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1.2 Physics Requirements





The Standard Model (SM) is a very successful description of the interactions of the components of matter at the smallest scales (< 10–18 m) and highest energies (~ 200 GeV) available. It is a quantum field theory which describes the interaction of spin-1/2, point-like fermions, whose interactions are mediated by spin-1 gauge bosons.  The bosons are a consequence of local gauge invariance applied to the fermion fields, and are a manifestation of the symmetry group of the theory, which for the SM is SU(3) ¥ SU(2) ¥  U(1). The fundamental fermions are leptons and quarks.  There are three generations of fermions, each identical except for mass; the origin of this structure, and the breaking of generational symmetry (flavor symmetry) remains a mystery.   There are three leptons with electric charge –1, the electron (e), the muon (m) and the tau (t), and three electrically neutral leptons (the neutrinos ne, nm and nt). Similarly there are three quarks with electric charge +2/3, up (u), charm (c) and top (t), and three with electric charge –1/3, down (d), strange (s) and bottom (b). There is mixing between the three generations of quarks, which in the SM is parametrized by the Cabibbo-Kobayashi-Maskawa (CKM) matrix, but not explained.  





The quarks are triplets of the SU(3) gauge group and so they carry an additional “charge”, referred to as color, which is responsible for their participating in the strong interaction (quantum chromodynamics or QCD).  Eight vector gluons mediate this interaction; they carry color charges themselves, and are thuis self-interacting.  This implies that the QCD coupling aS is small for large momentum transfers but large for soft processes, and leads to the confinement of quarks inside color-neutral hadrons (like protons and neutrons). Attempting to free a quark produces a jet of hadrons through quark-antiquark pair production and gluon bremsstrahlung.  





In the SM, the SU(2) ¥  U(1) symmetry group, which describes the so-called Electroweak Interaction, is spontaneously broken by the existence of a (postulated) Higgs field with non-zero expectation value.  This leads to the emergence of massive vector bosons, the W± and the Z, which mediate the weak interaction, while the photon of electromagnetism remains massless.  One physical degree of freedom remains in the Higgs sector, which should be manifest as a neutral scalar boson H0, but which is presently unobserved. 





The basics of the standard model were proposed in the 1960’s and 1970’s.  Increasing experimental evidence of the correctness of the model accumulated through the 1970’s and 1980’s:  deep inelastic scattering experiments at SLAC showed the existence of point-like scattering centers inslde nucleons, later identified with quarks; the c and b quarks were observed; neutral weak currents (Z exchange) were identified; jet structure and three-jet final states (from gluon bremsstrahlung) were observed in e+e– and hadron-hadron collisions; and the W and Z were directly observed at the CERN SPS collider.  Following these discoveries, the last decade has largely been an era of consolidation. Ever more precise experiments have been carried out at LEP and SLC which have provided verification of the couplings of quarks and leptons at the level of 1-loop radiative corrections — O(10–3). The top quark was discovered at Fermilab in 1995, and is found to have an unexpectedly large mass (175 GeV). Only two particles from the Standard Model have yet to be observed: nt (whose existence is strongly inferred from  Z decays)  and the Higgs boson.  The latter is most important as it holds the key to the generation of W, Z, quark and lepton masses. 





The successes of the Standard Model have drawn increased attention to its limitations.  In its simplest version, the SM has 19 parameters — three coupling constants, nine quark and lepton masses, the mass of the Z boson which sets the scale of the weak interaction, four CKM mixing parameters, and one (small) parameter describing the scale of CP violation in the strong interaction.  The remaining parameter is associated with the mechanism responsible for the breakdown of the electroweak SU(2) ¥  U(1) symmetry to U(1) of electromagnetism (“electroweak symmetry breaking” or EWSB).  This can be taken as the mass of the Higgs boson; the couplings of the Higgs are determined once its mass is given.  Within the model we have no guidance on the expected mass of the Higgs boson.  The current experimental lower bound is 65 GeV, and the (1997) upper limit from global fits to electroweak parameters is about 550 GeV. As its mass increases, the self-couplings of the W and Z grow, and so the mass must be less than about 800 GeV, or the dynamics of WW and ZZ interactions will reveal new structure.  It is this simple argument that sets the energy scale that must be reached to guarantee that an experiment will be able to provide information on the nature of electroweak symmetry breaking, which is the central goal of the Large Hadron Collider. 





The presence of a single elementary scalar boson is distasteful to many theorists.  If the theory is part of some more fundamental theory with a larger mass scale (such as the scale of grand unification, or the Planck scale) then radiative corrections will result in the Higgs mass being driven up to this large scale unless some delicate cancellations are engineered. There are two ways out of this problem which both result in new physics on the scale of 1 TeV.  New strong dynamics could enter that provide the scale of mW or new particles could appear which would cancel the divergences in the Higgs boson mass.  In any of these eventualities — standard model, new dynamics or new particles — something must be discovered at the TeV scale, i.e. at the LHC. 





Supersymmetry is an appealing concept for which there is at present no experimental evidence.  It offers the only presently known mechanism for incorporating gravity into the quantum theory of particle interactions and provides an elegant cancellation mechanism for the divergences affecting the Higgs mass, while retaining all the successful predictions of the standard model and allowing a unification of the three couplings of the gauge interactions at a high scale.  Supersymmetric models postulate the existence of superpartners for all the presently observed particles:  bosonic superpartners of fermions (squarks ~q and sleptons ~l), and fermionic superpartners of bosons (gluinos ~g and gauginos ci0, ci±). There are also multiple Higgs bosons: h, H, A and H±. There is thus a large spectrum of presently unobserved particles, whose exact masses, couplings and decay chains are calculable in the theory given certain parameters.  Unfortunately these parameters are unknown; but if supersymmetry has anything to do with EWSB, the masses should be in the region 100 GeV – 1 TeV.





An example of the strong coupling scenario is “technicolor” models based on dynamical symmetry breaking.  An elegant implementation of these ideas is lacking; nonetheless, if the dynamics has anything to do with EWSB, we would expect new states in the region 100 GeV – 1 TeV.  Most models predict a large spectrum.  At the very least, there must be structure in the WW scattering amplitude at around 1 TeV center of mass energy. 





There are also other possibilities for new physics that are not necessarily related to the scale of EWSB. There could be neutral or charged gauge bosons with masses larger than the Z or W; there could be new quarks, charged leptons or massive neutrinos or quarks and leptons might turn out not to be elementary objects.  While we have no definite expectations for the masses of such particles, the LHC must be able to search for them over its entire available energy range. 





The fundmental physics goal of the CMS detector is then to uncover and explore the physics behind electroweak symmetry breaking.  This involves the following specific challenges:


Discover or exclude the Standard Model Higgs and/or the multiple Higgs bosons of supersymmetry;


Discover or exclude supersymmetry over the entire theoretically allowed mass range;


Discover or exclude new dynamics at the electroweak scale.





The energy range opened up by the LHC allows us to search for other, possibly less well-motivated objects:


Discover or exclude any new electroweak gauge bosons with masses below several TeV;


Discover or exclude any new quarks or leptons that are kinematically accessible.





Finally, CMS will have the possibility of exploiting the enormous production rates for standard model processes for studies such as:


The production and decay properties of the top quark, and limits on possible exotic decays;


b-physics, particularly that of B-baryons and Bs mesons. 





CMS must also have the capability to find the totally unexpected.  We can be sure, though, that new phenomena of whatever type will decay into the particles of the standard model.  In order to cover the list above, great flexibility is required.  The varied physics signatures of these processes require that CMS be able to reconstruct and measure final states involving the following:


charged leptons: electrons, muons and taus


jets coming from high-transverse momentum quarks and leptons


jets having b-quarks in them


missing transverse energy (ETmiss) carried off by weakly interacting neutral particles such as neutrinos


the electroweak gauge bosons: photons, and Z and W bosons (in both their dijet and lepton plus missing transverse energy modes)





The CMS detector requires a hadron calorimeter to identify and measure the items noted in boldface above — jets, including those from b-quarks and taus, and missing transverse energy.  In the design of CMS, considerable weight has been given to obtaining the best possible performance for muon identification and measurement  and for the electromagnetic calorimetry  (for photon and electron measurements).  Our goal in designing the hadron calorimeter system is then to provide the best possible measurements of jets and missing transverse energy consistent with the chosen emphasis on muons and EM calorimetry, and to carry out an overall optimization of the detector so that the demands and performance of each subsystem match the physics goals of CMS. 


�



1.5 Design Performance


1.5.1 Overview





As explained earlier, the goals of the hadron calorimeter subsystem are to identify and measure hadronic jets and missing transverse energy.  Physics processes for which  these final state signatures are crucial include:


High mass (~ 1 TeV) standard model Higgs searches in llnn, lljj and lnjj modes.


Forward tagging jets for high mass Higgs production and strong WW scattering processes.


Supersymmetric Higgs searches in H and A Æ tt modes, h Æ `bb (produced by A Æ Zh or H Æ hh), and t Æ b H± with H± Æ tn.


Searches for supersymmetric particle production, which generally involve signatures consisting of missing transverse energy (arising from the escape of the lighest supersymmetric particle from the detector) plus jets and leptons.


Determination of the mass spectrum of supersymmetric particles will require reconstruction of invariant masses from combinations of jets (possibly b-tagged or anti-tagged) and missing transverse energy.


Discovery of technicolor states may require reconstruction of invariant masses of multijet systems such as rT Æ jj  or wT Æ gjj.  


Discovery of compositeness will require the accurate determination of the cross section for high transverse momentum jets up to several TeV in ET, and measurement of their center of mass angular distribution.





Many of these processes were investigated for the Technical Proposal.  Since that time, the physics performance of the CMS hadron calorimeter has been investigated both as part of ongoing studies within the physics group and as part of the effort to optimize the detector.





We have considered two performance benchmarks.  For missing transverse energy, ETmiss, we take the ability to discover and characterize supersymmetry as our benchmark.  There is an unavoidable background to ETmiss signals which results from the mismeasurement of QCD jets, and the production of heavy flavor within them (this dominates at relatively low ETmiss, below about 100 – 200 GeV) and from the production of top and vector bosons, whose decays produce high-pT neutrinos (which tends to dominate at higher ETmiss).  The background component from real neutrinos is irreducible and sets the scale for the measurement precision which is required to see new physics.   





The finite pseudorapidity coverage of the detector introduces a mismeasurement of ETmiss,  as shown in Fig.1; if the calorimeter coverage is reduced significantly below | h | < 5 then the rate for ETmiss begins to substatntially exceed the unavoidable background.  For this reason, the CMS hadron calorimeter is designed to cover the whole range  | h | < 5. 





For the LHCC SUSY workshop held at CERN in October 1996, a number of studies were carried out using the fast parametrised Monte Carlo simulation CMSJET [S. Abdullin, CMS-TN/94-180].  This simulation smears the energy of incoming particles according to assumed resolutions; for single hadrons in the HCAL these were s/E = 70%/÷E(GeV) ≈ 9.5% (at h = 0), and in the VFCAL, s/E = 172%/÷E(GeV) ≈ 9 %.  On the basis of these studies, we concluded that:


the CMS detector could discover squarks and gluinos up to masses of ~ 2 TeV, using a single charged lepton plus jets and ETmiss signature. (This final state gives a greater reach than a pure ETmiss or ETmiss +jets search). Such masses are well above the maximum at which SUSY at the electroweak scale is felt to be reasonable.


CMS could observe sleptons, in leptons + ETmiss final states,  above the standard model and SUSY backgrounds up to masses of about 340 GeV;


CMS could observe chargino and neutralino production in leptons + ETmiss final states, if nature lies in the region of parameter space where production cross section and branching ratio to leptons are significant.  The lepton spectrum can be used to measure some of the neutralino masses.





The only concern is that the parametrized simulation may not provide a realistic model of the detector performance, particularly as far as ETmiss is concerned. We have therefore evaluated [I. Gaines et al., CMS-TN/96-058] a number of very pessimistic scenarios for HCAL performance.  As a baseline, we considered HCAL single-particle resolutions similar to those quoted in the Technical Proposal: s/E = 65%/÷E(GeV) ≈ 5% (at h = 0), s/E = 83%/÷E(GeV) ≈ 5% (in the endcaps), and in the VFCAL, s/E = 100%/÷E(GeV) ≈ 5 %.  We then degraded this performance in the following ways:


increased sampling terms in the resolution: 100%÷E(GeV) in the barrel, 150%÷E(GeV) in the endcap and 200%÷E(GeV) ≈ 10% in the VFCAL;


assumed no measurement of electromagnetic energy takes place for 1.5 ≤ | h | ≤ 1.6 (an unsampled crack in the EM calorimeter); 


assumed no measurement of any  energy takes place for 3.0 ≤ | h | ≤ 3.1 (an unsampled crack between the HCAL endcap and the VFCAL); 


degraded the HCAL response function to model 0.6 absorption lengths of material between the rear of the ECAL crystals and the front face of the HCAL, which introduces a low-side tail to the hadronic response with probability of losing an energy Eloss, P(Eloss|E) ~ exp(–Eloss/0.067E).


an alternative parametrization of a non-Gaussian low-side tail was also considered, chosen as a worst-case based on test beam data: 0.2% of events were shifted to the tail, and Eloss was distributed uniformly between zero and the incident energy.





We evaluated the effect of these scenarios on the observability of supersymmetry at CMS in the ETmiss + jets channel.  All of them are far worse than the performance we actually expect from CMS, yet none of would actually prevent the discovery of supersymmetry. All tend to increase the background most at low values of ETmiss, because this is the region dominated by mismeasurements of jets.  The worsened, but still Gaussian, calorimeter resolutions would increase the luminosity required for an observation of SUSY by a factor of about 1.5.  The pessimistically-modelled cracks have somewhat more serious effect, but by far the greatest impact comes from introducing non-Gaussian response functions.  (The first parametrization considered increases the QCD background at ETmiss ~ 150 GeV by two orders of magnitude).  In the optimization of the HCAL detector, we have therefore placed considerable stress on the elimination of sources of non-Gaussian response, such as unsampled material between the rear of the ECAL and the front face of the HCAL.





We have also verified that the performance indicated by the HCAL test beam data is adequate for ETmiss.  In Figure 3, we compare the cross section for QCD jet events as a function of ETmiss, for the technical-proposal-like resolutions used as a baseline in the studies described above, and the result of a parametrization to the resolutions actually obtained from test beam data.  While the test beam performance is not quite as good as the earlier simulations, increasing the ETmiss cross section by a factor of about two at low ETmiss, this will not have a serious impact on the physics capabilities of the detector; as stated earlier, we have worked hard to remove sources of non-Gaussian response rather than striving to obtain the best possible resolution, since the impact on physics of a non-Gaussian response is much more severe.  








For jet resolutions, our performance benchmark is the ability to reconstruct the dijet decays of W and Z vector bosons.  We have investigated this both in the context of a high-mass Higgs search, H Æ WW Æ lnjj, and in top decays (t Æ Wb Æ jjb).  The latter process may be of interest as a calibration channel as well as for physics.  





In the Higgs search [I. Gaines et al., CMS-TN/95-154] the W has significant transverse momentum.  The W Æ jj decay was therefore reconstructed from the calorimeter lego plot by finding a single large cluster (a cone of radius R = 0.8) containing two smaller jets (with a cone size of R = 0.15).  The mass of the W was then estimated as the invariant mass of the whole large cluster, without attempting to assign energy between the two small jets. A requirement that the two jets have (E1 – E2)/(E1 + E2) < 0.7 reduces the W+jets background to the lnjj final state.   Good resolution is obtained, with a FWHM of ~ 20 (30) GeV for mH = 800 GeV without (with) minimum bias pileup.   Since the dijet resolution is broadened by many unavoidable effects, such as out-of-cone showering, gluon bremsstrahlung, and combinatorics, our goal has merely been to avoid detector effects further degrading it.  One example of such an effect would be the smearing introduced by the finite tower size of the calorimeter.  Our studies indicate that provided the tower size is smaller than about Dh ¥ Df = 0.1 ¥ 0.1 the dijet resolution is not affected.  





The top study [J. Freeman and W. Wu, Fermilab-TM-1984, 1996] is complementary because the W is produced with lower transverse momentum and so two discrete jets are observed.  Test-beam derived single particle resolutions were used. The simulation required between two and six jets with ET > 20 GeV.  The jets used to form the W were required to be more than R = 0.6 from either b-quark direction and to have an opening angle between 0.25 and 1.5 radians.  They are then combined with one of the b-quarks to form a three-jet mass, which is required to be consistent with mt (This last requirement gives a clean W for calibration purposes but would obviously not be appropriate for some top physics studies).  Figure 4 shows the resulting reconstructed mW distribution, without minimum bias pileup; again, the FWHM is about 20 GeV.  If minimum bias pileup events are included, this degrades to about 30 GeV as before.  





In summary we believe that the HCAL design presented here can meet the physics goals of the CMS detector and is well-matched to the tasks required of it.  





*** Do we need to add something on tau reconstruction?  (Studies by Ritva)
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Figures





Figure 1	Cross section at the generator level for ETmiss from QCD dijet events, with


		Etjet > 80 GeV, showing the effect of varying pseudorapidity coverage.








Figure 2	Parameter space of the supergravity-inspired minimal supersymmetric 			standard model, m0 vs m1/2, with lines showing the 5s discovery reach for 


		the CMS detector with 100 fb-1 of data.  The searches required missing


		transverse energy, jets, and one lepton (1l), two leptons of same sign


		(2l SS) or opposite sign (2l OS), three (3l) or four (4l) leptons.   Dashed 


		lines are contours of constant squark and gluino masses, showing the CMS


		reach to be up to ~ 2 TeV, well beyond theoretical expectations for 


		supersymmetry at the electroweak scale.  [from S. Abdullin,  at LHCC 			SUSY Workshop, CERN, October 1996].





Figure 3	Cross section for measured ETmiss from QCD dijet events in CMS. The


		shaded histogram shows the result using single-particle resolutions taken 


		from the test beam, while the open histogram is the technical-proposal 


		single particle resolution;.  At least three jets were required, with ET > 100, 


		80 and 60 GeV, and the ETmiss was required to have an azimuthal angle from 


		the leading jet between 20° and 160° to reduce the effect of 


		mismeasurements.  





Figure 4	Reconstructed dijet mass distribution from top decays showing the W peak.


		A jet cone size of R = 0.4 was used with no minimum bias pileup events. 


