engineering e�ortThe readout board will require around 18 months of engineering e�ort in total; 12 months forthe board design and 6 for the FPGA �rmware. We estimate that 12 months of engineeringe�ort will be required for the design of the test and trigger boards. In addition, 1 month willbe needed for layout and fabriation of eah of the prototype readout board, the produtionreadout board, the test board and the trigger board. This is a total of 34 months.We propose to provide 18 months for the readout board design e�ort, inluding the FPGAdesign, and the test and trigger board design e�ort from University sta�. The rest of thee�ort would then be provided by RAL TD, with 12 months needed for the rest of the boarddesigns and 4 months for the layout and fabriation of all the boards. This e�ort will be dividedapproximately equally between FY02/03 and FY03/04, whih are the two FYs in whih thesystem is being produed.6.5 TravelUK travel for CALICE-UK meetings and LC-UK meetings is estimated to be $10k per year.For travel outside the UK, general CALICE meetings are held approximately every two months.With four UK people attending on average, this will ost around $24k per year. CALICE12



ollaboration meetings are also held during the EFCA/DESY [13℄ and International LC [14℄workshops. The former are held every six months and the series is expeted to be ontinuedafter next spring. The latter are held every 18 months. With two UK people attending onaverage, this will ost $8k per year. This gives a total travel ost of $42k per year.The beam test itself will require major extra travel funds for FY03/04. However, as themost appropriate loation and duration of the beam test are urrently under investigation, thefollowing is an estimate. Assuming, for example, a two month (60 days) beam test with �vepeople at DESY during this period, then the ost would be around $6k per person, or $30k inall. In addition, it is likely there will be osts assoiated with the setup and running of the testbeam itself, for whih the UK share will be up to $10k.7 SummaryAn important design goal for the alorimetry at the LC is a jet energy resolution of �E=E �30%=pE. At this value the typial unertainty on reonstruted W/Z boson masses due to jetenergy unertainty is approximately equal to �W . To ahieve this level of performane energyow tehniques will be vital. At LEP it was found that the performane of the energy owalgorithm depends ruially on the ability to math traks with the orresponding alorimetrilusters from the same partile and the ability to separate energy deposits from di�erent parti-les. Consequently good transverse spatial resolution is of great importane. A silion-tungsteneletromagneti alorimeter with silion pad size of 1 � 1 m2 represents the most promisingtehnial possibility for ahieving these goals so far onsidered. MC studies of the urrent de-sign for the LC alorimetry yield a jet energy resolution of �E=E � 30%=pE, a fator of twobetter than ahieved at LEP. This improvement in jet energy resolution has a large impat onthe physis apabilities of the LC, signi�antly improving the separation between signal andbakground in important physis hannels and as a result signi�antly reduing the integratedluminosity (i.e., the running time) required to make a disovery.The CALICE ollaboration aims to resolve many of the tehnial issues assoiated withbuilding suh a alorimeter. The UK groups have an opportunity to join this ollaboration in anarea for whih signi�ant e�ort is needed and in whih the UK groups have a strong long-terminterest.Referenes[1℄ HEPAP Subpanel Report (January 2002), http://bohr.pha.jhu.edu/~bagger/report.pdf[2℄ See http://snowmass2001.org/[3℄ G. A. Blair et al., A Leading UK Involvement in the Future Linear Collider, (September2001), http://www.hep.ph.rhul.a.uk/~blair/l_Report/eeReport_final.do[4℄ TESLA Tehnial Design Report, DESY 2001-011, ECFA 2001-209, TESLA Report 2001-23(Marh 2001).[5℄ See http://polywww.in2p3.fr/tesla/alie.html[6℄ I.G. Knowles and G.D. La�erty, J. Phys. G23 (1997) 731.[7℄ M. G. Green, S. L. Lloyd, P. N. Rato� and D. R. Ward, Eletron-Positron Physis at theZ, IoP Publishing (1998).[8℄ ALEPH Collaboration, D. Buskuli et al., Nul. Inst. Meth. A360 (1995) 481.13



[9℄ Physis at LEP2, CERN 96-01.[10℄ F. Badaud et al., Si-W alorimeter performanes, LC-DET/2001-058,http://www.desy.de/~lnotes/2001/058/eal_last.ps.gz[11℄ J.-C. Brient and H. Videau, LLR 02-001, http://xxx.arXiv.org/ps/hep-ex/0202004[12℄ C. M. Hawkes et al., Spei�ation of the readout eletronis for the CALICE beam test,http://www.hep.ph.i.a.uk/~dauney/l/speifiation.ps[13℄ See http://www.desy.de/onferenes/efa-desy-lext.html[14℄ For the next meeting, see http://lws2002.korea.a.kr/
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Figure 1: Mass resolution for hadroni Z0 deays at rest.
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A AppendixTables detailing individual e�ort and osts are given below.A.1 Individual e�ortThe frations of e�ort for eah person involved are shown in Table 2. The lines labelled \NewRA" are posts whih are being requested in the urrent rolling grant submission. We requestfunding for them from the PPRP as a ontingeny against them not being awarded through therolling grant.Institute and Tasks Name Funding FY02/03 FY03/04 FY04/05Birmingham C. M. Hawkes HEFCE 0.1 0.1 0.1Data aquisition N. K. Watson HEFCE 0.4 0.3 0.0Simulation studies New RA PPARC 0.1 0.2 0.2Cambridge C. G. Ainsley Fellow 0.5 0.5 0.5Online software M. A. Thomson HEFCE 0.1 0.2 0.2Simulation studies D. R. Ward HEFCE 0.2 0.3 0.3Imperial College D. A. Bowerman Fellow 0.1 0.2 0.2Readout board W. Cameron PPARC 0.2 0.2 0.1Data aquisition P. D. Dauney HEFCE 0.2 0.2 0.2D. R. Prie PPARC 0.2 0.2 0.0O. Zorba PPARC 0.2 0.2 0.0New RA PPARC 0.0 0.3 0.3UCL J. M. Butterworth HEFCE 0.1 0.1 0.1Trigger board D. J. Miller HEFCE 0.1 0.1 0.1Test board M. Postraneky PPARC 0.1 0.1 0.0M. Warren PPARC 0.1 0.1 0.0New RA PPARC 0.0 0.0 0.5Manhester R. J. Barlow HEFCE 0.1 0.1 0.2Readout board I. P. Duerdoth HEFCE 0.1 0.1 0.1Test software N. M. Malden PPARC 0.1 0.1 0.1Simulation studies D. Merer HEFCE 0.1 0.1 0.0R. J. Thompson HEFCE 0.0 0.0 0.1RAL TD Engineering PPARC 0.7 0.7 0.0Table 2: FTE e�ort per year. All University groups will be involved in analysis of the beam testdata, so this task is not listed expliitly here.
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A.2 Cost breakdownThe funds requested from the PPRP for eah of the three FYs overed by this proposal areshown in Table 3. New RAs are osted at $35k (outside London) or $39k (within London) perFTE. As stated above, the RA osts are requested only as ontingeny against the posts notbeing awarded in the next rolling grants round.FY02/03 FY03/04 FY04/05 TotalEquipment 23 80 0 103New RA E�ort 3 19 39 61Total Cost to PPRP 26 99 39 164Table 3: Requested funding from PPRP per year. Units are FY02/03 $k.The total ost to PPARC for eah of the three FYs overed by this proposal are shown inTable 4. This ost is independent of the soure of funding of the \New RA" posts. OtherUniversity PPARC personnel are osted using their atual salaries, inluding all overheads.RAL TD e�ort is osted at $68k per FTE. FY02/03 FY03/04 FY04/05 TotalEquipment 23 80 0 103University PPARC New RA E�ort 3 19 39 61University PPARC Other E�ort 53 53 11 117RAL TD E�ort 48 48 0 96Travel and beam time expenses 42 82 42 166Total Cost to PPARC 169 282 92 543Table 4: Total estimated PPARC ost per year. Units are FY02/03 $k.
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