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III-11 Introduction1.1 Particle Physics TodayThe Standard Model of particle physics was built up through decades of intensivedialogue between theory and experiments at both hadron and electron machines. Ithas become increasingly coherent as experimental analyses have established the basicphysical concepts. Leptons and quarks were discovered as the fundamental constituentsof matter. The photon, the W and Z bosons, and the gluons were identi�ed as thecarriers of the electromagnetic, weak and strong forces. Electromagnetic and weakforces have been uni�ed within the electroweak gauge �eld theory. The QCD gauge�eld theory has been con�rmed as the theory of strong interactions.In the last few years many aspects of the model have been stringently tested, someto the per-mille level, with e+e�, ep and p�p machines making complementary contri-butions, especially to the determination of the electroweak parameters. With the e+e�data from LEP1 and SLC measurements of the lineshape and couplings of the Z bo-son became so precise that the mass of the top quark was already tightly constrainedby quantum level calculations before it was directly measured in p�p at the Tevatron.Since then LEP2 and the Tevatron have extended the precision measurements to theproperties of the W bosons. Combining these results with neutrino scattering data andlow energy measurements, the experimental analysis is in excellent concordance withthe electroweak part of the Standard Model.At the same time the predictions of QCD have also been thoroughly tested. Notableamong the QCD results from LEP1 and SLC were precise measurements of the strongcoupling �s. At HERA the proton structure is being probed to the shortest accessibledistances. HERA and the Tevatron have been able to explore a wide range of QCDphenomena at small and large distances involving both the proton and the photon,supplemented by data on the photon from 

 studies at LEP.Despite these great successes there are many gaps in our understanding. The clear-est gap of all is the present lack of any direct evidence for the microscopic dynamicsof electroweak symmetry breaking and the generation of the masses of gauge bosonsand fermions. These masses are generated in the Standard Model by the Higgs mecha-nism. A fundamental �eld is introduced, the Higgs boson �eld, whose non{zero vacuumexpectation value breaks the electroweak symmetry spontaneously. Interaction withthis �eld generates the W and Z boson masses while leaving the photon massless; themasses of the quarks and leptons are generated by the same mechanism. The precisionelectroweak analysis favours a Higgs boson mass which is in the region of the limitwhich has been reached in searches at LEP2. The LEP experiments have reported a



III-2 1 Introductiontantalising hint of a Higgs signal at Mh ' 115 GeV but, even if that is a mirage, the95% con�dence level limit on the mass is just above 200 GeV. If the electroweak sectorof the Standard Model is an accurate description of Nature then such a light Higgsboson must be accessible both at the LHC and at TESLA.Many other puzzles remain to be solved. We have no explanation for the wide rangeof masses of the fermions (from < eV for neutrinos to ' 175 GeV for the top quark).CP violation is not understood at the level required to account for the excess of matterover antimatter in the universe. The grand uni�cation between the two gauge theories,QCD and electroweak, is not realised and gravity has not been brought into any closerelationship to the other forces. Thus, the Standard Model leaves many deep physicsquestions unanswered.Some alternative scenarios have been developed for the physics which may emergebeyond the Standard Model as energies are increased, ranging from supersymmet-ric theories - well motivated theoretically and incorporating a light Higgs boson - totheories in which the symmetry breaking is generated by new strong interactions. Su-persymmetry opens a new particle world characterised in its standard form by energiesof order 100 GeV to order 1 TeV. On the other hand, new strong interactions, a dy-namical alternative to the fundamental Higgs mechanism for electroweak symmetrybreaking, give rise to strong forces between W bosons at high energies. Quite generalarguments suggest that such new phenomena must appear below a scale of ' 3 TeV.There are two ways of approaching the new scales. The LHC tackles them head-onby going to the highest available centre of mass energy, but this brings experimentalcomplications from the composite quark/gluon nature of the colliding protons. Eventsat TESLA will be much more cleanly identi�ed and much more precisely measured.These advantages, together with the large statistics which come from its high luminos-ity, will allow TESLA to carry out a comprehensive and conclusive physics programme,identifying the physical nature of the new new �nal states, and reaching up to highe�ective scales to recognise new physics scenarios through its quantum level e�ects.For all the wide range of new and complementary scenarios that have been studiedthere are ways in which TESLA can detect their e�ects, directly or indirectly.1.2 The TESLA Physics ProgrammeThe physics programme for e+e� linear colliders in the TeV range has been devel-oped through numerous theoretical analyses, summarised in [1], and in a decade ofexperimentally based feasibility studies (see Refs. [2, 3, 4]). The essential elements aresummarised here and a more comprehensive overview is given in the following chapters.1.2.1 The Higgs mechanismLEP and SLC have established a precise picture of the electroweak interactions be-tween matter particles and they have con�rmed the structure of the forces. But thethird component of the Standard Model, the Higgs mechanism which breaks the elec-



1.2 The TESLA Physics Programme III-3troweak symmetry and generates the masses of the particles, has not so far been �rmlyestablished.Should a Higgs boson exist, then TESLA will be able to measure the full set of itsproperties with high precision, establishing that the Higgs mechanism is responsiblefor electroweak symmetry breaking and testing the self consistency of the picture. Theinitial question is simple; does the observed Higgs boson have the pro�le predicted bythe Standard Model: the mass, the lifetime, the production cross sections, the branch-ing ratios to quarks of di�erent 
avours, to leptons and to bosons, the Yukawa couplingto the top quark, the self coupling? TESLA will achieve a precision of 50 (70) MeV onthe mass of a 120 (200) GeV Higgs, and will measure many of the branching ratios toa few percent. The top-Higgs Yukawa coupling will be measured to 5%. The Higgsself-potential can be established from the ZHH �nal state, where the self-coupling willbe measurable to 20%.If the Higgs boson does have the Standard Model pro�le, the next stage of the pro-gramme will be to re�ne even further the existing precision measurements which con-strain the model at the quantum level. TESLA can measure the mass of the top quarkto a precision of about 100 MeV. Other important constraints come from the mass ofthe W boson and the size of the electroweak mixing angle which can be measured veryprecisely with TESLA's GigaZ option at 90 to 200 GeV. Lack of concordance betweenthe parameters of the Higgs sector and the parameters derived from precision mea-surements in the electroweak boson sector could give direct information about physicsscenarios beyond the Standard Model. The photon collider option will supplement thepicture by precise measurements of the Higgs coupling to 

, an important probe ofthe quantum loops which would be sensitive to new particles with masses beyond directreach.The Higgs mechanism in the Standard Model needs only one Higgs doublet, butan extended Higgs sector is required by many of the theories in which the StandardModel may be embedded. In supersymmetric theories, for example, at least two Higgsdoublets must be introduced giving rise to �ve or more physical Higgs particles. Manyexperimental aspects can be inferred from the analysis of the light SM Higgs boson,though the spectrum of heavy Higgs particles requires new and independent experi-mental analyses. Examples are given of how these Higgs particles can be investigatedat TESLA, exploiting the whole energy range up to 800 GeV.1.2.2 SupersymmetrySupersymmetry is the preferred candidate for extensions beyond the Standard Model.It retains small Higgs masses in the context of large scales in a natural way. Mostimportantly, it provides an attractive route towards uni�cation of the electroweak andstrong interactions. When embedded in a grand-uni�ed theory, it makes a very preciseprediction of the size of the electroweak mixing parameter sin2 �W which has beencon�rmed experimentally at LEP at the per-mille level. In supersymmetric theorieselectroweak symmetry breaking may be generated radiatively. Last but not least,supersymmetry is deeply related to gravity, the fourth of the fundamental forces. The



III-4 1 Introductiondensity of dark matter needed in astrophysics and cosmology can be accomodated wellin supersymmetric theories, where the lightest supersymmetric particles are stable inmany scenarios.Supersymmetric models give an unequivocal prediction that the lightest Higgs bosonmass should be below 200 GeV, or even 135 GeV in the minimal model. Testing theproperties of this particle can reveal its origin in a supersymmetric world and can shedlight on the other heavy particles in the Higgs spectrum which may lie outside the rangecovered by TESLA (and LHC) directly. However, if the other SUSY Higgs bosons arewithin TESLA's mass reach then in almost every conceivable SUSY scenario TESLAwill be able to measure and identify them.If supersymmetry is realised in Nature there are several alternative schemes for thebreaking of the symmetry, many of which could give rise to superpartners of the normalparticles with a rich spectrum falling within the reach of TESLA. The great variety ofTESLA's precision measurements can be exploited to tie down the parameters of thesupersymmetric theory with an accuracy which goes well beyond the LHC. Polarisationof the electron beam is shown to be particularly important for these analyses, andpolarisation of the positrons is desirable, both to increase analysis power in particlediagnostics and to reduce backgrounds. Because TESLA can scan its well de�nedcentre of mass energy across the thresholds for new particle production it will be ableto identify the individual objects one by one and to measure supersymmetric particlemasses to very high precision. It could be demonstrated at LHC that supersymmetryis present, and part of its spectrum could be resolved. But overlapping �nal states willcomplicate LHC's reconstruction of the whole set of supersymmetric particles.The highest possible precision is needed so that the supersymmetric parametersmeasured at the TESLA energy scale can be extrapolated to higher energy scaleswhere the underlying structure of supersymmetry breaking may be explored and thestructure of the grand uni�ed supersymmetric theory may be revealed. This may bethe only way to link particle physics with gravity in controllable experiments - a mostimportant aspect of TESLA's physics potential.1.2.3 Alternative new physicsNumerous alternatives have been developed to the above picture which incorporates afundamental Higgs �eld to generate electroweak symmetry breaking and which can beextrapolated to high scales near the Planck energy. Out of the important families ofpossibilities, two di�erent concepts and their consequences for the TESLA experimentshave been analysed at some detail.Recent work has shown that the uni�cation of gravity with the other forces maybe realised at much lower energy scales than thought previously, if there are extraspace dimensions which may be curled-up, perhaps even at semi-macroscopic lengthscales. This could generate new e�ective spin-2 forces and missing energy events whichTESLA would be well equipped to observe or, in alternative scenarios, it could givea new spectroscopy at a scale which TESLA could probe. Thus TESLA can tacklefundamental problems of the structure of space and time.



1.2 The TESLA Physics Programme III-5The second analysis addresses the problem of dynamical electroweak symmetrybreaking induced by new strong interactions. In this no-Higgs scenario quantum-mechanical unitarity requires the interactions between W bosons to become strongat energies close to 1 TeV. The new e�ects would be re
ected in anomalous valuesof the couplings between the electroweak bosons and in the quasi-elastic WW scat-tering amplitudes, from which e�ective scales for the new strong interactions can beextracted. Precision measurements of e+e� annihilation to WW pairs at 500 GeVandWW scattering with TESLA's high luminosity at 800 GeVare shown to have the sen-sitivity required to explore the onset of these strong interactions in a range up to thelimit of �3 TeV for resonance formation. If the strong vector-vector boson interactionsare characterised by a lower scale of 1 to 2 TeV, there could be a spectacular spectrumof new composite bosons at LHC. TESLA will be able to extend this scale further thanthe LHC can.1.2.4 Challenging the Standard ModelAlthough the SM has been strenuously tested in many directions it still has importantaspects which require experimental improvement. A prime target will be to establishthe non-abelian gauge symmetry of the electroweak forces by studying the WW self-couplings to the sub per-mille level. This will close the chapter on one of the mostsuccessful ideas in particle physics.Other improvements will come from running the machine in the GigaZ mode. Thesize of the electroweak mixing angle and the mass of the W -boson will be measuredmuch more precisely than they have been at LEP/SLC if TESLA can make dedicatedruns with high luminosity at low energies; close to the Z resonance, around 92 GeV,and above the W+W� threshold, 161 to 200 GeV.Moreover, TESLA in the GigaZ mode can supplement the analyses performed atbeauty factories by studying the CKM matrix elements directly in W decays and CPviolating B meson decays.If symmetries in grand-uni�ed theories are broken down to the symmetry of theStandard Model in steps, remnants of those higher symmetries may manifest themselvesin new types of vector bosons and extended spectra of leptons and quarks at the TeVscale and below. These scenarios can be probed in high precision analyses of SMprocesses at TESLA, taking advantage of its high luminosity and polarised beams.Limits close to 10 TeV for most kinds of Z 0 bosons from TESLA, though indirect, gosigni�cantly beyond the discovery limits at LHC. For the heavy W 0 bosons the photoncollider in its 
e� mode is particularly sensitive. The e�e� option is especially suitedto the search for heavy Majorana neutrinos, exchanged as virtual particles in lepton-number violating processes.The detailed pro�le of the top quark is another important goal for TESLA; itsmass (measured to about 100 MeV), its width, its decay modes, its static electroweakparameters - charges and magnetic and electric dipole moments. It is anticipated thatthe highest possible precision will be required to constrain the future theory of 
avourphysics in which the top quark, the heaviest Standard Model fermion, will surely play



III-6 1 Introductiona key role.The QCD programme of TESLA will include a range of new measurements andimprovements. Event shape studies will further test the theory by looking at the waythe strong coupling runs up to the highest TESLA energy. The re-analysis of hadronicZ decays in the GigaZ mode will improve the measurement of the QCD coupling to theper-mille level. A new class of precise QCD measurements will be made with the topquark, particularly at the threshold of top-pair production where the excitation curvedemands new theoretical techniques. At the photon collider, QCD in 

 physics canbe studied for the �rst time with relatively well determined energies for the incomingparticles. In particular, the growth of the total 

 cross section can be compared withpredictions based on pp and 
p, up to much higher energies than before. The photonstructure function F 
2 can be measured in 
e� to much higher Q2 and lower xBj thanat LEP, testing one of the few fundamental predictions of QCD.1.3 Technical RequirementsThe physics programme described above demands a large amount of integrated lu-minosity for e+e� collisions in the energy range between 90 GeV and �1 TeV. Thedistribution of luminosity over this energy range will be driven by the physics scenariorealised by Nature but it is obvious that independent of any scenario a few ab�1 willbe required. Most of the interesting cross sections are of a size typical for the elec-troweak scale (see Fig. 1.3.1), for instance ' 100 fb for Z + light Higgs at 500 GeVcentre of mass energy (' 200 fb at 350 GeV), and event rates in identi�ed channelswill need to be measured to a few percent if the pro�le is to be established unambigu-ously. Important topics which motivate running at 800 GeV have lower cross sectionsand require even more integrated luminosity, typically 1000 fb�1 for the measurementof the top-Higgs Yukawa coupling or to see the e�ects of new physics in strong WWscattering. Supersymmetry, if present, requires the highest possible energy to reach asmany sparticles as possible, and high luminosity to scan production thresholds in orderto measure their masses precisely. A typical scan requires some 100 fb�1.The absolute luminosity delivered by the machine can be measured to a precisionof 0.1% using the high cross section QED process of Bhabha scattering in the forwardregion. This is much better than the statistical precision in most physics channels,except for the GigaZ studies.The beam-beam interaction at the interaction point will be very intense. This leadsto a focusing of the bunches resulting in a luminosity enhancement factor of �2. Onthe other hand beamstrahlung spreads the luminosity spectrum towards lower centre ofmass energies. However, about 60% of the total luminosity is still produced at energieshigher than 99.5% of the nominal centre of mass energy. For many analyses likethreshold scans or high precision measurements in the continuum a good knowledgeof the luminosity spectrum is required. This spectrum can be measured from theacolinearity of Bhabha events in the forward region. In the same analysis also thebeam energy spread can be measured. The precision with which the beamstrahlung
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s (GeV)Figure 1.3.1: Cross secions for some interesting processes at a linear collider.and the beamspread can be measured is good enough that it will not a�ect any physicsanalysis.For several measurements, in particular threshold scans, the absolute energy of theTESLA beams will be determined and monitored with a special spectrometer whichcan give �E=E � 10�4.SLC demonstrated the power of using polarised electrons in electroweak studies, andthe same technologies will be available to TESLA. Throughout these studies we assumethat 80% electron polarisation can be achieved. In a number of analyses, especiallyfor supersymmetry, positron polarisation will also be important. An outline designexists for the production of 45 to 60% polarised positrons. The expected precision forthe measurement of the polarisation is 0.5%, su�cient for most analyses. For highprecision analyses like sin2 �W at the GigaZ positron polarisation is essential.The range of physics to be done at TESLA can be signi�cantly extended by op-erating the machine either as an e�e� collider, or with one or both of the e� beamsconverted to real high energy photons by Compton back-scattering of laser light fromthe incoming e� bunches. The 

 and e�
 modes need a non-zero beam-crossing angle,which should be foreseen in the layout of the intersection region for a second collisionpoint.Many of the feasibility studies presented here have been carried out either with fullsimulation of the TESLA detector or with a fast simulation, tuned by comparison withthe full simulation. The physics processes have been simulated with the full suite ofavailable Monte Carlo generators, some of which now include beam polarisation. The



III-8 1 Introductionexperimental precision which TESLA can achieve must be matched by the theoreticalcalculations. A continued programme of studies is needed to improve precision onhigher order corrections and to understand the indirect contributions from new physics.1.4 ConclusionsThis volume describes the most likely physics scenarios to be explored at TESLA anddescribes a detector optimised to carry out that programme. It justi�es an immediatecommitment to the construction of the collider in its e+e� mode, going up to 500 GeVin the centre of mass initially, with a detector that can be designed and built usingexisting technologies assisted by some well de�ned R&D.Increasing the centre of mass energy to 800 GeV (or higher, if the technology willallow) brings important physics bene�ts and should be regarded as an essential con-tinuation of the programme. The detector can cope easily with this increase.To carry out the programme the collider must achieve high luminosity and theelectron beam must be polarised. Polarisation of the positron beam will also be veryuseful.When TESLA has completed its programme of precision measurements at highenergies up to 800 GeV, matching improvements will be demanded on some of theelectroweak parameters measured at LEP and SLC. The TESLA design should makeprovision for the possibility of high luminosity running at these low energies (90 to200 GeV, the GigaZ option).The other options for colliding beams at TESLA (e�e�, 

 or 
e�), add importantextra components to the physics programme. Making two polarised electron beams isnot di�cult. The \photon collider" is more of a challenge, but space should be left inthe TESLA layout for a second interaction region with non-zero beam crossing anglewhere a second detector could be added, either to allow for 

 and 
e� or to give asecond facility for e+e� physics.The present status of the Standard Model could not have been achieved withoutinputs from both hadron and electron accelerators and colliders. This should continueinto the era of TESLA and the LHC; the physics programme of TESLA is comple-mentary to that of the LHC, they both have complementary strengths and both areneeded. TESLA, with its high luminosity over the whole range of energies from 90 GeVto �1 TeV, will make precise measurements of the important quantities, masses, cou-plings, branching ratios, which will be needed to reveal the origin of electroweak sym-metry breaking and to understand the new physics, whatever it will be. There is noscenario in which no new signals would be observed.In the most likely scenarios with a light Higgs boson the linear collider's unique abil-ity to perform a comprehensive set of clean precision measurements will allow TESLAto establish the theory unequivocally. In the alternative scenario where the electroweakbosons interact strongly at high energies, TESLA will map out the threshold region ofthese new interactions. In supersymmetric theories the great experimental potentialof the machine will allow us to perform extrapolations to scales near the fundamental
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III-112 Higgs PhysicsThe fundamental particles: leptons, quarks and heavy gauge bosons, acquire massthrough their interaction with a scalar �eld of non-zero �eld strength in its groundstate [1, 2]. To accommodate the well{established electromagnetic and weak phenom-ena, the Higgs mechanism requires the existence of at least one weak isodoublet scalar�eld. After absorbing three Goldstone modes to build up the longitudinal polarisationstates of the W�=Z bosons, one degree of freedom is left over, corresponding to areal scalar particle. The discovery of this Higgs boson and the veri�cation of its char-acteristic properties is crucial for the establishment of the theory of the electroweakinteractions, not only in the canonical formulation, the Standard Model (SM) [3], butalso in supersymmetric extensions of the SM [4, 5].If a Higgs particle exists in Nature, the accurate study of its production and decayproperties in order to establish experimentally the Higgs mechanism as the mechanismof electroweak symmetry breaking can be performed in the clean environment of e+e�linear colliders [6]. The study of the pro�le of the Higgs particles will therefore representa central theme of the TESLA physics programme.In Sections 2.1.1 and 2.1.2 we review the main scenarios considered in this study andtheir implications for the Higgs sector in terms of the experimental Higgs signatures.These scenarios are the Standard Model (SM), its minimal supersymmetric extension(MSSM) and more general supersymmetric extensions. The expected accuracies for thedetermination of the Higgs boson production and decay properties are then presentedin Section 2.2 for the SM Higgs boson, in Section 2.3 for supersymmetric Higgs bosonsand in Section 2.4 in extended models together with a discussion of their implicationsfor the Higgs boson pro�le and its nature. Finally the complementarity of the TESLApotential to that of the LHC is discussed in Section 2.5.2.1 Higgs Boson Phenomenology2.1.1 The Standard ModelIn the SM the Higgs sector consists of one doublet of complex scalar �elds. Their self{interaction leads to a non-zero �eld strength v = (p2GF )�1=2 � 246 GeV of the groundstate, inducing the breaking of the electroweak SU(2)L �U(1)Y symmetry down to theelectromagnetic U(1)EM symmetry. Among the four initial degrees of freedom, threewill be absorbed in the W� and Z boson states and the remaining one corresponds tothe physicalH0 particle [1]. In addition, the scalar doublet couples to fermions throughYukawa interactions which, after electroweak symmetry breaking, are responsible for



III-12 2 Higgs Physicsthe fermion masses. The couplings of the Higgs boson to fermions and gauge bosonsare then proportional to the masses mf and MV of these particles and completelydetermined by known SM parameters:gffH = mf=v ; gV VH = 2M2V =v: (2.1.1)2.1.1.1 Constraints on the Higgs boson massThe only unknown parameter in the SM Higgs sector is the Higgs boson mass, MH .Its value is a free parameter of the theory. However, there are several theoretical andexperimental indications that the Higgs boson of the SM should be light. In fact, thisconclusion holds quite generally. a) b)
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Figure 2.1.1: a): The triviality and vacuum stability bounds on the SM Higgs boson massshown MH by the upper and lower curves as a function of the scale of new physics �(from [7]). b): The ��2 of the electroweak �t to the LEP, SLD and Tevatron data as afunction of MH (from [8]).For large values of the Higgs boson mass, MH � O(1 TeV), the electroweak gaugebosons would have to interact strongly to insure unitarity in their scattering processesand perturbation theory would not be valid anymore. Imposing the unitarity require-ment in the elastic scattering of longitudinal W bosons at high{energies, for instance,leads to the bound MH <� 870 GeV at the tree level [9].The strength of the Higgs self-interaction is determined by the Higgs boson massitself at the scale v which characterises the spontaneous breaking of the electroweakgauge symmetry. As the energy scale is increased, the quartic self-coupling of the Higgs�eld increases logarithmically, similarly to the electromagnetic coupling in QED. If theHiggs boson mass is small, the energy cut-o� �, at which the coupling diverges, islarge; conversely, if the Higgs boson mass is large, this � becomes small. The upper



2.1 Higgs Boson Phenomenology III-13band in Fig. 2.1.1 a) shows the upper limit on the Higgs boson mass as a function of� [10]. It has been shown in lattice analyses, which account properly for the onsetof the strong interactions in the Higgs sector, that this condition leads to an estimateof about 700 GeV for the upper limit on MH [11]. However, if the Higgs mass isless than 180 to 200 GeV, the SM can be extended up to the grand uni�cation scale,�GUT � 1016 GeV, or the Planck scale, � 1019 GeV, while all particles remain weaklyinteracting [an hypothesis which plays a key role in explaining the experimental valueof the mixing parameter sin2 �W ].Lower bounds on MH can be derived from the requirement of vacuum stability.Indeed, since the coupling of the Higgs boson to the heavy top quark is fairly large,corrections to the Higgs potential due to top quark loops can drive the scalar self{coupling to negative values, leading to an unstable electroweak vacuum. These loopcontributions can only be balanced if MH is su�ciently large [12]. Based on the trivi-ality and the vacuum stability arguments, the SM Higgs boson mass is expected in thewindow 130 <� MH <� 180 GeV [7] for a top mass value of about 175 GeV, if the SM isextended to the GUT scale (see Fig. 2.1.1 a).The SM Higgs contribution to the electroweak observables, mainly through correc-tions of the W� and Z propagators, provides further information on its mass. Whilethese corrections only vary logarithmically, / log (MH=MW ), the accuracy of the elec-troweak data obtained at LEP, SLC and the Tevatron provides sensitivity to MH . Themost recent analysis [8] yields MH = 60+52�29 GeV, corresponding to a 95% CL upperlimit of 162 GeV. This result depends on the running of the �ne-structure constant �.Recent improved measurements of � in the region between 2 and 5 GeV [13] which arecompatible with QCD{based calculations [14] yield MH = 88+60�37 GeV corresponding toan upper limit of 206 GeV (see Fig. 2.1.1 b). Even using more conservative estimateson the theoretical errors [15], the upper limit on the Higgs boson mass is well withinthe reach of a 500 GeV linear collider.Since this result is extracted in the framework of the SM, it can be consideredas an e�ective low-energy approximation to a more fundamental underlying theory.It is interesting to verify how this constraint on MH may be modi�ed by the e�ectof new physics beyond the SM. This new physics can be parameterised generically,by extending the SM Lagrangian with e�ective operators of mass dimension �ve andhigher, weighted by inverse powers of a cut-o� scale �, representing the scale of newphysics. In this approach, the SM result corresponds to � = 1. By imposing thenecessary symmetry properties on these operators and by �xing their dimensionlesscoe�cients to be�1, compatibility with the electroweak precision data can be preservedonly with MH <� 400 GeV, if the operators are not restricted to an unplausibly smallset [16]. Though slightly above the SM limit, the data nevertheless require a lightHiggs boson even in quite general extended scenarios.Direct searches for the Higgs boson at LEP yield a lower bound of MH � 113:5 GeVat the 95% con�dence level [17]. The LEP collaborations have recently reported a 2:9�excess of events beyond the expected SM background in the combination of their Higgsboson searches [17]. This excess is consistent with the production of a SM{like Higgsboson with a mass MH = 115+1:3�0:9 GeV.



III-14 2 Higgs PhysicsIn summary, the properties of the SM Higgs sector and the experimental data fromprecision electroweak tests favour a light Higgs boson, as the manifestation of symmetrybreaking and mass generation within the Higgs mechanism.12.1.1.2 Higgs boson production processesThe main production mechanism of this SM Higgs boson in e+e� collisions at TESLAare the Higgs-strahlung process [18], e+e� ! ZH0, and the WW fusion process [19],e+e� !W �W � ! ��e�eH; Fig. 2.1.2. The cross section for the Higgs-strahlung processscales as 1=s and dominates at low energies:�(e+e� ! ZH) = g2ZZH4� GF (v2e + a2e)96p2s �HZ �2HZ + 12M2Z=s(1�M2Z=s)2 ; (2.1.2)where �2ij = [1 � (Mi +Mj)2=s] [1� (Mi �Mj)2=s], ve = �1 + 4 sin2 �W and ae = �1.The cross{section for the WW fusion process [19], e+e� ! �e ��eH0, rises / log(s=M2H)and dominates at high energies:�(e+e� ! ��e�eH) ! g2WWH4� G2F8�2 ��1 + M2Hs � log sM2H � 2�1� M2Hs �� : (2.1.3)e�e+ Z� HZ e�e+ W �W � �e��e H

1

Figure 2.1.2: Main production mechanisms of the SM Higgs boson at e+e� colliders.The ZZ fusion mechanism, e+e� ! Z�Z�e+e� ! e+e�H, also contributes to Higgsproduction, with a cross section suppressed by an order of magnitude compared tothat for WW fusion, due to the ratio of the CC to NC couplings, 16 cos4 �W � 9:5.In contrast to Higgs-strahlung and WW fusion, this process is also possible in e�e�collisions with approximately the same total cross section as in e+e� collisions.The cross{sections for the Higgs-strahlung and the WW fusion processes are shownin Fig. 2.1.3 for three values of ps. At ps = 350 GeV, a sample of � 80.000 Higgsbosons is produced, predominantly through Higgs-strahlung, for MH = 120 GeV withan integrated luminosity of 500 fb�1, corresponding to one to two years of running.The Higgs-strahlung process, e+e� ! ZH0, with Z ! `+`�, o�ers a very distinctivesignature (see Fig. 2.1.4) ensuring the observation of the SM Higgs boson up to the1For comments on no{Higgs scenarios and their theoretically very complex realisations see Section 4.3on strong WW interactions.
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Figure 2.1.3: The Higgs-strahlung and WW fusion production cross{sections vs. MH forps = 350GeV, 500GeV and 800 GeV.
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III-16 2 Higgs Physicsproduction kinematical limit independently of its decay (see Table 2.1.1). At ps =500 GeV, the Higgs-strahlung and the WW fusion processes have approximately thesame cross{sections, O(50 fb) for 100 GeV <�MH <� 200 GeV.MH (GeV) ps = 350 GeV 500 GeV 800 GeV120 4670 2020 740140 4120 1910 707160 3560 1780 685180 2960 1650 667200 2320 1500 645250 230 1110 575Max MH (GeV) 258 407 639Table 2.1.1: Expected number of signal events for 500 fb�1 for the Higgs-strahlung channelwith di-lepton �nal states e+e� ! ZH0 ! `+`�X, (` = e; �) at di�erent ps values andmaximum value of MH yielding more than 50 signal events in this �nal state.At a 

 collider, Higgs bosons can be produced in the resonant s{channel process 

 !H which proceeds predominantly through a loop of W bosons and top quarks [20]. Thisprocess provides the unique opportunity to measure precisely the di{photon partialwidth �

 of the Higgs boson which represents one of the most important measurementsto be carried out at a 

 collider. Deviations of �

 from its predicted SM value area probe of any new charged heavy particle exchanged in the loop such as chargedHiggs bosons and supersymmetric particles even if they are too heavy to be directlyobserved at TESLA or the LHC. The large backgrounds from the continuum process

 ! q�q; q = (c; b) are theoretically and experimentally under control [21, 22].2.1.1.3 Higgs boson decaysIn the SM, the Higgs boson branching ratios are completely determined [23], once theHiggs boson mass is �xed. For values of the Higgs boson mass in the range MZ �MH <� 140 GeV, the Higgs boson dominantly decays to fermion pairs, in particular b�b�nal states since the Higgs fermion couplings are proportional to the fermion masses.The partial width for a decay of the SM Higgs boson into a fermion pair is given by:�(H0 ! f �f ) = g2ffH(M2H)4� NC2 MH �1 � 4m2fM2H � 32 ; (2.1.4)with NC = 1(3) for leptons (quarks). For MH <� 140 GeV, the decays H0 ! �+��; c�cand gg remain signi�cantly suppressed compared to b�b but they are important to testthe relative Higgs couplings to up-type and down-type fermions and the scaling ofthese couplings with the fermion masses. The precise value of the running quark mass



2.1 Higgs Boson Phenomenology III-17at the Higgs boson scale mq(MH) represents a signi�cant source of uncertainty in thecalculation of the rates for these decays. QCD corrections to the hadronic decays,being quite substantial, introduce an additional uncertainty. At present, the c-quarkmass and the �s uncertainties limit the accuracy for rate predictions for the c�c and ggchannels to about �14% and �7% respectively. Improvements on mb and mb � mc,possibly by a factor ' 2, can be envisaged after the study of the data on B decays fromthe B factories and the LHC. On the contrary, the b�b and �+�� predictions can beobtained with accuracies comparable to, or better than, the experimental uncertaintiesdiscussed later in this chapter.Above the ZZ threshold and except in a mass range above the t�t threshold, theHiggs boson decays almost exclusively into the WW or ZZ channels, with widths�(H0 ! V V ) = g2V VH4� 3�V8MH �1� M2H3M2V + M4H12M4V ��1� 4M2VM2H � 12 ; �W=Z = 2=1:(2.1.5)
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 �nalstates have small branching ratios, reaching a maximum of � 2:5 � 10�3 at 125 and145 GeV, respectively. However, they lead to clear signals and are interesting becausethey are sensitive to new heavy particles.



III-18 2 Higgs PhysicsBy adding up all possible decay channels, we obtain the total Higgs boson decaywidth, as shown in Fig. 2.1.5 b) for mt = 175 GeV. Up to masses of 140 GeV, theHiggs particle is very narrow, �(H) � 10 MeV. After opening the mixed real/virtualgauge boson channels, the state becomes rapidly wider, reaching � 1 GeV at the ZZthreshold.2.1.2 Supersymmetric Extension of the Standard ModelSeveral extensions of the SM introduce additional Higgs doublets and singlets. In thesimplest of such extensions the Higgs sector consists of two doublets generating �vephysical Higgs states: h0, H0, A0 and H�. The h0 and H0 states are CP even andthe A0 is CP odd. Besides the masses, two mixing angles de�ne the properties of theHiggs bosons and their interactions with gauge bosons and fermions, namely the ratioof the vacuum expectation values v2=v1 = tan� and a mixing angle � in the neutralCP-even sector. These models are generally referred to as 2HDM and they respectthe SM phenomenology at low energy. In particular, the absence of 
avour changingneutral currents is guaranteed by either generating the mass of both up- and down-likequarks through the same doublet (Model I) or by coupling the up-like quarks to the�rst doublet and the down-like quarks to the second doublet (Model II). Two Higgs�eld doublets naturally arise in the context of the minimal supersymmetric extensionof the SM (MSSM).One of the prime arguments for introducing Supersymmetry [24, 4] is the solutionof the hierarchy problem. By assigning fermions and bosons to common multiplets,quadratically divergent radiative corrections to the Higgs boson mass can be cancelledin a natural way [2, 5] by adding up bosonic and opposite{sign fermionic loops. As aresult of the bosonic{fermionic supersymmetry, Higgs bosons can be retained as ele-mentary spin{zero particles with masses close to the scale of the electroweak symmetrybreaking even in the context of very high Grand Uni�cation scales. These supersym-metric theories are strongly supported by the highly successful prediction of the elec-troweak mixing angle: sin2 �SUSYW = 0:2335 � 0:0017, sin2 �expW = 0:2310 � 0:0002. Inaddition, the breaking of the electroweak symmetry may be generated in supersym-metric models in a natural way via radiative corrections associated with the heavy topquark. The MSSM serves as a useful guideline into this area, since only a few phenom-ena are speci�c to this model and many of the characteristic patterns are realized alsoin more general extensions.2.1.2.1 The Higgs spectrum in the MSSMIn the MSSM, two doublets of Higgs �elds are needed to break the electroweak symme-try, leading to a Higgs spectrum consisting of �ve particles [25]: two CP{even bosonsh0 and H0, a CP{odd boson A0 and two charged particles H�. Supersymmetry leadsto several relations among these parameters and, in fact, only two of them are inde-pendent at the tree level. These relations impose a strong hierarchical structure on themass spectrum [Mh < MZ;MA < MH and MW < MH�] some of which are, however,



2.1 Higgs Boson Phenomenology III-19broken by radiative corrections.The leading part of these radiative corrections [26, 27, 28] to the Higgs boson massesand couplings grows as the fourth power of the top quark mass and logarithmically withthe SUSY scale or common squark mass MS [26]; mixing in the stop sector ~At has alsoto be taken into account. The radiative corrections push the maximum value of thelightest h boson mass upwards by several ten GeV [27, 28]; a recent analysis, includingthe dominant two{loop contributions gives an upper bound Mh <� 135 GeV [29]; c.f.Fig. 2.1.6 a) where the MSSM Higgs masses are shown for MS = 1 TeV and ~At = p6MSThis upper bound is obtained for large values of MA � 1 TeV and tan � � mt=mb � 30and crucially depends on the value of the top quark mass. The precise determination ofMt possible at TESLA is instrumental for precision physics in the MSSM Higgs sector.a) b)
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Figure 2.1.6: The masses of the Higgs bosons in the MSSM (a) and their squared couplingsto the gauge bosons (b) for two representative values of tan� = 3 and 30 [29].The couplings of the MSSM Higgs bosons to fermions and gauge bosons dependstrongly on the angles � and �. The pseudo-scalar and charged Higgs boson couplingsto down (up) type fermions are (inversely) proportional to tan�; the pseudo-scalar A0has no tree level couplings to two gauge bosons. For the CP{even Higgs bosons, thecouplings to down (up) type fermions are enhanced (suppressed) compared to the SMHiggs couplings [for values tan� > 1]; the couplings to gauge bosons are suppressedby sin = cos(� � �) factors (see Tab. 2.1.2 and Fig. 2.1.6 b)).If Mh is very close to its upper limit for a given value of tan�, the couplings of theh boson to fermions and gauge bosons are SM like, while the couplings of the heavy Hboson become similar to that of the pseudoscalar A0 boson; Tab. 2.1.2. This decouplinglimit [30] is realized when MA � MZ and in this regime, the A0;H0 and H� bosonsare almost degenerate in mass.



III-20 2 Higgs Physics� g��uu g� �dd g�V Vh0 cos�= sin � ! 1 � sin�= cos � ! 1 sin(� � �) ! 1H0 sin�= sin � ! 1= tan � cos�= cos � ! tan � cos(� � �) ! 0A0 1= tan � tan � 0Table 2.1.2: MSSM neutral Higgs boson couplings to fermions and gauge bosons normal-ized to the SM Higgs couplings, and their limit for MA �MZ [decoupling regime].2.1.2.2 MSSM Higgs productionIn addition to the Higgs-strahlung and WW fusion production processes for the CP{even Higgs particles h0 and H0, e+e� ! Z + h0=H0 and e+e� ! �e��e + h0=H0, theassociated pair production process, e+e� ! A0+h0=H0, also takes place in the MSSMor in two{Higgs doublet extensions of the SM. The pseudoscalar A0 cannot be producedin the Higgs-strahlung and fusion processes to leading order. The cross sections for theHiggs-strahlung and pair production processes can be expressed as [31]�(e+e� ! Z + h0=H0) = sin2 = cos2(� � �) �SM�(e+e� ! A0 + h0=H0) = cos2 = sin2(� � �) �� �SM (2.1.6)where �SM is the SM cross section for Higgs-strahlung and the coe�cient ��, given by�� = �3Aj=[�Zj(12M2Z +�2Zj)] (�ij is de�ned below eq. 2.1.2 and j = h or H, respectively)accounts for the suppression of the P{wave A0h0=A0H0 cross sections near threshold.Representative examples of the cross sections in these channels are shown as a functionof the Higgs masses in Fig.2.1.7 at a c.m. energy ps = 350 GeV for tan� = 3 and30. The cross sections for the Higgs-strahlung and for the pair production, likewisethe cross sections for the production of the light and the heavy neutral Higgs bosonsh0 and H0, are mutually complementary to each other, coming either with coe�cientssin2(���) or cos2(���). As a result, since �SM is large, at least the lightest CP{evenHiggs boson must be detected. For large MA values, the main production mechanismfor the heavy neutral Higgs bosons is the associated H0A0 process when kinematicallyallowed; the cross section is shown for a c.m. energy ps = 800 GeV in Fig. 2.1.8.Charged Higgs bosons, if lighter than the top quark, can be produced in top decays,t! b+H+, with a branching ratio varying between 2% and 20% in the kinematicallyallowed region. Charged Higgs particles can also be directly pair produced in e+e�collisions, e+e� ! H+H�, with a cross section which depends mainly on the H�mass [31]. It is of O(50 fb) for small masses at ps = 800 GeV, but it drops veryquickly due to the P{wave suppression � �3 near the threshold ( see Fig. 2.1.8). ForMH� = 375 GeV, the cross section falls to a level of � 1 fb, which for an integratedluminosity of 500 fb�1 corresponds to � 500 events.The MSSM Higgs bosons can also be produced in 

 collisions, 

 ! H+H� and

 ! h0;H0; A0, with favourable cross sections [32]. For the neutral H0 and A0 bosons,this mode is interesting since one can probe higher masses than at the e+e� collider,MH;A � 400 GeV for a 500 GeV initial c.m. e+e� energy. Furthermore, an energy scan
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Figure 2.1.8: Production cross sections for the associatedH0A0 and the H+H� productionmechanisms at ps = 800GeV as functions of the A and H� masses, respectively, fortan� = 3 and 30.could resolve the small A0 and H0 mass di�erence near the decoupling limit.2.1.2.3 MSSM Higgs decaysThe decay pattern of the Higgs bosons in the MSSM [33] is more complicated than inthe SM and depends strongly on the value of tan � ( see Fig. 2.1.9).
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Figure 2.1.9: MSSM Higgs decay branching ratios as a function of the Higgs massesThe lightest neutral h0 boson will decay mainly into fermion pairs since its massis smaller than � 130 GeV. This is, in general, also the dominant decay mode ofthe pseudo-scalar boson A0. For values of tan� much larger than unity, the maindecay modes of the three neutral Higgs bosons are decays into b�b and �+�� pairs; thebranching ratios being of order � 90% and 10%, respectively. For large masses, the topdecay channels H0; A0 ! t�t open up, yet for large tan � this mode remains suppressed.If the masses are high enough, the heavy H0 boson can decay into gauge bosons or lighth0 boson pairs and the pseudo-scalar A0 particle into h0Z �nal states; these decaysare strongly suppressed for tan � >� 5. The charged Higgs particles decay into fermionspairs: mainly t�b and ��� �nal states for H� masses, respectively, above and belowthe tb threshold. If allowed kinematically, the H� bosons decay also into h0W� �nalstates. Adding up the various decay modes, the Higgs bosons widths remain narrow,being of order 10 GeV even for large masses. However, the total width of the h0 bosonmay become much larger than that of the SM H0 boson for large tan � values.Other possible decay channels for the MSSM bosons, in particular the heavy H0; A0and H� states, are decays into supersymmetric particles [34]. In addition to light



2.1 Higgs Boson Phenomenology III-23sfermions, decays into charginos and neutralinos could eventually be important if notdominant. Decays of the lightest h0 boson into the lightest neutralinos (LSP) or sneu-trinos can be also important, exceeding 50% in some parts of the SUSY parameterspace, in particular in scenarios where the gaugino and sfermion masses are not uni�edat the GUT scale [35]. These decays strongly a�ect experimental search techniques. Inparticular, invisible neutral Higgs decays could jeopardise the search for these statesat hadron colliders where these modes are very di�cult to detect.2.1.2.4 Non{minimal SUSY extensionsA straightforward extension of the MSSM is the addition of an iso{singlet scalar �eldN [36, 37]. This next{to-minimal extension of the SM or (M+1)SSM has been advo-cated to solve the so{called � problem, i.e. to explain why the Higgs{higgsino massparameter � is of O(MW ). The Higgs spectrum of the (M+1)SSM includes in additionone extra scalar and pseudo-scalar Higgs particles. The neutral Higgs particles are ingeneral mixtures of the iso{doublets, which couple to W;Z bosons and fermions, andthe iso{singlet, decoupled from the non{Higgs sector. Since the two trilinear couplingsinvolved in the potential, H1H2N and N3, increase with energy, upper bounds on themass of the lightest neutral Higgs boson h1 can be derived, in analogy to the SM, fromthe assumption that the theory be valid up to the GUT scale: Mh1 <� 150 GeV [37]. Ifh1 is (nearly) pure iso{scalar and decouples, its role is taken by the next Higgs particlewith a large isodoublet component, implying the validity of the mass bound again.The couplings of the CP{even neutral Higgs boson hi to the Z boson, gZZhi , arede�ned relative to the usual SM coupling. If h1 is primarily isosinglet, the couplinggZZh1 is small and the particle cannot be produced by Higgs-strahlung. However, inthis case h2 is generally light and couples with su�cient strength to the Z boson; ifnot, h3 plays this role. Thus, despite the additional interactions, the distinct patternof the minimal extension remains valid also in this SUSY scenario [38].In more general SUSY scenarios, one can add an arbitrary number of Higgs doubletand/or singlet �elds without being in con
ict with high precision data. The Higgsspectrum becomes then much more complicated than in the MSSM, and much lessconstrained. However, the triviality argument always imposes a bound on the mass ofthe lightest Higgs boson of the theory as in the case of the (M+1)SSM. In the mostgeneral SUSY model, with arbitrary matter content and gauge coupling uni�cationnear the GUT scale, an absolute upper limit on the mass of the lightest Higgs boson,Mh <� 200 GeV, has been recently derived [39].Even if the Higgs sector is extremely complicated, there is always a light Higgsboson which has sizeable couplings to the Z boson. This Higgs particle can thus beproduced in the Higgs-strahlung process, e+e� ! Z+\h0", and using the missing masstechnique this \h0" particle can be detected independently of its decay modes [whichmight be rather di�erent from those of the SM Higgs boson]. Recently a powerful \nolose theorem" has been derived [40]: a Higgs boson in SUSY theories can always bedetected at a 500 GeV e+e� collider with a luminosity of R L � 500 fb�1 in the Higgs-strahlung process, regardless of its decays and of the complexity of the Higgs sector of



III-24 2 Higgs Physicsthe theory.To summarise: Experiments at e+e� colliders are in a no{lose situation [38, 40] fordetecting the Higgs particles in general SUSY theories for energies ps � 500 GeV, ifintegrated luminosities R L � O(100 fb�1) are available.2.2 Study of the Higgs Boson Pro�le2.2.1 Mass measurementSince the SM Higgs boson mass MH is a fundamental parameter of the theory, themeasurement is a very important task. Once MH is �xed, the pro�le of the Higgsparticle is uniquely determined in the SM. In theories with extra Higgs doublets, themeasurement of the masses of the physical boson states is crucial to predict theirproduction and decay properties as a function of the remaining model parameters andthus perform a stringent test of the theory.At the linear collider, MH can be measured best by exploiting the kinematicalcharacteristics of the Higgs-strahlung production process e+e� ! Z� ! H0Z, wherethe Z boson can be reconstructed in both its hadronic and leptonic decay modes [41].For the case of SM-like couplings, a neutral Higgs boson with mass MH � 130 GeVdecays predominantly to b�b. Thus, H0Z production gives four jet b�bq�q and two jet plustwo lepton b�b`+`� �nal states.In the four{jet channel, the Higgs boson is reconstructed through its decay to b�bwith the Z boson decaying into a q�q pair. The Higgs boson mass determination relies ona kinematical 5-C �t imposing energy and momentum conservation and requiring themass of the jet pair closest to the Z mass to correspond to MZ . This procedure givesa mass resolution of approximately 2 GeV for individual events. A �t to the resultingmass distribution, shown in Fig. 2.2.1 a), gives an expected accuracy of 50 MeV [42] forMH = 120 GeV and an integrated luminosity of 500 fb�1 at ps = 350 GeV.The leptonic Z decays Z ! e+e� and Z ! �+�� o�er a clean signature in thedetector, and the lepton momenta can be measured with high accuracy in the largetracking volume of the TESLA detector. In the case of Z ! e+e� backgrounds arelarger than in the Z ! �+�� channel due to large cross section for Bhabha scatter-ing. Bhabha events with double ISR can be e�ciently suppressed using a likelihoodtechnique [43]. In order to further improve the resolution of the recoil mass, a vertexconstraint is applied in reconstructing the lepton trajectories. Signal selection e�-ciencies in excess of 50% are achieved for both the electron and the muon channels,with a recoil mass resolution of 1.5 GeV for single events. The recoil mass spectrum is�tted with the Higgs boson mass, the mass resolution and the signal fraction as freeparameters. The shape of the signal is parametrised using a high statistics simulatedH0Z sample including initial state radiation and beamstrahlung e�ects while the back-ground shape is �tted by an exponential. The shape of the luminosity spectrum can bedirectly measured, with high accuracy, using Bhabha events. The estimated precisionon MH is 110 MeV for a luminosity of 500 fb�1 at ps = 350 GeV, without any require-ment on the nature of the Higgs boson decays. By requiring the Higgs boson to decay
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Figure 2.2.1: The Higgs boson mass peak reconstructed in di�erent channels with con-strained �ts for two values of MH . (a): H0Z ! b�bq�q at MH = 120GeV; (b):H0Z ! q�q`+`� at MH = 120 GeV; (c): H0Z ! W+W�q�q at MH = 150 GeV; (d):H0Z ! W+W�`+`� at MH = 150 GeV. The �gures are for an integrated luminosity of500 fb�1 at ps = 350GeV.hadronically and imposing a 4-C �t, the precision can be improved to 70 MeV [42] (seeFig. 2.2.1 b)).As MH increases above 130 GeV, the WW � channel becomes more important andeventually dominates for masses from 150 GeV up to the ZZ threshold. In this region,the Higgs boson decay can be fully reconstructed by selecting hadronic W decays lead-ing to six jet (Fig. 2.2.1 c)) and four jet plus two leptons (Fig. 2.2.1 d)) �nal states [42].The recoil mass technique, insensitive to the actual Higgs boson decay channel, isalso exploited and provides a comparable mass determination accuracy, the smallerstatistics being compensated by the better mass resolution.



III-26 2 Higgs PhysicsTable 2.2.1 summarises the expected accuracies on the Higgs boson mass determi-nation. If the Higgs boson decays predominantly into invisible �nal states, as predictedby some models mentioned earlier, but its total width remains close to that predictedby the SM, the recoil mass technique is still applicable and determines the achievableaccuracy on the mass determination.MH Channel �MH(GeV) (MeV)120 ``qq �70120 qqbb �50120 Combined �40150 `` Recoil �90150 qqWW �130150 Combined �70180 `` Recoil �100180 qqWW �150180 Combined �80Table 2.2.1: Summary of Higgs boson mass determination accuracies for 500 fb�1 at ps =350GeV.2.2.2 Couplings to massive gauge bosonsThe couplings of the Higgs boson to massive gauge bosons is probed best in the mea-surement of the production cross{section for Higgs-strahlung (e+e� ! Z� ! H0Zprobing gHZZ) and WW fusion (e+e� ! H0�e��e probing gHWW ). The measurementof these cross{sections is also needed to extract the Higgs boson branching ratios fromthe observed decay rates and provide a determination of the Higgs boson total widthwhen matched with the H0 ! WW � branching ratio as discussed later.The cross{section for the Higgs-strahlung process can be measured by analysingthe mass spectrum of the system recoiling against the Z boson as already discussed inSection 2.2.1. This method provides a cross{section determination independent of theHiggs boson decay modes. From the number of signal events �tted to the di-leptonrecoil mass spectrum, the Higgs-strahlung cross{section is obtained with a statisticalaccuracy of � 2.8%, combining the e+e� and �+�� channels. The systematics areestimated to be � 2.5%, mostly due to the uncertainties on the selection e�cienciesand on the luminosity spectrum [41]. The results are summarised in Table 2.2.2.The cross{section for WW fusion can be determined in the b�b��� �nal state, wherethese events can be well separated from the corresponding Higgs-strahlung �nal state,H0Z ! b�b���, and the background processes by exploiting their di�erent spectra for



2.2 Study of the Higgs Boson Pro�le III-27MH Fit �H0Z!H0`+`� ��=� (stat)(GeV) (fb)120 5.30�0.13(stat)�0.12(syst) �0.025140 4.39� 0.12(stat)�0.10(syst) �0.027160 3.60� 0.11(stat)�0.08(syst) �0.030Table 2.2.2: The �tted Higgs-strahlung cross{sections for di�erent values of MH with500 fb�1 at ps = 350GeV. The �rst error is statistical and the second due to systematics.The third column gives the relative statistical accuracy.the ��� invariant mass (Fig. 2.2.2). There could be serious contamination of H0���events from overlapping 

 ! hadrons events, but the good spatial resolution of thevertex detector will make it possible to resolve the longitudinal displacement of thetwo separate event vertices, within the TESLA bunch length [44]. The precision towhich the cross{section for WW fusion can be measured with 500 fb�1 at ps = 500GeV is given in Table 2.2.3 [45]. Further, by properly choosing the beam polarisationcon�gurations, the relative contribution of Higgs-strahlung and WW fusion can bevaried and systematics arising from the contributions to the �tted spectrum from thetwo processes and their e�ect can be kept smaller than the statistical accuracy [46].
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III-28 2 Higgs PhysicsAn accurate determination of the branching ratio for the decay H0=h0 ! WW � canbe obtained in the Higgs-strahlung process by analysing semi-leptonic [47] and fullyhadronic [48] W decays. The large W+W� and t�t backgrounds can be signi�cantlyreduced by imposing the compatibility of the two hadronic jets with the Z mass andthat of their recoil system with the Higgs boson mass. Further background suppressionis ensured by an anti-b tag requirement that rejects the remaining ZZ and t�t events.The residual WW � background with one o�-shell W can be further suppressed if theelectron beam has right-handed polarisation.Channel MH = 120 GeV 140 GeV 160 GeV�(e+e� ! H0Z) � 0.025 � 0.027 � 0.030�(e+e� !WW ! H0���) � 0.028 � 0.037 � 0.130H0 !WW � � 0.051 � 0.025 � 0.021H0 ! ZZ� � 0.169Table 2.2.3: Relative accuracy in the determination of the SM Higgs boson productioncross{sections and decay rates into gauge bosons for 500 fb�1 at ps = 350GeV and500GeV.2.2.3 Coupling to photonsThe Higgs e�ective coupling to photons is mediated by loops. These are dominated,in the SM, by the contributions from the W boson and the top quark but are alsosensitive to any charged particles coupling directly to the Higgs particle and to thephoton.At the 

 collider, the process 

 ! H has a very substantial cross{section. Theobservation of the Higgs signal through its subsequent decay H0 ! b�b requires ane�ective suppression of the large non{resonant 

 ! c�c and 

 ! b�b backgrounds.Pro�ting from the e�ective b/c jet 
avour discrimination of the TESLA detector, it ispossible to extract the Higgs signal with good background rejection (see Fig. 2.2.3 a)).Assuming MH = 120 GeV and an integrated 

 luminosity of 43 fb�1 in the hard partof the spectrum, an accuracy of about 2% on �(

 ! H) can be achieved [22, 49] (seePart VI, Chapter 1.).The Higgs coupling to photons is also accessible through the H0 ! 

 decay. Themeasurement of its branching ratio together with the production cross{section at theTESLA 

 collider is important for the extraction of the Higgs boson width. Thebranching ratio analysis is performed in both the e+e� ! 

��� and the e+e� ! 

+ jets �nal states, corresponding to the sum of the WW fusion, ZH0 ! ���H0, andZH0 ! q�qH0, respectively [50]. The most important background in both channelscomes from the double-bremsstrahlung Z

 process. This background and the small-ness of the H0 ! 

 partial decay width make the analysis a considerable experimental



2.2 Study of the Higgs Boson Pro�le III-29a) b)
0

500

1000

1500

2000

2500

3000

80 100 120 140 160 180

MH=120 GeV Lγγ(0.65<z<zmax)=43 fb-1

background

Higgs signal

abs(cosθ)T<0.7

Evis/√see>0.6

|pz|/√see<0.1

njet=2,3

εb=70%,εc=3.5%

Reconstructed invariant mass (GeV)

N
ev

0
130125120115110

10

20

30

40

50

60

70

80

Mγγ (GeV)

Ev
en

ts
/1

 G
eV

Figure 2.2.3: (a): The Higgs signal reconstructed at the 

 collider for MH = 120GeVwith 43 fb�1 

 luminosity in the hard part of the spectrum. (b): The signal for e+e� !���H0 ! ���

 for MH = 120GeV at ps = 500 GeV and an integrated luminosity of1000 fb�1.challenge. However the signal can be discriminated from this irreducible background,since the photons in the signal have a spectrum peaked at high energy and ratherisotropic production contrary to the background process which has photons producedat large polar angles and with lower energies. E�ciency values in the range 50% to 65%are obtained for the ���

 and q�q

 �nal states. Combining both channels, the relativeaccuracy for the measurement of BR(H0 ! 

) for MH = 120 GeV is 26% (23%), foran integrated luminosity of 500 fb�1 at ps = 350 GeV (500 GeV). For 1000 fb�1, anaccuracy of 18% (16%) can be reached (see Fig. 2.2.3 b)).2.2.4 The Higgs boson total decay widthThe SM Higgs boson total width, �H , is extremely small for light mass values andincreases rapidly once the WW � and ZZ� decay channels become accessible, reachinga value of 1 GeV at the ZZ threshold. Therefore, for MH >� 200 GeV the total decaywidth becomes directly accessible from the reconstruction of the Higgs boson line-shape.However at the linear collider and for lower masses, it can be obtained semi{directly,in a nearly model{independent way, from the combination of the measurements of aHiggs coupling constant with the corresponding branching ratio.Absolute measurements of coupling constants can be obtained (i) for gHZZ throughthe Higgs-strahlung cross{section, for gHWW through (ii) the WW fusion cross{sectionor, more model-dependently, (iii) by using the symmetry g2HWW=g2HZZ = cos2 �W and,in the 

 collider option, for ge�ectiveH

 through (iv) the cross{section for 

 ! H0.For a mass below 160 GeV, the best method is to use the WW fusion process.Combined with the measurement of the branching ratio for H ! WW� (see section



III-30 2 Higgs Physics2.2.2) an accuracy ranging from 4% to 13% can be obtained for �H , as shown inTable 2.2.4. �H!X BR(H ! X) MH = 120 GeV 140 GeV 160 GeVWW = WW�� H0 ! WW �0.061 �0.045 �0.134WW = HZ H0 ! WW �0.056 �0.037 �0.036

 ! H0 H0 ! 

 �0.23 - -Table 2.2.4: Relative accuracy on the determination of the total Higgs boson decay width�H for 500 fb�1 using the three methods described in the text.An alternative method is to exploit the e�ective H

 coupling through the mea-surement of the cross{section for 

 ! H ! b�b using the 

 collider option. Thiscross{section and hence the partial width �

 can be obtained to 2% accuracy formH <� 140 GeV and to better than 10% for mH <� 160 GeV. The derivation of thetotal width however needs the measurement of the branching ratio H ! 

 as input.As it was shown in Sec. 2.2.3, this can only be achieved to 23% precision for 500 fb�1and thus dominates the uncertainty on the total width reconstructed from the H

coupling.2.2.5 Couplings to fermionsThe accurate determination of the Higgs couplings to fermions is important as a proof ofthe Higgs mechanism and to establish the nature of the Higgs boson. The Higgs-fermioncouplings being proportional to the fermion masses, the SM Higgs boson branchingratio into fermions are fully determined once the Higgs boson and the fermion massesare �xed.Deviations of these branching ratios from those predicted for the SM Higgs bosoncan be the signature of the lightest supersymmetrich0 boson. Higgs boson decays to gg,like those to 

, proceed through loops, dominated in this case by the top contribution.The measurements of these decays are sensitive to the top Yukawa coupling in the SMand the existence of new heavy particles contributing to the loops.The accuracy on the Higgs boson branching ratio measurements at the linear colliderhas been the subject of several studies [51]. With the high resolution Vertex Tracker,the more advanced jet 
avour tagging techniques, the experience gained at LEP andSLC (see Part IV, Chapter 9), and the large statistics available at the TESLA collider,these studies move into the domain of precision measurements.In the hadronic Higgs boson decay channels at TESLA, the fractions of b�b, c�c andgg �nal states are extracted by a binned maximum likelihood �t to the jet 
avourtagging probabilities for the Higgs boson decay candidates [52]. The background isestimated over a wide interval around the Higgs boson mass peak and subtracted. Itis also possible to study the 
avour composition of this background directly in the real



2.2 Study of the Higgs Boson Pro�le III-31data by using the side-bands of the Higgs boson mass peak. The jet 
avour taggingresponse can be checked by using low energy runs at the Z as well as ZZ events at fullenergy, thus reducing systematic uncertainties from the simulation.For the case of H0=h0 ! �+��, a global �� likelihood is de�ned by using theresponse of discriminant variables such as charged multiplicity, jet invariant mass andtrack impact parameter signi�cance. These measurements are sensitive to the product
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III-32 2 Higgs PhysicsChannel MH = 120 GeV MH = 140 GeV MH = 160 GeVH0=h0 ! b�b � 0.024 � 0.026 � 0.065H0=h0 ! c�c � 0.083 � 0.190H0=h0 ! gg � 0.055 � 0.140H0=h0 ! �+�� � 0.050 � 0.080Table 2.2.5: Relative accuracy in the determination of Higgs boson branching ratios for500 fb�1 at ps = 350GeV.bosons and four b-quark jets.
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100 110 120 130 140 150 160 170 180Figure 2.2.5: The t�tH0 cross{section, computed at next-to-leading order, as a function ofMH for ps = 500GeV and 800GeV with the expected experimental accuracy for MH =120GeV shown by the dot with error bar for an integrated luminosity of 1000 fb�1.The experimental accuracy on the determination of the top Yukawa coupling hasbeen studied for ps = 800 GeV and L = 1000 fb�1 in both the semileptonic and fullyhadronic channels [55]. The main sources of e�ciency loss are from failures of the jet-clustering and of the b-tagging due to hard gluon radiation and to large multiplicities.The analysis uses a set of highly e�cient pre-selection criteria and a Neural Networktrained to separate the signal from the remaining backgrounds. Because of the largebackgrounds, it is crucial that they are well modelled both in normalisation and eventshapes. A conservative estimate of 5% uncertainty in the overall background normal-isation has been used in the evaluation of systematic uncertainties. For an integrated



2.2 Study of the Higgs Boson Pro�le III-33luminosity of 1000 fb�1 the statistical uncertainty in the Higgs top Yukawa couplingafter combining the semileptonic and the hadronic channels is � 4.2% (stat). Thisresults in an uncertainty of 5.5% (stat.+syst.) [55] (see Fig. 2.2.5).If MH > 2mt, the Higgs top Yukawa couplings can be measured from the H0 ! t�tbranching ratio, similarly to those of the other fermions discussed in the previoussection. A study has been performed for the WW fusion process e+e� ! �e��eH0 !�e��et�t for 350 GeV < MH < 500 GeV at ps = 800 GeV [56]. The e+e� ! t�t andthe e+e� ! e+e�t�t backgrounds are reduced by the event selection based on thecharacteristic event signature with six jets, two of them from a b quark, on the missingenergy and the mass. Since the S/B ratio is expected to be large, the uncertainty onthe top Yukawa coupling is dominated by the statistics and corresponds to 5% (12%)for MH = 400 (500) GeV for an integrated luminosity of 1000 fb�1 [56].2.2.7 Extraction of Higgs couplingsThe Higgs boson production and decay rates discussed above, can be used to measurethe Higgs couplings to gauge bosons and fermions. After the Higgs boson is discov-ered, this is the �rst crucial step in establishing experimentally the Higgs mechanismfor mass generation. Since some of the couplings of interest can be determined inde-pendently by di�erent observables while other determinations are partially correlated,it is interesting to perform a global �t to the measurable observables and to extractthe Higgs couplings in a model{independent way. This method optimises the availableinformation and can take properly into account the experimental correlation betweendi�erent measurements.A dedicated program, HFitter [57] has been developed based on the Hdecay [23]program for the calculation of the Higgs boson branching ratios. The following inputshave been used: �HZ, �H���, BR(H0 !WW ), BR(H0 ! 

), BR(H0 ! b�b), BR(H0 !�+��), BR(H0 ! c�c), BR(H0 ! gg), �t�tH. For correlated measurements the fullcovariance matrix has been used. The results are given for MH = 120 GeV and 140 GeVand 500 fb�1. Table 2.2.6 shows the accuracy which can be achieved in determiningthe couplings and their relevant ratios. Fig. 2.2.6 shows 1� and 95% con�dence levelcontours for the �tted values of various pairs of ratios of couplings, with comparisonsto the sizes of changes expected from the MSSM.2.2.8 Quantum numbers of the Higgs bosonThe spin, parity, and charge-conjugation quantum numbers JPC of the Higgs bosonscan be determined at TESLA in a model-independent way [58]. The observation ofHiggs boson production at the 

 collider or of the H0 ! 

 decay would rule outJ = 1 and require C to be positive. The measurement of the rise of the total Higgs-strahlung cross section at threshold and the angular dependence of the cross{sectionin the continuum allow J and P to be uniquely determined.The threshold rise of the process e+e� ! ZX for a boson X of arbitrary spinJ and normality n = (�1)JP has been studied in [59]. While for J = 0 the cross
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2.2 Study of the Higgs Boson Pro�le III-35Coupling MH = 120 GeV 140 GeVgHWW � 0.012 � 0.020gHZZ � 0.012 � 0.013gHtt � 0.030 � 0.061gHbb � 0.022 � 0.022gHcc � 0.037 � 0.102gH�� � 0.033 � 0.048gHWW =gHZZ � 0.017 � 0.024gHtt=gHWW � 0.029 � 0.052gHbb=gHWW � 0.012 � 0.022gH��=gHWW � 0.033 � 0.041gHtt=gHbb � 0.026 � 0.057gHcc=gHbb � 0.041 � 0.100gH��=gHbb � 0.027 � 0.042Table 2.2.6: Relative accuracy on Higgs couplings and their ratios obtained from a global�t (see text). An integrated luminosity of 500 fb�1 at ps = 500GeV is assumed exceptfor the measurement of gHtt, which assumes 1000 fb�1 at ps = 800GeV in addition.
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III-36 2 Higgs Physicsthe t-channel electron exchange. However, in a general 2HDM model the three neutralHiggs bosons correspond to arbitrary mixtures of CP eigenstates, and their productionand decay exhibit CP violation. In this case, the amplitude for the Higgs-strahlungprocess can be described by adding a ZZA coupling with strength � to the SM matrixelementM = MZH + i�MZA. In general the parameter � can be complex, we assumeit to be real in the following. If � = 0, we recover the coupling of SM Higgs boson H.However, in a more general scenario, � need not be loop suppressed as in the MSSM,and it is useful to allow for � to be arbitrary in the experimental data analysis. Themost sensitive single kinematic variable to distinguish these di�erent contributions toHiggs boson production is the production angle �Z of the Z boson w.r.t. to the beamaxis, in the laboratory frame. The di�erential cross{section for the process e+e� ! Z�is given by:d�d cos �Z / ��Z �1 + s�2�Z8M2Z sin2 �Z + �2s��ZM2Z � cos �Z + �2s2�2�Z8M4Z (1 + cos2 �Z)� ;where � = veae=(v2e + a2e) and ve, ae and ��Z are de�ned below equation 2.1.2. Theangular distribution of e+e� ! ZA, / (1 + cos2 �Z), corresponding to transverselypolarised Z bosons, is therefore very distinct from that of ZH in the SM, / sin2 �Z, forlongitudinally polarised Z bosons in the limit ps � MZ [58]. In the above equation,the interference term, linear in �, generates a forward-backward asymmetry, whichwould represent a distinctive signal of CP violation, while the term proportional to �2increases the total e+e� ! Z� cross{section.The angular distributions of the accompanying Z ! f �f decay products are alsosensitive to the Higgs boson CP parity and spin as well as to anomalous couplings [61].In fact, at high energies, the Z bosons from e+e� ! ZH are dominantly longitudinallypolarised, while those from e+e� ! ZA (e+e� ! ZZ) are fully (dominantly) trans-versely polarised [58]. These distributions can be described in terms of the angles ��and ��, where �� is the polar angle between the 
ight direction of the decay fermion fin the Z-boson rest frame and that of the Z-boson in the laboratory frame and �� isthe corresponding azimuthal angle w.r.t. the plane de�ned by the beam axis and theZ-boson 
ight direction.The information carried by these three angular distributions can be analysed usingthe optimal observable formalism [62], in terms of a single variableO de�ned as the ratioof the CP-violating contribution to the SM cross{section,O = 2Re(M�ZAMZH )=jMZH j2 .If the Higgs boson production respects CP symmetry, the expectation value of thisCP{odd observable must vanish, i.e. hOi = 0. Any signi�cant deviation of hOi from 0implies the existence of CP violation, independent of the speci�c model.This analysis has been performed for MH = 120 GeV assuming an integrated lumi-nosity of 500 fb�1 at ps = 350 GeV, following the criteria of the H0Z reconstructiondiscussed above. However, in order not to bias the analysis towards speci�c Higgs bo-son decay modes, only cuts on Z decay products are applied. The resulting sensitivityis shown in Fig. 2.2.8 b) for the case of Z ! �+��. The accuracy in the determinationof �, obtained using the expectation value of the optimal observable is 0.038, and itimproves to 0.032 when the total cross{section dependence is exploited in addition [63].
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) �0.01232 �0.00199 �0.00036Re (c
) �0.00542 �0.00087 �0.00008Re (~bZ) �0.00104 �0.00097 �0.00055Re (~b
) �0.00618 �0.00101 �0.00067Table 2.2.7: Accuracy on general ZZ� and Z
� couplings for various values for the� helicity reconstruction and b charge identi�cation e�ciencies (�� and �b) and beampolarisations (jPe� j and jPe+ j). The numbers correspond to 300 fb�1 of data at ps =500GeV. Detector resolution e�ects are not simulated.In the e�ective-Lagrangian approach, the most general ZZ� coupling can have twomore independent CP{even terms [64]. Similarly, there may also be an e�ective Z
�coupling, generated by two CP{even and one CP{odd terms [64] making a total of
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, c
 , and ~b
, where the CP{odd couplingsare indicated by a tilde. With su�ciently high luminosity, accurate � helicity andgood b charge identi�cation and electron and positron beam polarisation it will bepossible to determine these couplings from the angular distributions of e+e� ! Z� !�f �f�� [46] A global analysis of these angular distributions, based on the optimalobservable method [65, 62] and assuming ps = 500 GeV, L = 300 fb�1, � helicityand b charge identi�cation e�ciencies �� = 50% and �b = 60%, and beam polarisationsPe� = �80%, Pe+ = �45% gives the results summarised in Table 2.2.7 and in Fig. 2.2.9for �xed aZ. The coupling aZ can be determined by repeating the analysis at twodi�erent values of ps, such as 350 GeV and 500 GeV. We observe that the ZZ�couplings are generally well constrained, even for �� = �b = Pe� = Pe+ = 0. Theconstraints on the Z
� couplings may be improved by approximately a factor of 6through � and b tagging and by another factor of 1.5 to 10 through beam polarisation.2.2.9 Higgs potentialTo establish the Higgs mechanism experimentally in an unambiguous way, the selfpotential of the Higgs �eld: V = � �j'j2 � 12v2�2 ; (2.2.1)with a minimum at h'i0 = v=p2, must be reconstructed. This can be accomplishedby measuring the self-couplings of the physical Higgs boson H [66, 67] as predicted bythe potential: V = �v2H2 + �vH3 + 14�H4: (2.2.2)



2.2 Study of the Higgs Boson Pro�le III-39The coe�cient of the bilinear term in the Higgs �eld de�nes the mass MH = p2�v sothat the trilinear and quadrilinear couplings can be predicted unambiguously in theSM. Z He�e+ HHZ Z HHZ Z HHZ

1

Figure 2.2.10: Double Higgs boson associated production with a Z boson.The trilinear Higgs coupling �HHH = 6p2�, in units of v=p2, can be measureddirectly in pair-production of Higgs particles at high-energy e+e� colliders [66, 67,68]. The most interesting process at TESLA centre{of{mass energies is the associatedproduction of two Higgs bosons with a Z boson, e+e� ! H0H0Z. As evident fromFig. 2.2.10, this process is built up by the amplitude involving the trilinear Higgscoupling superimposed on the two other mechanisms which lead to the same �nal statebut do not involve �HHH. The cross{section for double Higgs production, which istherefore a binomial in the coupling �HHH, is of the order of 0.20 fb for MH = 120 GeVat ps = 500 GeV and 0.15 fb at ps = 800 GeV (see Fig. 2.2.11). The quadrilinearHiggs coupling can in principle be measured in triple Higgs boson production, but thecross{section is suppressed by an additional electroweak factor, and is therefore toosmall to be observable at TESLA energies [67].A detailed analysis of the reconstruction of double Higgs-strahlung events has beenperformed [69]. The large four and six fermion background and the tiny signal cross{section make this analysis a genuine experimental challenge. However, by pro�tingfrom the characteristic signature with four b jets and a Z boson, reconstructed eitherin its leptonic or hadronic decay modes, and from the excellent tagging and energy
ow reconstruction capabilities of the TESLA detector (see Part IV, Chapter 9), thisprocess can be isolated from backgrounds.MH (GeV) 120 130 140NHHZ 80 64 44E�ciency 0.43 0.43 0.39��=� �0.17 �0.19 �0.23Table 2.2.8: Number of selected signal H0H0Z events, selection e�ciency and relativeuncertainty on the double Higgs-strahlung cross{section for 1000 fb�1 of TESLA data atps = 500GeV for a cut{based selection (see text).
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●Figure 2.2.11: The cross{section for double Higgs-strahlung e+e� ! ZHH in the Stan-dard Model at two collider energies: ps = 500GeV and 800 GeV. The dots with errorbars show the achievable experimental accuracies for 1000 fb�1 (see text).In the hadronic channel, after kinematical cuts, the events are forced into six jetsand the jet pair most consistent with the Z hypothesis is identi�ed. In the leptonicchannel two identi�ed leptons consistent with a Z boson are required instead. Thenthe jets recoiling against the reconstructed Z boson are required to contain identi-�ed b{quarks. With this selection, accuracies of approximately 20% on the H0H0Zcross{section can be obtained for MH between 120 and 140 GeV and 1000 fb�1 (seeTable 2.2.8 and Fig. 2.2.11). The sensitivity can be further improved when a multi-variable selection based on a neural network is applied, reducing the uncertainty from17% to 13% for MH = 120 GeV and yielding a signal signi�cance S=pB � 6.The sensitivity to �HHH is diluted due to the additional diagrams shown in Fig. 2.2.10.Taking this into account, the trilinear Higgs coupling �HHH can be obtained at TESLAwith a statistical accuracy of 22% for MH = 120 GeV with an integrated luminosity of1000 fb�1, using the neural network selection [69]. This measurement crucially dependson the high luminosity anticipated for the TESLA operation and the accurate decayreconstruction provided by the optimised detector. It represents an essential elementfor the reconstruction of the characteristic Higgs potential which leads to the non-zerovalue of the Higgs �eld in the vacuum, the physical basis of the Higgs mechanismfor breaking the electroweak symmetry and generating the masses of the fundamentalparticles.2.3 Study of SUSY Higgs BosonsIf supersymmetry exists in Nature, a major goal of TESLA will be the measurementof its parameters. In this way, the underlying SUSY-breaking mechanism could bedetermined and thorough consistency checks of the model itself could be performed.



2.3 Study of SUSY Higgs Bosons III-41The TESLA potential in the investigations of the supersymmetric particle partners isdescribed in detail in Section 2.3.2. Here the perspectives of the study of the extendedHiggs sector as predicted in supersymmetry is discussed.The study of the lightest neutral MSSM Higgs boson h0 follows closely that of theSM-likeH0 discussed above, and similar results, in terms of the achievable experimentalaccuracies, are valid. This light Higgs boson, h0, can be found at e+e� colliders easily.The ability of TESLA to distinguish the SM/MSSM nature of a neutral Higgs bosonis discussed below.In SUSY models, additional decay channels may open for the Higgs bosons if su-persymmetric particles exist with light enough masses. The most interesting scenariois that in which the lightest Higgs boson decays in particles escaping detection giv-ing a sizeable H0 ! invisible decay width. While the Higgs boson observability inthe di-lepton recoil mass in the associated H0Z production channel is virtually un-a�ected by this scenario, such an invisible decay width can be measured by com-paring the number of e+e� ! ZH0 ! `+`�anything events with the sum over thevisible decay modes corrected by the Z ! `+`� branching ratio: BR(Z ! `+`�)�(Pi=b;c;�;:::NZH!fi �fi +Pj=W;Z;
 NZH!Bj �Bj). Using the accuracies on the determina-tion of the individual branching ratios discussed above, the rate for the H0 ! invisibledecay can be determined to better than 20% for BR(H0 ! invisible) > 0.05.2.3.1 Study of the H0, A0 and H� bosonsA most distinctive feature of extended models such as supersymmetry, or general 2HDMextensions of the SM, is the existence of additional Higgs bosons. Their mass andcoupling patterns vary with the model parameters. However in the decoupling limit,the H�, H0 and A0 bosons are expected to be heavy and to decay predominantly intoquarks of the third generation. Establishing their existence and the determination oftheir masses and of their main decay modes will represent an important part of theTESLA physics programme at centre-of-mass energies exceeding 500 GeV.For a charged Higgs boson mass MH� larger than Mt1, the dominant productionmode is pair production, e+e� ! H+H� with the dominant decay modes being H+ !t�b with contributions from H+ ! �+ ��� and H+ ! W+h0 (see Fig. 2.1.9). The cross{section depends mainly on the charged Higgs boson mass MH� and is of the order of15 fb for MH� = 300 GeV at ps = 800 GeV (see Fig. 2.1.8). The radiative correctionsdo signi�cantly change these results [70].As an example of the performance of TESLA, a study has been made of the e+e� !H+H� ! t�b�tb and the e+e� ! H+H� ! W+h0W�h0, h ! b�b processes with MH�= 300 GeV, Mh = 120 GeV and ps = 800 GeV [71]. In the resulting 8 jet �nal statewith 4 b-quark jets it is possible to beat down the backgrounds to a low level by usingb tagging and mass constraints on the intermediate t, or h0, and W . The combinatorialbackground due to jet-jet pairing ambiguities in signal events can be resolved, sinceb-tagged jets can not come from the W decays. Using the t and W mass constraints,1The case MH� < Mt with the decay t! H�b is discussed in Section 5.3.1
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Figure 2.3.1: a): the di{jet invariant mass distribution for (left) e+e� ! H+H� ! t�b�tbcandidates after applying the intermediate W and t mass and the equal mass �nal stateconstraints for 500 fb�1 at ps = 800 GeV. b): Mass peak for e+e� ! H0A0 ! b�bb�b for50 fb�1 at ps = 800GeV.the estimated resolution on the charged Higgs boson mass is 10 GeV. Assuming anintegrated luminosity of 500 fb�1, the analysis gives 120 signal events on an estimatedbackground of 50 misreconstructed events (see Fig. 2.3.1 a)). The product �(e+e� !H+H�) � BR(H+H� ! t�b�tb) or (W+h0W�h0) and the charged Higgs boson massMH� are obtained from a likelihood �t to the reconstructed mass distribution with thenumber of signal events, the massMH� and the mass resolution as free parameters. Theresulting statistical uncertainty on the mass is �1 GeV, and that on the product of theproduction cross{section with the branching ratio �(e+e� ! H+H�)�BR(H+H� !t�b�tb) or (W+h0W�h0) is smaller than 15%.The two neutral heavy Higgs bosons in SM extensions with an additional doubletcan be produced in the pair production process e+e� ! H0A0 ! b�bb�b. This hasbeen studied for ps = 800 GeV in the decoupling limit where their masses becomealmost degenerate [72]. The tagging of the characteristic four b-jet �nal state reducesthe large e+e�q�qgg and t�t backgrounds signi�cantly. The HA production is alreadyobservable for masses up to 340 GeV with only 50 fb�1 (see Fig. 2.3.1). A determinationof their mass with a relative accuracy of �MA=MA = 0.2{0.4% and of the product�(e+e� ! H0A0) � BR(A0 ! b�b)� BR(H0 ! b�b) = 5% - 11% can be obtained with200 fb�1 for 260 GeV < MA < 340 GeV.The heavy Higgs bosons A0;H0;H� are produced at e+e� colliders primarily inpairs and they can be discovered for masses close to the beam energy. The range forA0;H0 can be extended into regions not accessible at the LHC at the 

 collider wherethey are formed as single resonances.



2.3 Study of SUSY Higgs Bosons III-432.3.2 Indirect determination of the SM/MSSM nature of a lightHiggs bosonThe discovery of a neutral Higgs boson, with mass in the range 114 GeV < MH <�140 GeV, will raise the question of whether the observed particle is the SM Higgs or thelightest boson from the Higgs sector of a SM extension. It has been shown that, for alarge fraction of the tan��MA parameter plane in the MSSM, this neutral boson is theonly Higgs state observable at the LHC. Supersymmetric particles will most probablybe observed at both the LHC and TESLA. However, it is di�cult to shade light on thestructure of the supersymmetric Higgs sector with only one Higgs boson observed. Inthis situation the precision measurements of the Higgs boson couplings are powerfulto obatin information about additional Higgs doublets, their structure and even themasses of the heavier Higgs boson states. This will be exempli�ed in the context ofthe MSSM in the following.If the H0ZZ coupling, measured by the Higgs-strahlung production cross{sectionindependently from the Higgs boson decay mode, turns out to be signi�cantly smallerthan the SM expectation, this will signal the existence of extra Higgs doublets or othernew physics.The determination of the Higgs boson branching ratios with the accuracy antici-pated by these studies can be employed to identify the SM or MSSM nature of a lightneutral Higgs boson. The Higgs boson decay widths �MSSM to a speci�c �nal stateare modi�ed as follows with respect to the SM �SM : �MSSMb�b / �SMb�b (sin2 �= cos2 �)and �MSSMc�c / �SMc�c (cos2 �= sin2 �). Therefore, deviations in the ratios of branchingratios such as BR(h ! WW �)=BR(h ! b�b) [47], BR(h ! c�c)=BR(h ! b�b) andBR(h ! gg)=BR(h ! b�b) [73] from their SM expectations can reveal the MSSM na-ture of the Higgs boson and also provide indirect information on the mass of the CP-oddA0 Higgs boson, even when it is so heavy that it can not be directly observed at ps =500 GeV.In particular, it has been shown that the accuracy obtained at TESLA for BR(h!WW �)=BR(h ! b�b), implies a statistical sensitivity to the MSSM up to MA '1 TeV [47]. This may also be complemented by the high precision electroweak datafrom the GigaZ operation (see Section 5.1).To fully account for the sensitivity provided by di�erent accessible branching ra-tios as well as the theoretical uncertainties on the SM branching ratio predictions, acomplete scan of MSSM parameter phase space has been performed [52].For each set of parameters, the h0 mass has been computed using the diagrammatictwo-loop result [28]. Solutions corresponding to Mh0 = (120�2) GeV have been selectedand used to compute the h0 branching ratios taking into account the dominant loopcorrections (including those arising from supersymmetric particles) [23]. The deviationsfrom the SM predictions for BR(h ! b�b)/BR(h ! hadrons), BR(h ! c�c)/BR(h !hadrons), BR(h ! gg)/BR(h ! hadrons) and BR(h ! b�b)/BR(h ! WW �) havebeen used to investigate the SM/MSSM discrimination. For MA <� 750 GeV, 68% ofall MSSM solutions can be distiguished from the SM and for MA <� 600 GeV, 95% ofall MSSM solutions can be distiguished from SM at the 95% con�dence level. This



III-44 2 Higgs Physicscon�dence level is derived from a �2 test which compares the deviation of the above-mentioned ratios in the MSSM from their SM values and accounts for their uncertain-ties.If a signi�cant deviation from the SM has been observed, it is possible to go furtherand use the accurate measurements of the Higgs boson decays estimate MA0 in theframework of the MSSM. By varying the A0 mass together with the other MSSMparameters within the range compatible with experimental and theoretical uncertaintyon the branching ratios. The range of values of MA for the accepted MSSM solutionscorresponds to an accuracy of 70 GeV to 100 GeV for the indirect determination of MAin the mass range 300 GeV < MA < 600 GeV [52].The SUSY contributions considered above enter via the dependence on tan � and themixing angle � and a�ect the Higgs couplings to all up-type fermions and to all down-type fermions in a universal way. However, for large values of tan � and/or of the Higgsmixing parameter �, gluino and higgsino loop corrections can also induce importantSUSY e�ects. They a�ect the tree-level relations between the fermion masses and theYukawa couplings [74], thus inducing further deviations in particular for the ratio ofthe ghb�b to the gh�+�� couplings. A determination of BR(h ! �+��) to the accuracyanticipated at TESLA can probe these e�ects and will thus enhance the sensitivityto di�erences between the SM and the MSSM in this region of the SUSY parameterspace.If a light Higgs boson is observed and found to correspond to the decay propertiesexpected for the lightest neutral Higgs boson in MSSM, and if a light A0 boson exists,the associated production with e+e� ! b�bA0 could be observed with a signi�cant cross{section in the MSSM at large values of tan �. In such a case, this process allows fora direct determination of the important tan � parameter. An experimental study hasbeen performed for 500 fb�1 at ps = 500 GeV using an iterative discriminant analysistechnique. The resulting uncertainty on tan � for tan� = 50 has been estimated to be7% for MA = 100 GeV [75].2.4 Non SUSY Extension of the SM2.4.1 Higgs detection in 2HDMModels abound in which the 2HDM extension of the SM (without supersymmetry)is the e�ective theory, correct up to some new physics scale, � [76]. We focus onthe CP{conserving 2HDM of type II, as de�ned earlier, with eigenstates h0, H0, A0and H�. The phenomenology of the neutral Higgs bosons in the 2HDM is essentiallydetermined by the parameters tan � and � and the Higgs boson masses. In constrastto the supersymmetric models, these parameters are not correlated, so that the noloose theorem does not apply. If h0 production is kinematically accessible through thee+e� ! h0Z process, it can be observed at TESLA unless the ZZh0 coupling is heavilysupressed, i.e. sin(� � �) is very small (O(10�3)). Precision measurements of the h0properties, in particular the e+e� ! h0Z and 

 ! h0 production cross{sections,can reveal the nature of the model [77]. In this situation, should either A0 or H0 be



2.4 Non SUSY Extension of the SM III-45light enough, Higgs bosons will be observed in the e+e� ! h0A0 and e+e� ! H0Zprocesses, since the relevant couplings are proportional to cos (� � �) and thus large.The most di�cult situations to probe at TESLA are: (a) that of small sin(� � �)and the lightest Higgs boson is h0 while A0 and H0 too heavy to be produced viathe above mentioned processes, (b) the lightest Higgs boson is A0 while h0 and H0too heavy. The case (b) is discussed in the following as an example, while the case(a) is discussed in [78]. In this situation alternative production processes have to beconsidered since the loop{induced ZA0A0 coupling will also be too small [79]. Themost improtant process is the Yukawa processes e+e� ! f �fA0. The Yukawa couplingsare proportional to tan � for down-type quarks and charged leptons and to cot� forup-type quarks in the sin(� � �) ! 0 limit, hence they can not both be supressedsimultaneously [80]. Furthermore, the e+e� ! A0A0Z and 

 ! A0 channels cancontribute.
Figure 2.4.1: For ps = 500 GeV and ps = 800 GeV, the solid lines show as a functionof MA the maximum and minimum tan� values between which ttA0, bbA0 �nal stateswill both have fewer than 20 events assuming L = 1 ab�1. The di�erent regions indicatethe best ��2 values (relative to the best SM �2) obtained for �ts to the present precisionelectroweak data after scanning: a) over the masses of the remaining Higgs bosons subjectto the constraint they are too heavy to be directly produced; and b) over the mixing anglein the CP{even sector. Results are shown only for MA < ps � 2mt, but extrapolate tohigher MA in obvious fashion.Studies have been performed to investigate to what extent this particular scenariocould be observed or excluded with TESLA running in the GigaZ mode [81] and athigh energy [78]. While signi�cantly larger regions in themA{tan �{plane are accessible



III-46 2 Higgs Physicsthan at LEP, there are regions remaining for which a luminosity of 1000 fb�1 is notsu�cient to guarantee discovery.In Fig. 2.4.1 the regions for A0 which cannot be accessed at ps = 500 GeV and800 GeV with 1000 fb�1, respectively, are shown. A minimum production of 20 eventsin either the b�bA0 or the t�tA0 process is assumed as an optimistic observability crite-rion [80]. In the problematic regions 

 ! A0 production is also unlikely to produce adetectable signal for the expected luminosities.The A0A0Z and W+W� ! A0A0 processes [82] are sensitive up to MA < 155 GeV(< 250 GeV) at ps = 500 GeV (800 GeV) for 1 < tan � < 50 with L = 1 ab�1,assuming that 20 events will be adequate for observation. The other Higgs bosonmasses are assumed to be larger than ps=2 such that they can not be pair produced.Surprisingly, in these scenarios, the parameters for the other (heavy) Higgs bosonscan be chosen so that the �t to the present precision electroweak observables is nearlyas good as that obtained with a light SM Higgs boson, despite the fact that the CP{even Higgs boson with substantial WW;ZZ couplings is heavier than ps [78]. Thisis illustrated in Fig. 2.4.1 for the case of A0 being the lightest Higgs boson. The ��2values between the best 2HDM and SM precision electroweak �ts are seen to obey��2 < 2 in the ps = 500 GeV and ps = 800 GeV L = 1 ab�1 `no-discovery' wedgeswhen tan � > 0:7. With increased precision of the electroweak data from a GigaZ run,the sensitivity to this scenario increases signi�cantly (see Section 5.1).A third generation linear collider with su�cient centre{of{mass energy could thencompletely reveal the Higgs states by observing not only ZH0 and/or W+W� ! H0production but also h0A0 production (regardless of which is light) and possibly H+H�production.2.4.2 Higgs boson detection in the Stealth ModelA possible extension of the SM consists of the introduction of singlet Higgs particles.Since these particles do not couple directly to ordinary matter, their existence is un-constrained by the precision electroweak data. Owing to these characteristics, suchparticles are a suitable candidate for dark matter and may also play an importantrole in the phenomenology of technicolor models or theories with higher dimensions.Since the SM Higgs boson has direct interactions of strength ! with these singlet Higgsparticles, it can decay into a pairs of Higgs singlets generating experimentally invisibledecay modes. Further, the invisible decay width of the Higgs boson may be sizeable,generating a wide Higgs state that would not be detected as a narrow peak in therecoil mass spectrum discussed earlier and would also escape detection at the LHC.Still the signal is observable at TESLA as an excess of events over the precisely knownSM backgrounds. Such a scenario is known as the stealth Higgs model [83]. Fig. 2.4.2shows the range of Higgs boson mass values detectable at TESLA for di�erent valuesof the Higgs coupling ! to light invisible matter particles.



2.5 The Complementarity with the LHC III-47a) b)
Figure 2.4.2: The Higgs boson width for several values of the coupling strength ! comparedto (a) the SM width and (b) the exclusion limits achievable at TESLA in the MH � !plane.2.5 The Complementarity with the LHCIn proton{proton collisions at ps = 14 TeV at the LHC, Higgs bosons are mainlyproduced through the loop induced gluon-gluon fusion mechanism; the contributionsfrom the associated WH, ZH, t�tH and WW/ZZ fusion production processes arealso relevant. The ATLAS [84] and CMS [85] experiments have shown, that they aresensitive to the SM Higgs boson over the whole mass range of 100 { 1000 GeV. In therange 100 GeV < MH < 130 GeV Higgs bosons will be searched for in the H0 ! b�b andH0 ! 

 decay modes, while for larger masses the H0 ! ZZ0(�) and and H0 !WW (�)will take over. After combining di�erent channels and results from two experimentsin the whole mass range a 5� signi�cance can be reached already with an integratedluminosity of 10 fb�1 per experiment. The expected number of Higgs bosons variesfrom 50 events for t�tH0, H0 ! b�b and 30 fb�1 to about 1000 events for H0 ! 

 and100 fb�1, expected in each experiment.There is a variety of channels in which the MSSM Higgs boson can be discovered.The lightest Higgs boson can be discovered in the same decay modes as the SM Higgsboson of the same mass. It might be also observed in the cascade decays of SUSYparticles, namely �02 ! h0(! b�b)�01. At least one Higgs boson can be discovered forthe whole parameter range. In a fraction of the parameter space, more than one Higgsboson is accessible. However, there is a region (see Fig. 2.5.1), in which the extendednature of the supersymmetric Higgs sector might not be observable, unless cascadedecays of supersymmetric particles into the Higgs bosons are accessible, since only thelightest Higgs boson can be seen in SM{like production processes.Beyond its discovery, a limited number of measurements of Higgs boson propertiescan be carried out at the LHC. Combining results from both experiments with anintegrated luminosity of 100 fb�1, the Higgs boson mass can be measured with anaccuracy of few permil over the whole mass range and the total decay width with anaccuracy of about 10% only for large masses, MH > 300 GeV. Further perspectives for



III-48 2 Higgs Physicsan indirect measurement of the total Higgs boson width at lowerMH have been recentlyproposed [86, 87], and their experimental feasibility is presently under investigation byboth LHC collaborations. Beyond that, the ratio of couplings gHWW=gHZZ can bemeasured for MH >� 160 GeV and gHtt=gHWW for MH <� 120 GeV(see Table 2.5.1 andFig. 2.5.2).
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III-573 SupersymmetryDespite the enormous success of the Standard Model (SM) this cannot be the ultimatewisdom to understand nature for many reasons. The introduction of Supersymmetry(SUSY) is considered the most attractive extension of the Standard Model [1]. Firstly,there are important theoretical motivations. It is the only non{trivial extension ofthe Poincar�e group in quantum �eld theory. SUSY as a local symmetry becomes asupergravity (SUGRA) theory, incorporating gravity. SUSY appears in superstringtheories, which may lead to the �nal theory of all fundamental interactions. From aphenomenological point of view, the most important feature of SUSY is that it canexplain the hierarchy between the electroweak scale of � 100 GeV, responsible for theW and Z masses, and the uni�cation scale MGUT ' 1016 GeV or the Planck scale MPl' 1019 GeV. It also stabilises the Higgs mass with respect to radiative corrections, ifmSUSY � O(1) TeV. Moreover, the Minimal Supersymmetric Standard Model (MSSM)allows the uni�cation of the gauge couplings of electroweak and strong interactions andyields precisely the measured value of sin2 �W . Furthermore, in the MSSM electroweaksymmetry breaking is a natural result of renormalisation group evolution. Anotherattractive feature of SUSY is that the lightest supersymmetric particle is a good colddark matter candidate. Furthermore, a supersymmetric theory naturally contains extrasources of CP violation to ensure baryogenesis assuming an initially matter{antimattersymmetric universe.Most motivations for supersymmetry lead us to expect that SUSY particles willbe found at the next increase in energy, at Tevatron and/or LHC. If gluinos andsquarks have masses below 2:5 TeV, they will be seen at LHC. In most scenarios someSUSY particles, especially the partners of W and Z, the charginos and neutralinos, areexpected to be lighter and should lie in the energy region of Tesla. Examples of massspectra for three SUSY breaking mechanisms are shown in Fig. 3.0.1.The discovery potential of Tesla for SUSY particles has been extensively studiedin the literature and in previous workshops [2]. Two important new issues have beenaddressed at the 2nd Joint ECFA/DESY Study [3]: The availability of high luminosity,L ' 500 fb�1 per year, and of polarised electron and positron beams. The high luminos-ity makes precision experiments possible. We will therefore discuss in detail accuratemeasurements of the masses of SUSY particles and the determination of the couplingsand mixing properties of sleptons, charginos, neutralinos and scalar top quarks. Aprecise knowledge of the sparticle spectrum and the SUSY parameters is necessary toreveal the underlying supersymmetric theory.If kinematically accessible the complete sparticle spectrum can be studied in detailwith the high luminosity available at Tesla. It is vital to have highly polarised elec-trons and it is very desirable to have polarised positrons as well. It is assumed that
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Figure 3.0.1: Examples of mass spectra in mSUGRA, GMSB and AMSB models fortan� = 3, sign� > 0. The other parameters are m0 = 100 eV, m1=2 = 200GeV formSUGRA; Mmess = 100TeV, Nmess = 1, � = 70TeV for GMSB; and m0 = 200GeV,m3=2 = 35TeV for AMSB.polarisations of P� = 80% for electrons and P+ = 60% for positrons are achievable.A proper choice of polarisations and center of mass energy helps disentangle the var-ious production channels and suppress background reactions. Electron polarisation isessential to determine the weak quantum numbers, couplings and mixings. Positronpolarisation provides additional important information [4]: (i) an improved precisionon parameter measurements by exploiting all combinations of polarisation; (ii) an in-creased event rate (factor 1.5 or more) resulting in a higher sensitivity to rare decaysand subtle e�ects; and (iii) discovery of new physics, e.g. spin 0 sparticle exchange. Ingeneral the expected background is dominated by decays of other supersymmetric par-ticles, while the Standard Model processes like W+W� production can be kept undercontrol at reasonably low level.The most fundamental open question in SUSY is how supersymmetry is brokenand in which way this breaking is communicated to the particles. Here three di�erentschemes are considered: the minimal supergravity (mSUGRA) model, gauge mediated(GMSB) and anomaly mediated (AMSB) supersymmetry breaking models. The phe-nomenological implications are worked out in detail. The measurements of the sparticleproperties, like masses, mixings, couplings, spin-parity and other quantum numbers,do not depend on the model chosen.In a kind of `bottom{up' approach a study demonstrates how the SUSY parameters,determined at the electroweak scale with certain errors, can be extrapolated to higherenergies. In this way model assumptions made at higher energies, for example at the



3.1 The Minimal Supersymmetric Standard Model III-59GUT scale, can be tested.R{parity conservation is an additional assumption in most SUSY models. However,there is no fundamental reason for this, and a section is devoted to the phenomenologyof R{parity violation.Finally, a comparison is made between Tesla and LHC concerning the determina-tion of the SUSY particle spectrum and the SUSY parameters.3.1 The Minimal Supersymmetric Standard ModelThe Minimal Supersymmetric Standard Model (MSSM) is the minimal extension of theStandard Model (SM) to incorporate supersymmetry [1]. In addition to the particlesof the SM, the MSSM contains their supersymmetric partners: sleptons ~̀�, ~�` (` =e; �; � ), squarks ~q and gauginos ~g; ~W�; ~Z; ~
. Two Higgs doublets are necessary:H1 = (H01 ;H�1 ) and H2 = (H+2 ;H02 ), together with their superpartners, the higgsinos( ~H01;2; ~H�). The two doublets lead to �ve physical Higgs bosons h0; A0 (CP = �1),H0; H�.The non{strongly interacting gauginos mix with the higgsinos to form correspondingmass eigenstates: two pairs of charginos ~��i (i = 1; 2) and four neutralinos ~�0i (i =1; : : : ; 4). The masses and couplings of the charginos and neutralinos are determinedby the corresponding mass matrices, which depend on the parameters M1; M2; � andtan � = v2=v1. Usually, the GUT relation M1=M2 = (5=3) tan2 �W is taken.Corresponding to the two chirality states of the leptons and quarks one has the leftand right scalar partners ~̀R; ~̀L, and ~qR; ~qL. In the third generation one expects mixingbetween the R and L states with mass eigenstates called ~t1; ~t2; ~b1; ~b2 and ~�1; ~�2.In the MSSM the multiplicative quantum number R{parity is conserved, Rp = +1for SM particles and Rp = �1 for the supersymmetric partners. This implies that thereis a lightest supersymmetric particle (LSP), which is stable and into which all SUSYparticles eventually decay. Usually, the neutralino ~�01 is assumed to be the LSP.In the most general case, the MSSM contains 105 parameters in addition to theSM parameters. This number can be considerably reduced by invoking speci�c models,which allow a systematic study of the whole parameter space. In the so{called minimalsupergravity (mSUGRA) model, due to universal uni�cation conditions at MGUT '1016 GeV, one has only �ve parameters m0, m1=2, A0, tan � and sign �, where m0 andm1=2 are the common scalar mass and gaugino mass at MGUT and A0 is the universaltrilinear coupling parameter.In the following studies two mSUGRA scenarios, labeled RR1 and RR2, are usedto calculate masses, cross sections, branching ratios and other physical quantities [3].The model parameters for RR1 are: m0 = 100 GeV, m1=2 = 200 GeV, A0 = 0 GeV,tan � = 3, sign� > 0; the corresponding mass spectrum is shown in Fig. 3.0.1. Theparameters for RR2 are: m0 = 160 GeV, m1=2 = 200 GeV, A0 = 600 GeV, tan � = 30,sign � > 0. The low tan � scenario gives a Higgs mass of mh = 98 GeV, which isruled out by LEP searches. The h0 mass does not a�ect the studies discussed here, itonly enters in cascade decays of the higher ~� states. Moreover, a Higgs mass of, forinstance, 115 GeV can be achieved within mSUGRA by shifting the trilinear coupling



III-60 3 SupersymmetryA0 ! �600 GeV and tan � ! 4:5, which has only little in
uence on the slepton,chargino and neutralino masses and properties.3.2 SleptonsScalar leptons are the superpartners of the right-handed and left-handed leptons. Theyare produced in pairs e+e� ! ~eR~eR; ~eL~eL; ~eR~eL; ~�e�~�ee+e� ! ~�R~�R; ~�L~�L; ~���~�� (3.2.1)e+e� ! ~�1~�1; ~�2~�2; ~�1~�2; ~���~��via s-channel 
=Z exchange. In addition the t-channel contributes in selectron produc-tion via neutralinos and in electron-sneutrino production via charginos. The two-bodykinematics of the decays ~̀� ! `� ~�0i and ~�` ! `� ~�+i allows a clean identi�cation and ac-curate measurements of the sparticle masses involved and other slepton properties likespin, branching ratios, couplings and mixing parameters. Polarisation is indispensibleto determine the weak quantum numbers R; L of the sleptons. Detailed simulations ofslepton production based on the Tesla detector design are reported by [5, 6], whereit is assumed that beam polarisations of P� = 0:8 and P+ = 0:6 are available.3.2.1 Mass determinationsThe potential of an e+e� collider will be illustrated for the second generation ofsleptons ~� and ~��. The simplest case is the production and decay of right smuonse�Re+L ! ~�R~�R ! �� ~�01 �+ ~�01. The results of a simulation are shown in Fig. 3.2.1 a.The dominant background from ~�02~�01 production can be kept small. The energy spec-trum of the decay muons is 
at apart from beamstrahlung, initial state radiation andresolution e�ects at the high edge. The end points can be related to the masses m~�Rand m~�01 of the primary and secondary particles with an accuracy of about 3 per mil. Ifthe neutralino mass can be �xed by other measurements one can exploit the momentumcorrelations of the two observed muons [7] and construct the minimum kinematicallyallowed smuon mass mmin(~�R). From the `end point' or maximum of this distribution,shown in Fig. 3.2.1 b, the accuracy on m~�R can be improved by a factor of two.Higher accuracy can be achieved by measuring the pair production cross sectionaround threshold, which rises as �~�~� � �3, see Fig. 3.2.1c. For an integrated luminosityof L = 100 fb�1, to be collected within a few month at Tesla, a mass resolution�m~�R < 0:1 GeV can be reached. With such a sensitivity �nite width e�ects cannotbe neglected [6]. From a �t to the excitation curve one expects to measure the width,here �~�R = 0:3 GeV, with an error of the same order. It is also important to include inthe threshold cross section calculations sub-dominant diagrams which lead to the same�nal state, because they may mimic a mass shift comparable to the resolution [8].The left partner ~�L is more di�cult to detect due to background from W+W� pairsand SUSY cascade decays. It can be identi�ed via a unique �+�� 4`� E= signature:



3.2 Sleptons III-61a b
c Figure 3.2.1: Distributions of the process e�Re+L !~�R~�R ! �� ~�01 �+ ~�01. a) Energy spectrum E�of muons and b) minimum mass mmin(~�R) ofsmuons at ps = 320GeV for L = 160 fb�1. c)Cross section at threshold with curves for m~�R =132GeV and �~�R = 0; 0:3; 0:6GeV assumingL = 100 fb�1.e�Le+R ! ~�L~�L ! �� ~�02 �+ ~�02 followed by ~�02 ! `+`� ~�01. Despite the low cross section,� B ' 4 fb in scenario RR1, such a measurement is feasible at Tesla, see Fig. 3.2.2 a,providing the masses m~�L and m~�02 with a precision of 2 per mil. Another exampleis sneutrino production, where the 
avour is tagged via its charged decay e�Le+R !~���~�� ! �� ~�+1 �+ ~��1 . The subsequent decays ~��1 ! `��l~�01 and q�q0~�01 lead to a clean�+�� `� 2jetE= topology. The spectrum of the primary muons in Fig. 3.2.2 can be usedto determine m~�� and m~��1 to better than 2 per mil.Even more accurate mass measurements can be done for the �rst generation ofsleptons ~e and ~�e, due to much larger cross sections from additional t-channel contri-butions. Of particular interest is associated selectron production e�e+ ! ~eR~eL via ~�0exchange.The cross section rises as �~eR~eL � �, contrary to other slepton pairs, which isan advantage for mass determination via threshold scans. In case of polarised beamsthe charge of the observed lepton can be directly related to the L; R quantum numberof the produced selectron, e�L;R ! ~e�L;R and e+L;R ! ~e+L;R. This elegant separation ofthe selectron decay spectra can be considerably improved if not only the e� beam butalso the e+ beam is polarised.Assuming that the incoming electrons and positrons have the same helicity onlythe t{channel production e�Le+L ! ~e�L~e+R and e�Re+R ! ~e�R~e+L is possible. This allows oneto easily identify ~eL and ~eR separately.



III-62 3 Supersymmetrya b
Figure 3.2.2: Energy spectra E� of muons from the reactions a) e�Le+R ! ~�L~�L !�� ~�02 �+ ~�02 and b) e�Le+R ! ~���~�� ! �� ~�+1 �+ ~��1 at ps = 500GeV for L = 250 fb�1.~̀; ~� m [GeV] �mc [GeV] �ms [GeV]~�R 132.0 0.3 0.09~�L 176.0 0.3 0.4~�� 160.6 0.2 0.8~eR 132.0 0.2 0.05~eL 176.0 0.2 0.18~�e 160.6 0.1 0.07~�1 131.0 0.6~�2 177.0 0.6~�� 160.6 0.6

~� m [GeV] �mc [GeV] �ms [GeV]~��1 127.7 0.2 0.04~��2 345.8 0.25~�01 71.9 0.1 0.05~�02 130.3 0.3 0.07~�03 319.8 0.30~�04 348.2 0.52Table 3.2.1: Expected precision on masses, scenario RR1, using polarised e� beams(P� = 0:8; P+ = 0:6). �mc from decay kinematics measured in the continuum (L =160 (250) fb�1 at ps = 320 (500)GeV) and �ms from threshold scans (L = 100 fb�1).Measurements of ~� and ~�� of the third slepton generation are less favourable. Whileidenti�cation via decays � ~� will be easy and e�cient, the background is large (W+W�production) and a mass determination via energy spectra is much less accurate, of theorder of a few per cent [9]. But from cross section measurements at threshold one mayobtain mass resolutions around half a per cent. The expected accuracies on sleptonmasses for mSUGRA model RR1 are given in Table 3.2.1.3.2.2 Slepton propertiesA very important topic is the determination of the quantum numbers. Sleptons carryspin 0, but otherwise the SM quantum numbers of leptons. The di�erential cross sectionfor s-channel exchange is proportional to �3 sin2 #. A consistency check, although notunique, can be obtained from the � dependence of the cross section scan at threshold.



3.2 Sleptons III-63Figure 3.2.3: Angular distribution ofsmuons (two entries per event) in thereaction e�Re+L ! ~�R~�R ! �� ~�01 �+ ~�01.The hatched histogram represents thefalse solution.A more direct method is to measure the angular distribution of the sleptons. Usingthe masses of the particles involved the event kinematics allows the slepton directionsto be reconstructed up to a twofold ambiguity. The wrong solution turns out to be
at in cos # and can be subtracted. The smuon angular distribution for e�Re+L ! ~�R~�Rproduction is displayed in Fig. 3.2.3 and clearly exhibits the expected behaviour of ascalar spin 0 particle. The association of ~̀R and ~̀L to their right-handed and left-handed SM partners can be unambiguously done by studying the dependence of theproduction cross section on the electron and/or positron beam polarisation.Precise mass measurements allow the 
avour dependence of the underlying super-symmetry model to be checked at the level of one per mil for the �rst two sleptongenerations and to a few per mil for the stau family. An important application is totest general SUSY mass relations. The tree level predictionm2~̀L �m2~�` = �M2W cos 2� (3.2.2)o�ers a model independent determination of tan� from the slepton sector. Usingtypical measurements as given in Table 3.2.1 one �nds tan � = 3:0�0:1. The sensitivitydegrades at larger tan � values to tan � ' 10 � 5.In the case of large tan� � 30 the slepton analyses of the �rst and second generationremain essentially una�ected. Major di�erences occur in the stau sector where a largemass splitting between ~�R and ~�L is expected. The physical eigenstates are mixed,~�1 = ~�L cos �~� + ~�R sin �~� and ~�2 = ~�R cos �~� � ~�L sin �~� , and are no longer degeneratewith the selectron and smuon masses. These properties allow tan � to be accessed viathe relation � tan � = A� � (m2~�1 �m2~�2) sin 2 �~�2m� ; (3.2.3)which follows from the diagonalisation of the ~� mass matrix. If the directly measurablequantities m~�1; m~�2 and �~� can be determined to � 1% and � to � 1% (from thechargino sector), one can extract tan � with an accuracy of O(10%), dominated bylarge uncertainties on the value of A� .It has been noted that the polarisation P� of tau's in the decay ~�1 ! � ~�01 is verysensitive to tan � if it is large or if ~�01 has a large higgsino component [9]. The P�measurement is based on the characteristic energy distributions of the decay products



III-64 3 Supersymmetryof the polarised � . In a combined analysis of ~�1~�1 and ~eR~eR pair production for L =100 fb�1, one obtains an accuracy of tan� ' 15� 2, depending slightly on the gauginoparameter M1.3.3 Charginos and NeutralinosCharginos and neutralinos are produced in pairse+e� ! ~�+i ~��j [i; j = 1; 2] (3.3.1)e+e� ! ~�0i ~�0j [i; j = 1; : : : ; 4] (3.3.2)via s-channel 
=Z exchange and t-channel selectron or sneutrino exchange. They areeasy to detect via their decays into lighter charginos/neutralinos and gauge or Higgsbosons or into sfermion-fermion pairs. If these two-body decays are kinematicallynot possible, typically for the lighter chargino and neutralino, they decay via virtualgauge bosons and sfermions, e.g. ~�+1 ! f �f 0 ~�01 or ~�02 ! f �f ~�01. In R-parity conservingMSSM scenarios the lightest neutralino ~�01 is stable.The experimental signatures aremulti-lepton and/or multi-jet events with large missing energy. Detailed Tesla detec-tor simulations of chargino and neutralino production assuming beam polarisations ofP� = 0:8 and P+ = 0:6 are performed in [5].3.3.1 Mass determinationsThe lightest observable neutralino can be detected via its 3-body decay ~�02 ! l+l� ~�01.In direct production e�Le+R ! ~�02~�02 ! 2(l+l�)E= the energy spectra of the di-leptonsystems, Fig. 3.3.1, can be used to determine the masses of the primary and secondaryneutralinos with typical uncertainties of 2 per mil. From the di-lepton mass spectrumone gets additional information on the mass di�erence �m(~�02 � ~�01). Moreover, ~�02'sare abundantly produced in decay chains of other SUSY particles. By exploiting alldi-lepton modes it will be possible to measure the mass di�erence with a precision ofbetter than 50 MeV, limited only by the resolution of the detector.Charginos will be copiously produced, for example e�Le+R ! ~��1 ~�+1 ! l�� ~�01 q�q0~�01,see Fig. 3.3.2. Using the same techniques as for neutralinos, the di-jet energy distribu-tion gives an accuracy of �m~��1 = 0:2 GeV. Similarly, the di-jet mass spectrum allowsto get the chargino-neutralino mass di�erence �m(~��1 � ~�01) to better than 50 MeV,when using all possible cascade decays.The cross sections for neutralino and chargino pair production rise as ��� / �.This leads to steep excitation curves around threshold, see Figs. 3.3.1 c and 3.3.2 c,from which excellent mass resolutions of O(50 MeV) with an integrated luminosity ofL = 100 fb�1 can be obtained for the light chargino/neutralinos, degrading for theheavier ~� states to the per mil level. At the same time, the shape of the cross sectionat threshold provides a consistency check of a spin 1=2 assignment to neutralinos andcharginos. The expected accuracies of various mass determinations are summarised inTable 3.2.1 for mSUGRA scenario RR1.



3.3 Charginos and Neutralinos III-65Neutralino Productione+e� ! �02�02 ! 4 l�e+e� ! �02�02�02 ! l+l� �01 Br(l = �; e) = 2 � 0:20) m�02 and m�01 from di-lepton energy and mass spectra

�m(�02 � �01) = 58:6� 0:15 m�02 = 130:3� 0:3 GeV�LR(�02�02)B = 31:2� 0:5 fb
H-U Martyn Linear Collider Workshop, Sitges, May 1999 13

a b c
Figure 3.3.1: Distributions of the reaction e�Le+R ! ~�02 ~�02 ! l+l� ~�01 l+l� ~�01. a) Di-leptonmass and b) di-lepton energy spectra at ps = 320GeV for L = 160 fb�1. c) Cross sectionnear threshold assuming L = 10 fb�1 per point.

Chargino Productione+e� ! �+1 ��1e+e� ! �+1 ��1! l�� �01 q�q0�01 Br = 2 � 0:45 � 0:55background:W+W� < 10%) m��1 and m�01 from di-jet energy and mass spectra

m��1 = 127:7� 0:2 GeV �m(��1 � �01) = 55:8� 0:15 GeV�(e�Le+R)B = 330� 1:5 fbH-U Martyn Linear Collider Workshop, Sitges, May 1999 14

a b c
Figure 3.3.2: Distributions of the reaction e�Le+R ! ~��1 ~�+1 ! l�� ~�01 q�q0 ~�01. a) Di-jetenergy and b) di-jet mass spectra at ps = 320GeV for L = 160 fb�1. c) Cross sectionnear threshold assuming L = 10 fb�1 per point.For large tan � the chargino and neutralino decays may be very di�erent. Dependingon the SUSY parameters the mass splitting of the ~� sector, which rises with tan �, seeeq. (3.2.3), may result in a situation where m~�1 < m~��1 ; m~�02. As a consequence thechargino decay ~�+1 ! ~�+1 � ! �+� ~�01 and the neutralino decay ~�02 ! ~�+1 �� ! �+�� ~�01dominate over all other decay modes via lepton or quark pairs. Although � 's are easyto detect, their energy cannot be reconstructed (missing neutrinos) and their decayproducts provide much less information on masses and mass di�erences of the � states.A simulation of e+e�L ! ~�+1 ~��1 ! ~�+1 � ~��1 � ! �+� ~�01 ��� ~�01 at ps = 400 GeV with



III-66 3 Supersymmetrym~��1 = 172:5 GeV, m~�1 = 152:7 GeV, m~�01 = 86:8 GeV and tan � = 50 is reportedby [10]. Fitting the energy distribution of hadronic � decays results in resolutions ofabout 4% for the ~��1 and ~�1 masses. Note that chargino and neutralino cross sectionmeasurements, in particular around threshold, are much less a�ected by � topologiesand become more important for precise mass determinations in large tan � scenarios.3.3.2 Chargino propertiesCharginos are composed of Winos and Higgsinos. An easy way to access the Winocomponent is via t-channel ~�e exchange, which couples only to left-handed electrons.Thus the mixing parameters of the chargino system can be determined by varying thebeam polarisation. Such studies have been presented in detail by [11, 12]. The charginomass matrix in the ( ~W�; ~H�) basisMC = � M2 p2mW cos �p2mW sin� � � (3.3.3)depends on the parameters M2, � and tan �. Two mixing angles �L and �R are neededto diagonalise the mass matrix. If the collider energy is su�cient to produce all charginostates of reaction (3.3.1) the underlying SUSY parameters can be extracted in a modelindependent way from the masses and production cross sections [11].
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3.3 Charginos and Neutralinos III-67tan � is large, this parameter is di�cult to extract, only a signi�cant lower bound canbe derived. In this case the ~� sector provides a higher sensitivity, see section 3.2.input RR1 �t value input RR2 �t valueM2 152 GeV 152 � 1:8 GeV 150 GeV 150 � 1:2 GeV� 316 GeV 316 � 0:9 GeV 263 GeV 263 � 0:7 GeVtan � 3 3� 0:7 30 > 20M1 78.7 GeV 78:7 � 0:7 GeV 78.0 GeV 78:0 � 0:4 GeVTable 3.3.1: Estimated accuracy for the parametersM2, � and tan� from chargino massesand andM1 from neutralino production for mSUGRA scenarios RR1 and RR2 (statisticalerrors based on L = 500 fb�1 per e� polarisation).The analysis of the chargino system depends via the cross sections �L on the massof the exchanged sneutrino which may not be directly accessible, e.g. if m~�e > ps=2.The sensitivity to the sneutrino mass can be considerably enhanced by a proper choiceof polarisations and by making use of spin correlations between production and decayin the reaction e+e� ! ~�+1 ~��1 and ~��1 ! e� ��e ~�01 [12]. From the cross section � � Be andthe forward-backward asymmetry AFB of the decay electrons, shown in Fig. 3.3.4, onecan determine sneutrino masses up to 1 TeV with a precision of � 10 GeV.For �nal precision measurements the inclusion of electroweak radiative correctionswill be important, as they have been calculated for example in [13].
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III-68 3 Supersymmetry3.3.3 Neutralino propertiesIn a similar way the properties of the neutralino system, which is a mixture of Bino,Wino and two Higgsino �elds, have been investigated. In a general MSSM model theneutralino sector depends in addition to M2, � and tan� on the gaugino parameterM1. Very useful analysis tools are angular distributions of leptons in the reactione+e� ! ~�02~�01 ! `+`� ~�01 ~�01 exploiting spin correlations [14]. Figure 3.3.5 shows thesensitivity of the production cross section and the forward-backward asymmetry of thedecay electron to the parameter M1. Again the importance of e� beam polarisationsto determine the neutralino mixing parameters is clearly borne out.
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Figure 3.3.5: Dependence of e+e� ! ~�02 ~�01 with ~�02 ! e+e� ~�01 at ps = m~�01+m~�02+30GeVon the gaugino parameter M1, scenario RR1. a) Cross sections and b) forward{backwardasymmetry AFB of the decay electron for various polarisations (jP�j = 0:8; jP+j = 0:6).A richer neutralino spectrum with quite di�erent properties is expected if super-symmetry is extended by an additional Higgs super�eld, like in the NMSSM or E6inspired models. With the high luminosity available at Tesla neutralinos with a dom-inant singlino component can be easily detected and studied over large regions in theparameter space [15]. A characteristic feature of these scenarios is that in certain pa-rameter regions the second lightest supersymmetric particle may have a long life timeleading to displaced vertices. Polarisation of both beams is important to enhance theproduction cross sections and to determine the underlying SUSY model [4].Quite generally, the parameters M1, M2 and � can be complex, which also leadsto CP violation. It is, however, possible to take M2 real, so that only two phasesremain, � = j�j ei �� and M1 = jM1j ei �M1 . A method to extract cos �� from charginoproduction is described in [11] giving � cos�� = �0:1. A rather simple algebraicalgorithm has been proposed by [16] to determine �, M1, M2, ��, �M1 for given tan �in terms of the masses of both charginos and two neutralinos and one of the charginomixing angles as physical input. The remaining twofold ambiguity in jM1j and �M1can be resolved by a measurement of the e+e� ! ~�01~�02 production cross section.



3.4 Stop Particles III-693.4 Stop ParticlesSupersymmetry requires the existence of scalar partners ~fL and ~fR to each fermionf . In case of the scalar partners of the top quark one expects a large mixing between~tL and ~tR due to the large top quark mass thus making the lighter mass eigenstate~t1 presumably lighter than the squark states of the �rst two generations. In e+e�collisions stops can be pair produced by 
=Z exchangee+e� ! ~ti~tj [i; j = 1; 2] : (3.4.1)The cross sections have a very characteristic dependence on the stop mixing angle �~t,where ~t1 = ~tL cos �~t + ~tR sin �~t and ~t2 = ~tR cos �~t � ~tL sin �~t.
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~t1 �~t1 ~t2 �~t2~t1 �~t2 + c:c: Figure 3.4.1: Energy dependence of~ti~tj production cross sections with un-polarised beams for m~t1 = 180GeV,m~t2 = 420GeV, cos �~t = 0:66.The phenomenology of stop production and decay at a linear collider has beendiscussed in detail in [17]. Figure 3.4.1 shows the energy dependence of the ~ti~tj pairproduction cross sections. Initial state radiation, supersymmetric QCD [18, 19] andYukawa coupling corrections [20] are included.Figure 3.4.2 a shows the contour lines of the cross section �(e+e� ! ~t1�~t1) as afunction of the e� and e+ beam polarisation. The cross section can be signi�cantlyincreased by choosing the maximally possible e� and e+ polarisation. Using polarisedbeams one can also measure the left{right polarisation asymmetryALR � �L � �R�L + �R (3.4.2)where �L = � (�P�; P+) and �R = � (P�; �P+). This observable is very sensitive tothe stop mixing cos �~t , as shown in Fig. 3.4.2 b.3.4.1 Parameter determinationOwing to the large luminosity and the availability of polarised beams, it is possibleto determine the mass and the mixing angle of the stop very precisely. One methodconsists of measuring production cross sections �R and �L of di�erent polarisations.
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III-72 3 Supersymmetry3.5 The Minimal Supergravity (mSUGRA) ModelIn supergravity supersymmetry is broken in a `hidden' sector and the breaking is trans-mitted to the `visible' sector by gravitational interactions. In the more speci�c minimalsupergravity (mSUGRA) model all scalar particles (sfermions and Higgs bosons) havea common mass m0 at the uni�cation point MGUT � 1016 GeV. The gaugino massesM1; M2; M3 (corresponding to U(1); SU(2) and SU(3), respectively) unify to a com-mon gaugino massm1=2 and all trilinear coupling paramtersAijk have the same valueA0at MGUT. One also has uni�cation of the electroweak and strong coupling parameters�i (i = 1; 2; 3). A further reduction of the parameters is given by invoking `radiativeelectroweak symmetry breaking'. As a consequence, one has only the following inputparameters: m0; m1=2; A0; tan�; sign�. The whole SUSY particle spectrum can thenbe calculated by making use of renormalization group equations.In mSUGRA it turns out quite generally that j�j > M2, so that m ~�02 ' m ~�+1 '2m ~�01 � M2. Both ~�01 and ~�02 are gaugino{like, ~�01 is almost a pure B{ino and ~�02is almost a pure W 3{ino. The slepton masses of the �rst and second generation aregiven by: m2~̀R = m20 + 0:15m21=2 � sin2 �WM2Z cos 2�, m2~̀L = m20 + 0:52m21=2 � (12 �sin2 �W )M2Z cos 2�, and m2~�` = m20 + 0:52m21=2 + 12M2Z cos 2�. Analogous equations holdfor squarks. It is also noteworthy that in mSUGRA the lightest neutralino ~�01 is mostnaturally a good dark matter candidate if m ~�01; m~̀R � 200 GeV [27].The precise mass measurements of sleptons, neutralinos and charginos described insections 3.2 and 3.3 (see Table 3.2.1) constitute an over{constrained set of observableswhich allow to determine the structure and parameters of the underlying SUSY the-ory [5]. A widely employed strategy, for example at the LHC, is to assume a SUSYbreaking scenario and then �t to the corresponding low{energy particle spectrum in-cluding experimental uncertainties. Applying such a model dependent top{down ap-proach to scenario RR1, one expects accuracies on the mSUGRA parameters as givenin Table 3.5.1. parameter input RR1 errorm0 100 GeV 0.09 GeVm1=2 200 GeV 0.10 GeVA0 0 GeV 6.3 GeVtan � 3 0.02sign(�) + no �tTable 3.5.1: Estimated accuracy on the mSUGRA parameters.The common scalar and gaugino masses m0 and m1=2 can be determined to betterthan one per mil, tan� to better than a percent, and there is even some sensitivity tothe trilinear coupling A0 (coming from the higher mass sparticles). The magnitude of� is obtained implicitly by the requirement of electroweak symmetry breaking.



3.6 Gauge{Mediated SUSY Breaking (GMSB) III-73While this method is a useful illustration of the SUSY measurement potential, thescenario assumptions are e�ectively constraints in the �t. This is particularly dangerousfor models with pseudo-�xed point structures, where the low energy predictions will bequite similar for a large range of fundamental parameters. Also, new intermediate scalesbelow the GUT scale will not be immediately apparent in a top{down approach. Theadvantages of Tesla to perform a model independent analysis of SUSY parameterswill be discussed in section 3.10.3.6 Gauge{Mediated SUSY Breaking (GMSB)In supergravity models the typical fundamental scale of SUSY breaking isO(1011 GeV).An alternative possibility is that supersymmetry breaking occurs at lower energies withgauge interactions serving as the messengers, referred to as `gauge mediated supersym-metry breaking' (GMSB) [28]. It avoids some potential problems of SUGRA, e.g.
avour changing neutral currents and CP violation. GMSB models are also very pre-dictive as the MSSM spectrum depends on just a few parameters:Mmess; Nmess; �; tan �; sign�; (3.6.1)where Mmess is the messenger scale and Nmess is the messenger index parameterisingthe structure of the messenger sector. � is the universal soft SUSY breaking scale feltby the low energy sector.The MSSM parameters and the sparticle spectrum (at the weak scale) are deter-mined from renormalisation group equation evolution starting from boundary con-ditions at the messenger scale Mmess. The gaugino masses at Mmess are given byMi = Nmess� g(�=Mmess) (�i=4�); and the squark/slepton masses by m2~f = 2Nmess�2f(�=Mmess) Pi (�i=4�)2 Ci, where g and f are one{ and two{loop functions and Ci areknown constants. If M2 = 100�300 GeV at the electroweak scale, then 10 TeV <� � <�120 TeV. As an illustration a GMSB sparticle mass spectrum is shown in Fig. 3.0.1.The charginos, neutralinos and sleptons are much lighter than the gluino and squarks.A very interesting feature of GMSB is that the lightest supersymmetric particle isthe gravitino m3=2 � m ~G = Fp3M 0P '  pF100 TeV!22:37 eV ; (3.6.2)where M 0P = 2:4 � 1018 GeV is the reduced Planck mass and pF is the fundamentalscale of SUSY breaking with a typical value of 100 TeV. Therefore, the phenomenologyis strongly determined by the next-to-lightest SUSY particle (NLSP), which decaysinto the gravitino ~G. The NLSP can be the neutralino, which decays dominantly via~�01 ! 
 ~G; f �f ~G. The lifetime is given byc �NLSP ' 1100B  pF100 TeV!4 � mNLSP100 GeV��5 cm ; (3.6.3)



III-74 3 Supersymmetrywhere B is of order unity depending on the nature of the NLSP. Assuming m ~G < 1 keVas favoured by cosmology, typical decay lengths range from micro-meters to tens ofmeters. Figure 3.6.1 shows the neutralino NLSP lifetime as a function of the messengerscale and m~�0i for various sets of GMSB parameters [29].
Figure 3.6.1: Neutralino NLSP lifetime as afunction of a) the messenger scale Mmess andb) the NLSP mass m~�01 . Each dot representsa di�erent choice of GMSB model parameters.
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Figure 3.6.2: Event rate for displacedphoton signatures from e+e� ! ~�01 ~�01X,~�01 ! 
 ~G as a function of the NLSP mass atps = 500GeV, L = 100 fb�1.A detailed simulation of inclusive ~�01 production and decays ~�01 ! 
 ~G; f �f ~G ispresented in [29]. The proposed Tesla detector is capable of identifying neutralinodecays and measuring its mass to within a few per mil from the endpoints of the E
spectrum. The event rate for displaced photons, not pointing to the interaction vertex,can be large even for NLSP masses close to the production limit, see Fig. 3.6.2. Vari-ous techniques, such as tracking, pointing calorimetry and statistical photon countingmethods, provide accurate measurements of the decay length c� over a large range of30�m� 40 m to better than 10%. Such data would allow one to extract the scale pFwith an accuracy of � 5%. Together with a knowledge of the SUSY particle spec-trum, a determination of the other fundamental GMSB parameters is feasible withhigh precision: at the level of per mil for � and Nmess and per cent for tan � and Mmess.Other scenarios with a slepton as NLSP have also been studied [29], e.g. ~�1 decayingto ~�1 ! � ~G, producing long-lived, heavy particles or � pairs, possibly coming fromsecondary decay vertices.



3.7 Anomaly{Mediated SUSY Breaking (AMSB) III-753.7 Anomaly{Mediated SUSY Breaking (AMSB)SUSY breaking may not be directly communicated from the hidden to the visible sector.This is the case in the so-called anomaly mediated SUSY breaking models (AMSB),where gauginos masses are generated at one loop and scalar masses at two loops asa consequence of the 'super{Weyl (superconformal) anomaly' [30, 31]. The gauginomasses are no more universal, but are given byMi = �igi m3=2 ; (3.7.1)where �i are the one{loop beta functions. In the simplest form, however, the squaredmasses of the sleptons turn out to be negative (tachyonic). To avoid this, it su�cesphenomenologically to introduce a universal scalar mass m20 at the GUT scale. Theparameters of the model are then m0, m3=2, tan� and sign �. An example of an AMSBmass spectrum is shown in Fig. 3.0.1.The most characteristic feature is the relation M1 � 3M2 in contrast to SUGRAscenarios, where M1 ' 0:5M2. Therefore, in the AMSB framework the wino is thelightest supersymmetric particle. Furthermore, one has near degeneracy of the lighterchargino ~��1 and the wino{like neutralino ~�01 masses, which has important phenomeno-logical implications. Another property of the mass spectrum is the near degeneracy ofsleptons ~̀R and ~̀L, which can be tested at Tesla very precisely.
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 + =Mextends up to chargino massesof � 200GeV.Search strategies for e+e� ! ~�+1 ~��1 (
) production with almost degenerate charginoand neutralino masses are discussed in [32]. The most critical ingredients are the life-time and the decay modes of ~��1 , which depend almost entirely on the small mass



III-76 3 Supersymmetrydi�erence �m~�1 � m~��1 �m~�01. (i) For �m~�1 < m� the chargino may exit the detec-tor as heavily ionising stable particle, or decay to a soft, but visible e or � yielding asecondary vertex. (ii) If m� < �m~�1 < 0:2 GeV the ~��1 may decay inside the trackingsystem to a soft ��, which need not be visible. The signature is a terminating track.(iii) For 0:2 GeV < �m~�1 <� 2 � 3 GeV the decay pion(s) will be detected, possiblyassociated to a secondary vertex. The large background from 

 ! �� may be sup-pressed by requiring an additional tagged photon. If the pions have too low an energyto be detected, then one relies on a single photon 
+=M signature from e+e� ! 
 ~�+1 ~��1production, which, however, has a large 
��� background. (iv) Once �m~�1 >� 2�3 GeV,the ~��1 decay products have su�cient energy to be detected and resemble the usualMSSM topologies.The AMSB discovery potential is shown in Fig. 3.7.1 as a function of �m~�1 andm ~�+1 for ps = 600 GeV. With L = 50 fb�1 a large �m~�1 region can be covered al-most to the kinematic limit. The discovery regions increase only slightly with higherluminosity, except for the 
+ =M channel, which would be extended beyond � 200 GeVaccesible with low luminosity. Since �m~�1 = 0:2 � 2 GeV is typical of models withloop-dominated gaugino masses, the tagged 
 signals are very important.3.8 Supersymmetry with R{Parity ViolationSo far it has been assumed that the multiplicative quantum number R{parity is con-served. Under this symmetry all standard model particles have Rp = +1 and theirsuperpartners Rp = �1. As a consequence, SUSY particles are only produced in pairswith the lightest of them (LSP) being stable, giving rise to missing energy in an ex-periment. In the MSSM, this is the neutralino ~�01.R{parity conservation has, however, no strong theoretical justi�cation. The super-potential admits explicit R{parity violating (=Rp) terms such as [33]W=Rp = Xi;j;k �12�ijkLiLj �Ek + �0ijkLiQj �Dk + 12�00ijk �Ui �Dj �Dk� ; (3.8.1)where L;Q are the left{handed lepton and squark super�eld and �E; �D; �U are the cor-responding right{handed �elds. If both lepton{number violating (�ijk and �0ijk) andbaryon{number violating (�00ijk) couplings were present, they would give rise to fastproton decay. This is avoided by assuming at most one coupling to be �nite.R{parity violation changes the SUSY phenomenology drastically. The lightest su-persymmetric particle decays, so the typical missing energy signature in the Rp con-serving MSSM is replaced by multi-lepton and/or multi-jet �nal states.3.8.1 Single SUSY particle productionIf R{parity is violated, then single SUSY particle production is possible, for instancee+e� ! ~� ! `�̀; � ~�0; `� ~��, which extends the accessible mass reach considerably.



3.8 Supersymmetry with R{Parity Violation III-77For sneutrino masses m~� < ps one expects spectacular resonances [34, 35]. Since theexchanged sneutrino carries spin 0, the =Rp signal can be further enhanced by polarisingboth the incoming electron and positron beams with the same helicities and therebyreducing any background mediated through 
=Z exchange substantially [4].If both production and decay occur via �1j1 couplings, Bhabha scattering e+e� !e+e� is particular sensitive to the interference with heavy sneutrino exchange dia-grams [35]. This is illustrated in Fig. 3.8.1 in case of s{channel resonance production.Masses beyond the center of mass energy are accessible via contact interactions. Thee�ects scale as (�=m~�)2 and one is sensitive to masses of m~� ' 1:8 TeV for a couplingof � = 0:1 at the highest Tesla energy.
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ips helicity, ~��1 production occursthrough e�Le+L ! ~��1 �+ and ~�+1 production through e�Re+R ! ~�+1 ��. Figure 3.8.2 showsthe distribution of the highest muon transverse momentum. Single chargino productioncan be easily separated from the background and the pronounced peak in Pt(�) canbe used to reconstruct the ~��1 mass. With L = 500 fb�1 at ps = 500 GeV, valuesof the =Rp coupling �121 much smaller than present low{energy bounds can be probedfor 150 GeV � m~� � 600 GeV. The sensitivity strongly increases when approaching aresonance, e.g. m~� = ps0 via ISR radiation, where �121 � 10�4 can be reached.



III-78 3 SupersymmetryOther =Rp couplings are accessible via the LSP decays. A simulation of e+e� ! ~�01~�01production with hadronic ~�01 decays via �00233 coupling, which lead to 6 jets including2 b{quark jets, is presented in [37]. Exploiting the overconstrained kinematics of the�nal state, the SM and SUSY background can be e�ciently reduced and the neutralino~�01 can be reconstructed with a mass resolution of � 15% for m~�01 = 90 � 140 GeV.A classi�cation of Rp violating signals in e+e� ! ~�+1 ~��1 ; ~�0i ~�0j production, wherethe LSP decays via �ijk or �0ijk couplings, is performed in [38]. The =Rp signature is anexcess of events with at least three leptons plus missing energy or jets, which shouldbe easily recognisable over the Rp conserving MSSM and SM expectation.3.8.2 Bilinear violation of R{parityA particularly simple form of R{parity breaking is realised by additional bilinear cou-plings in the superpotential [39] W 0=Rp = �i LiH2 ; (3.8.2)where Li and H2 are the lepton and Higgs super�elds. The electroweak symmetryis broken when the two Higgs doublets H1 and H2 and the neutral components ofthe slepton doublets Li acquire vacuum expectation values. The model breaks leptonnumber and generates non{zero Majorana neutrino masses, thus providing an elegantmechanism for the origin of neutrino masses. At tree{level only one of the neutrinos getsa mass by mixing with neutralinos, leaving the other two neutrinos massless. While thiscan explain the atmospheric neutrino problem, to reconcile it with the solar neutrinodata requires going beyond the tree{level approximation. A full one{loop calculationof the neutralino{neutrino mass matrix consistent with solar and atmospheric neutrinodata was performed in [40].An interesting feature of this model is, that the semileptonic branching ratios of theneutralino decays ~�01 ! �qq0 and ~�01 ! �qq0 can be related to the atmospheric neutrinomixing sin2(2 �atm), shown in Fig. 3.8.3 for a variety of =Rp model parameters. Note thatin this class of theories neutrino mixing angles can be probed at accelerators.Another property of this model is that the light stop decays may indicate R{parityviolation [41]. The =Rp decay ~t1 ! b� can be as important as the Rp conserving three-body decays ~t1 ! bW ~�01; be+~�e; b~e+�e and the loop-decay ~t1 ! c~�01;2. The main reasonis that for �3 6= 0 the chargino mixes with the � lepton. The corresponding mass regionis m~t1 � 250 GeV, where it might be di�cult to detect the stop at the LHC.3.9 e�e�, e�
 and 

 OptionsAdditional information on the supersymmetry particle spectrum may be obtained whenoperating Tesla in the e�e�, e�
 and 

 modes, each with highly polarised beams.Supersymmetry in e�e� collisions is limited to selectron pair production e�e� !~e�~e� via neutralino exchange. The main interest lies in mass determinations throughthreshold scans. Selectrons associated to the same helicity, e�e� ! ~e�R~e�R and e�e� !
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Figure 3.8.3: The branching ratiosBr(~�01 ! �qq0)/Br(~�01 ! �qq0) as afunction of the atmospheric neutrinomixing sin2(2 �atm) for various bilinear=Rp models.~e�L~e�L , are produced with angular momentum J = 0 leading to a � dependence of thecross section [42], in contrast to the less steep �3 behaviour in e+e� collisions. Thisapparent advantage, however, is depleted by initial state radiation and beamstrahlunge�ects, which severely degrade the shape (
attening of the steep rise) and magnitudeof the excitation curve at threshold [43]. Given the considerably lower luminosity, itis questionable whether on gets competitive or even more precise mass measurementsin comparable running times. An interesting possibility is to search for mixing inthe slepton sector (analogous to neutrino mixing) via lepton number violating decays~e! � ~�0, where electron collisions provide a very clean environment.Higher selectron masses beyond the e+e� kinematic limit can be probed by associ-ated production of e�
 ! ~e� ~�01 ! e� ~�01 ~�01. Further, this process o�ers an interestingpossibility to access the gaugino mass parameter M1 [44]. Using highly polarised elec-tron and photon beams the cross sections are large and any ambiguities are easilyresolved by measuring polarisation asymmetries. With moderate luminosities, the pa-rameter M1 can be determined within a per cent or better depending on the MSSMscenario. Such measurements combined with those from the chargino sector, see Ta-ble 3.3.1, allow a stringent test of the GUT relation M1=M2 = 53 tan2 �W .In photon collisions the production of charged sfermions, sleptons or squarks, 

 !~̀+ ~̀�; ~q�~q [45] and charginos 

 ! ~�+ ~�� [46] are pure QED processes and dependessentially on the sparticle masses and charges (interesting for squarks). Therefore,in contrast to e+e� annihilation, the decay mechanisms can be separated from theproduction, which simpli�es an analysis of the relevant SUSY parameters. In generalthe polarised cross sections are larger than in e+e� annihilation up to the kinematiclimit, thus allowing to study more subtle e�ects. Another interesting possibility isresonant stoponium production [47]. The cross section for 

 ! S collisions with totalhelicity 0 may be quite large and the dominant decay modes to gluons or Higgs pairseasily detectable. Such a resonance would be observable in e+e� annihilation at anappreciably lower rate only if the decay to Higgs bosons is dominant.



III-80 3 Supersymmetry3.10 Extrapolation of SUSY Parameters to HighEnergy ScalesIn most studies of SUSY models assumptions are made at a high energy scale. In theminimal supergravity model with the input parameters m0, m1=2, tan �, A0, sign� atthe GUT scale MU ' 2 � 1016 GeV, all gauge couplings �1;2;3, all gaugino masses M1;2;3and all scalar masses unify at MU . In the GMSB model one starts from boundary con-ditions at the messenger scale Mmess for the gaugino and scalar masses. The evolutionof the parameters down to the electroweak scale is described by the renormalisationgroup equations.In order to test these assumptions and models one can also start from the par-ticle spectrum measured at lower energies and extrapolate the corresponding SUSYparameters by RGE to higher energies. Such a `bottom{up' approach is presentedin [48]. They analyse in detail the mSUGRA point m0 = 200 GeV, m1=2 = 190 GeVA0 = 550 GeV, tan � = 30 and sign� < 0, which determines the particle spectrum atlow energy. From �ts to the mass spectrum and cross sections, as given by simula-tions of Tesla [5] and LHC [49, 50] experiments, one extracts the SUSY parametersincluding their correlated errors. Typical mass errors are given in Table 3.10.1.particle m [GeV] �m [GeV]LHC LHC+LCh0 109 0.2 0.05A0 259 3 1.5�+1 133 3 0.11�01 72.6 3 0.15~�e 233 3 0.1~e1 217 3 0.15~�� 214 3 0.8~�1 154 3 0.7~u1 466 10 3~t1 377 10 3~g 470 10 10Table 3.10.1: Representative masses and experimental errors used in mSUGRA �ts to themass spectra.The extrapolation of the corresponding SUSY parameters from the weak scale tothe GUT scale within the mSUGRA scenario are shown in Fig. 3.10.1. It can be seenthat the gaugino mass parametersM1;2;3 and the slepton mass parametersML1;ME1 forthe �rst and second generation are in excellent agreement with uni�cation, due to the



3.11 Comparison of TESLA with LHC III-81
Figure 3.10.1: Evolution of gaugino and sfermion mass parameters in mSUGRA for m0 =200GeV, m1=2 = 190GeV, A0 = 500GeV, tan� = 30 and sign� < 0. The bands indicate95% CL contours.precise measurements in the slepton and chargino/neutralino sectors. Using only LHCinformation would give uncertainties on the uni�cation scale worse by more than anorder of magnitude. The squark parameters MQ1 ;MU1;MD1 and the Higgs parameterMH2 , being less well known, still allow to test uni�cation.To confront the mSUGRA scenario with an alternative one, the analysis was alsodone for the GMSB model with the parameters Mmess = 2 � 105 TeV, � = 28 TeV,N5 = 3, tan � = 30 and sign � < 0. The results are shown in Fig. 3.10.2. Note that MH2approaches the parameter for ML1 at the GMSB scale around 108 GeV as both belongto weak isodoublet �elds which do not have strong interaction. As one can see onegets a very di�erent picture at high energy scales compared to the mSUGRA model,and obviously both scenarios cannot be confused. Moreover, from both Fig. 3.10.1and Fig. 3.10.2 one can see that precision data are essential for stable extrapolationsto high energy scales.3.11 Comparison of TESLA with LHCIf supersymmetry is realized at low energies, it will be discovered at the LHC. In par-ticular, squarks and gluinos { if they exist { will be produced abundantly becauseof their strong interaction. It will be possible to discover gluinos and squarks up toa mass of 2.5 TeV by a variety of distinctive signatures (multiple jets, multi-leptons,etc. + missing energy) [49, 50]. However, at LHC all kinematically accessible SUSYparticles (charginos, neutralinos, sleptons) are produced simultaneously either directlyor in cascade decays of gluinos and squarks. It is extremely di�cult and often impos-sible to separate the many SUSY processes which can occur. A model independentexperimental analysis, aiming at a measurement of the masses and other properties of



III-82 3 SupersymmetryFigure 3.10.2: Evolution of sfermionmass parameters in a GMSB model forMmess = 2 � 105TeV, � = 28TeV,Nmess = 3, tan � = 30 and sign� < 0.The bands indicate 95% CL contours.the particles, is essentially precluded. In most cases, one has to invoke model assump-tions and to compare the predictions with the experimental distributions. By selectingdecay chains, e.g. ~g ! q~q ! qq ~�02 ! qq`+`��01, it is possible to construct enoughkinematic constraints to determine the masses of the primary and daughter particles.Such studies have been performed in a variety of SUSY scenarios [49, 50], covering alarge range of model parameters.Concerning the mass reach, LHC has of course a larger discovery potential foralmost all SUSY particles than Tesla due to the high centre of mass energy andwill be able to determine particle masses in given scenarios with an accuracy of a fewpercent. Other sparticle properties, however, remain almost inaccessible.Tesla, on the other hand, o�ers far superior measurements of the SUSY particlespectrum wihin its energy range, speci�cally:� a precise determination of particle masses:�m~��;0 = 0.1 { 1 GeV, �m~̀;~� = 0.05 { 0.3 GeV,�m~�;~�� = 0.6 GeV, �m~t;~b = 1 GeV.The high accuracy of masses allows the extrapolation to very high energies (GUTscale) revealing the origin of SUSY breaking.� precise measurement of the widths and branching ratios� precise determination of the couplings� determination of the mixing parameters in the chargino/neutralino sectors� measurement of the mixing angles in the ~t and ~� sectors� determination of tan � in the ~� sector if tan � > 10� determination of the spin and the quantum numbers� model independent determination of SUSY parameters



3.11 Comparison of TESLA with LHC III-83� measurement of CP violating phasesIt should be emphasised that for all these precision measurements the use of po-larised beams is important. Polarised e+ in addition to polarised e� are especially usefulfor the separation of ~eL and ~eR in ~e~e production, and in R{parity violating analyses.Only via the precision measurements which are possible at Tesla can the under-lying SUSY model be revealed and its parameters determined. The input of �ndingsfrom the LHC will of course be valuable for experimentation at Tesla. It is worthpointing out that precise measurements from Tesla, particularly of the masses of theLSP and sleptons, would greatly improve the quality of the information which LHCcan derive from multiple decay chains.To summarise, from these comparisons it is obvious that the LHC and Linear Col-lider programmes complement each other. The LHC may discover supersymmetry andconstrain its gross features. However, only high precision measurements at the TeslaLinear Collider will be able to pin down the detailed structure of the underlying super-symmetry theory.



III-84 BibliographyBibliography[1] For Reviews see: H.P. Nilles. Phys. Rept., 110:1, 1984;H.E. Haber and G.L. Kane. Phys. Rept., 117:75, 1985.[2] See e.g. DESY Series of e+e� Linear Collider Workshops: DESY 92{123A,DESY 92{123B, DESY 93{123C, DESY 96{123D, DESY 97{123E;E. Accomando et al. Phys. Rep., 299:1, 1998.[3] 2nd Joint ECFA/DESY Study on `Physics and Detectors for a LinearElectron{Positron Collider',http://www.desy.de/conferences/ecfa-desy-lc98.html;SUSY working group: http://wwwhephy.oeaw.ac.at/susy/lcws.html.[4] G. Moortgat-Pick and H. Steiner. Beam Polarization at a Linear Collider: Whatdo we gain with Positron Polarization. LC{TH{2000{055 , 2000.http://www.desy.de/~lcnotes/.electronic document.[5] H.-U. Martyn and G.A. Blair. In Proceedings of `Physics and Experiments withFuture Linear e+e� Colliders', Sitges, Spain, 1999, ISBN 84-490-1977-X;H.-U. Martyn and G.A. Blair. Determination of Sparticle Masses and SUSYParameters. LC{TH{2000{023, 1999. http://www.desy.de/~lcnotes/.electronic document.[6] H.-U. Martyn. In 'Physics at TeV Colliders', Les Houches, France, 1999;H.-U. Martyn. Width E�ects in Slepton Production e+e� ! ~�+R~��R.LC{TH{2000{024, 1999. http://www.desy.de/~lcnotes/.electronic document,hep-ph/0002290.[7] J. Feng and D. Finnell. Phys. Rev., D49:2369{2381, 1994.electronic document,hep-ph/9310211.[8] A. Freitas, D. Miller, and P. Zerwas. Finite Width E�ects and Gauge Invariancein Slepton Pair Production. LC{TH{2001{011 , 2000.http://www.desy.de/~lcnotes/.electronic document.[9] M. Nojiri, K. Fujii, and T. Tsukamoto. Phys. Rev., D54:6756{6776, 1996.electronic document, hep-ph/9606370.[10] T. Kamon. Proceedings of the 5th Int. Workshop on Physics and Experimentswith Future Linear e+e� Colliders (LCWS 2000), Fermilab, Illinois, USA, 2000,to be published. see also http://conferences.fnal.gov/lcws2000.[11] S. Choi, et al. Eur. Phys. J., C14:535{546, 2000.electronic document,hep-ph/0002033.[12] G. Moortgat-Pick, A. Bartl, H. Fraas, and W. Majerotto. Beam Polarization andSpin Correlation E�ects in Chargino Production and Decay. LC{TH{2000{033 ,1999. http://www.desy.de/~lcnotes/.electronic document, hep-ph/0004181.[13] T. Blank and W. Hollik. Radiative Corrections to Chargino Production in



III-85Electron Positron Collisions. LC{TH{2000{054 , 2000.http://www.desy.de/~lcnotes/.electronic document, hep-ph/0011092.[14] G. Moortgat-Pick, A. Bartl, H. Fraas, and W. Majerotto. Eur. Phys. J.,C(7):113, 1999;electronic documentG. Moortgat-Pick, A. Bartl, H. Fraas, and W. Majerotto. Exploiting SpinCorrelations in Neutralino Production and Decay with Polarized e- e+ Beams.LC{TH{2000{032, hep-ph/0002253. http://www.desy.de/~lcnotes/.electronic document.[15] S. Hesselbach, F. Franke, and H. Fraas. Neutralino Production with PolarizedBeams in Extended Supersymmetric Models. LC{TH{2000{025,hep{ph/0003272; http://www.desy.de/~lcnoteselectronic documentS. Hesselbach, F. Franke, and H. Fraas. Phys. Lett., B492:140, 2000.electronic document.[16] J.L. Kneur and G. Moultaka. Phys. Rev., D59:015005, 1999;J.L. Kneur and G. Moultaka. Phys. Rev., D61:095003, 2000.[17] A. Bartl, H. Eberl, S. Kraml, W. Majerotto, and W. Porod. Phenomenology ofStops, Sbottoms, Tau Sneutrinos, and Staus at an e+e� Linear Collider.LC{TH{2000{031 , 2000. http://www.desy.de/~lcnotes/.electronic document,hep-ph/0002115.[18] M. Drees, K.I. Hikasa. Phys. Lett., B252:127, 1990;W. Beenakker, R. H�opker, and P.M. Zerwas. Phys. Lett., B349:463, 1995;electronic documentK.I. Hikasa and J. Hisano. Phys. Rev., D54:1908, 1996.electronic document.[19] H. Eberl, A. Bartl, and W. Majerotto. Nucl. Phys., B472:481{494, 1996.electronic document, hep-ph/9603206.[20] H. Eberl, S. Kraml, and W. Majerotto. JHEP , 05:016, 1999.electronic document,hep-ph/9903413.[21] R. Keranen, A. Sopczak, H. Nowak, and M. Berggren. EPJdirect, C(7):1, 2000.LC{PHSM{2000{026; http://www.desy.de/~lcnoteselectronic documentA. Sopczak and H. Nowak. Proceedings of the 5th Int. Workshop on Physics andExperiments with Future Linear e+e� Colliders (LCWS 2000), Fermilab, Illinois,USA, 2000, to be published.electronic document.[22] S. Abdullin et al. `Physics at TeV Colliders', Les Houches, France, 1999: TheSUSY Working Group Summary Report, 1999.electronic document,hep-ph/0005142.[23] S. Heinemeyer and G. Weiglein. Electroweak Precision Tests with GigaZ.LC{TH{2001{001 , 2000. http://www.desy.de/~lcnotes/.electronic document,hep-ph/0012364.[24] K. Hikasa and M. Kobayashi. Phys. Rev., D36:724, 1987.electronic document.



III-86 Bibliography[25] W. Porod and T. W�ohrmann. Phys. Rev., D(55):2907, 1997.electronic documentW. Porod. Phys. Rev., D(59):095009, 1999.electronic document.[26] C. Boehm, A. Djouadi, and Y. Mambrini. Phys. Rev., D61:095006, 2000;electronic documentA. Djouadi and Y. Mambrini. Higher{Order Decays of the Lightest Top Squark.LC{TH{2000{029, 2000. http://www.desy.de/~lcnoteselectronic document.[27] M. Drees. Dark matter and the SUSY Mass Scale. LC{TH{2001{013 , 2001.http://www.desy.de/~lcnotes/.electronic document, hep-ph/0101217.[28] M. Dine, A. Nelson, and Y. Shirman. Phys. Rev., D51:1362{1370, 1995.electronic document, hep-ph/9408384.[29] S. Ambrosanio and G. Blair. Eur. Phys. J., C12:287{321, 2000.LC{TH{1999{019. http://www.desy.de/~lcnoteselectronic document,hep-ph/9905403.[30] L. Randall and R. Sundrum. Nucl. Phys., B557:79{118, 1999.electronic document, hep-th/9810155.[31] G. Giudice, M. Luty, H. Murayama, and R. Rattazzi. JHEP , 12:27, 1998.electronic document, hep-ph/9810442.[32] J. Gunion and S. Mrenna. Probing Models with Near Degenracy of the Charginoand LSP at the Linear Collider. LC{TH{2001{012 , 2000.http://www.desy.de/~lcnotes/..[33] L. Hall and M.Suzuki. Nucl. Phys., B231:419, 1984.electronic document.[34] S. Lola. Resonant Single Chargino and Neutralino versus Fermion AntifermionProduction at the Linear Collider. LC{TH{1999{021 , 1998.http://www.desy.de/~lcnotes/.electronic document, hep-ph/9912217.[35] M. Heyssler, R. R�uckl, and H. Spiesberger. In Proceedings of `Physics andExperiments with Future Linear e+e� Colliders', Sitges, Spain, 1999, ISBN84-490-1977-X.electronic document, hep-ph/9908319.[36] G. Moreau. Single Chargino Production at Linear Colliders. LC{TH{2000{040 ,2000. http://www.desy.de/~lcnotes/.electronic document, hep-ph/0009140.[37] M. Besancon and G. Moreau. In Proceedings of `Physics and Experiments withFuture Linear e+e� Colliders', Sitges, Spain, 1999, ISBN 84-490-1977-X.electronic document, hep-ph/9909441.[38] D. Ghosh, R. Godbole, and S. Raychaudhuri. Signals for Charginos andNeutralinos in R{Parity Violating Supersymmetric Theory at a 500 GeV e+e�Collider. LC{TH{2000{051 , 2000. http://www.desy.de/~lcnotes/.electronic document.[39] M. D��az, J. Rom~ao, and J. Valle. Nucl. Phys., B524:23{40, 1998.electronic document, hep-ph/9706315.



III-87[40] M. Hirsch, M.A. D��az, W. Porod, J.C. Rom~ao, and J.W.F. Valle. Phys. Rev.D62:113008, 2000;electronic documentM. Hirsch, M.A. D��az, W. Porod, J.C. Rom~ao, and J.W.F. Valle. Phys. Rev.D61:071703, 2000.electronic document.[41] W. Porod, D. Restrepo, and J. Valle. Light Stop: MSSM Versus R-ParityViolation. LC{TH{2000{005 , 2000. http://www.desy.de/~lcnotes/.electronic document, hep-ph/0001033.[42] J. Feng. Int. J. Mod. Phys., A13:2319{2328, 1998.electronic document,hep-ph/9803319.[43] C. Heusch. Talk at LCWS 2000, FNAL, October 2000.[44] C. Blochinger and H. Fraas. Possible Test of the GUT Relation between M1 andM2 in Electron Photon Scattering. LC{TH{2000{017 , 2000.http://www.desy.de/~lcnotes/.electronic document, hep-ph/0001034.[45] S. Berge, M. Klasen, and Y. Umeda. Phys. Rev., D63:35003, 2001.electronic document, hep-ph/0008081.[46] T. Mayer and H. Fraas. Chargino Production and Decay in Photon PhotonCollisions, 2000.electronic document, hep-ph/0009048.[47] D. Gorbunov, V. Ilyin, and V. Telnov. TESLA: Potentials of Gamma Gammaand e+ e- Options in Stoponium Searches, 2000.electronic document,hep-ph/0012175.[48] G. Blair, W. Porod, and P. Zerwas. Phys. Rev., D63:17703, 2001.electronic document, hep-ph/0007107.[49] I. Hinchli�e et al. Phys. Rev., D55:5520, 1997;electronic documentATLAS: Detector and Physics Performance Technical Design Report, Volume 2.CERN/LHCC/99{15, ATLAS TDR 15.[50] S. Abdullin et al. Discovery Potential for Supersymmetry in CMS.CMS Note 1998/006 , 1998.electronic document, hep-ph/9806366.



III-88 Bibliography



III-894 Alternative Theories4.1 IntroductionMicroscopic physics is characterized in the standard formulation by two scales, theelectroweak scale of order 102 GeV at which the Standard Model is de�ned, and thePlanck scale of order 1019 GeV where particle physics and gravity are linked. Thelarge gap between the two scales can be stabilized by supersymmetry. This pictureof Nature is strongly supported by the successful prediction of the electroweak mixingangle; however, alternative scenarios are not ruled out.1.) Extending the Minkowski{Einstein Universe by extra space dimensions notnear the Planck scale but at semi-macroscopic scales may change the picture dramat-ically [Antoniadis; Arkani-Hamed, Dimopoulos, Dvali]. Gravity may become strongin extended space already at the TeV scale and the hierarchy problem, present inthe standard picture, is non-existent. Towers of Kaluza{Klein states are realized onthe compacti�ed extra dimensions which a�ect high-energy processes, giving rise tomissing-energy signals and new contact interactions, or novel resonances with massesin the TeV range.The large gap between the scales may also be generated by localizing gravity ona wall di�erent from the wall of the Standard Model in higher space-time dimensions[Randall-Sundrum]. The projection of gravity down to the SM wall is weak, the largePlanckian energy scale being reduced exponentially. Kaluza{Klein graviton resonancesshould be observed at the TeV scale in such a scenario.Even though all these ideas are highly hypothetical, they open new vistas, in par-ticular on the unsolved theoretical problems in gravity. Observation of e�ects in high-energy experiments as described above, would revolutionize the basic space-time pictureof the world.2.) So long as the Higgs mechanism is not established �rmly, rival theories forgenerating the masses of the fundamental particles in the Standard Model must beconsidered seriously. In the standard Standard Model the masses are generated byinteractions of the particles with the fundamental Higgs �eld, being of non-zero �eldstrength in the ground state as a result of spontaneous symmetry breaking. Alterna-tively, the symmetry breaking could be of dynamical origin as realized in theories ofnew strong interactions at the TeV scale [Susskind, Weinberg]. The masses of the gauge�elds are generated by absorption of Goldstone bosons associated with the breaking ofglobal symmetries.In such scenarios, the W bosons become strongly interacting particles at high en-ergies. This will a�ect the production of WW pairs in e+e� annihilation, and the



III-90 4 Alternative Theoriesamplitudes for WW scattering in the threshold region of the strong interactions can bepredicted. From both e�ects the scale of the new strong interactions can be determinedat a sub-TeV collider. New WW resonances will be observed in the (multi-)TeV massrange. Extending these ideas to fermions generates quite a number of serious di�-culties, in
icted by the necessary coexistence of disgruent large scales. They requirerather complex theoretical constructs in attempts to solve these problems.3.) Strong interactions between particles have signalled quite often in the past,hidden composite structures. Solving the problem of mass by new strong interactionsnaturally raises the question of non-pointlike structures of electroweak gauge bosons,leptons and quarks. Analyzing contact interactions in high-energy e+e� scatteringexperiments will probe or set bounds on the radii of these particles. The same com-positeness picture suggests leptoquarks as novel bound states.Experimentation at TESLA may thus open vistas to new physics areas, \unex-pected" in the standard form of non-standard physics.4.2 Extra DimensionsA novel approach which exploits the geometry of extra spatial dimensions has recentlybeen proposed [1, 2, 3, 4] as a means of addressing the gauge hierarchy (for a di�erentapproach to the link between electroweak symmetry breaking and gravity see Ref. [5]).These models make use of the fact that gravity has yet to be probed at energy scalesmuch above 10�3 eV in laboratory experiments. In the scenario of Arkani{Hamed,Dimopoulos and Dvali [1], the apparent hierarchy is generated by a large volume forthe extra dimensions, while in the Randall{Sundrum model [3], the observed hierarchyis created by an exponential warp factor which arises from the localization of gravity ina 5-dimensional non-factorizable geometry. Moreover, recent theoretical results havedemonstrated that non-commutative �eld theories naturally appear within the contextof string/M-theory [4]. An exciting feature of these three classes of theories is thatthey a�ord concrete and distinctive phenomenological, as well as astro-physical, tests.Furthermore, if they truly describe the source of the observed hierarchy, then theirsignatures should appear in experiments at the TeV scale. We now review these modelsand discuss their signatures at the TESLA collider.4.2.1 Gravity at large dimensionsIn the scenario of Ref. [1], gravitational interactions become strong near the weakscale and take place mainly in � new large spatial dimensions, known as the bulk.Since it is known experimentally that the Standard Model �elds do not feel the e�ectsof extra dimensions with a compacti�cation scale of less than a few TeV, they areconstrained to lie on a 3 + 1-dimensional brane, or wall, in the higher dimensionalspace. Gravity thus appears weak in ordinary 4-dimensional space-time as we onlyobserve its projection onto the wall. The relation between the scales where gravitybecomes strong in the 4 + � and 4-dimensional theories can be derived from Gauss's



4.2 Extra Dimensions III-91Law and is given by M2P l = V�M2+�D , where MD denotes the fundamental Planck scalein the higher dimensional space, and V� is the volume of the compacti�ed dimensions.Setting MD � 1 TeV thus determines the size of the extra dimensions for a given valueof �. The case of � = 1 is ruled out by astronomical data. Cavendish-type experimentshave excluded departures from the gravitational inverse square law for length scalesexceeding 190 �m [6]. For � = 2 this rules out MD < 1:6 TeV using the mass-scaleconvention of [7]. In addition, astro-physical and cosmological considerations [8], suchas the rate of supernova cooling and the 
-ray 
ux spectrum, disfavor a value of MDnear the TeV scale for � = 2.The Feynman rules for this scenario [7, 9] are obtained by considering a linearizedtheory of gravity in the bulk. Upon compacti�cation, the bulk gravitational �eldexpands into Kaluza-Klein (KK) towers of gravitons, which are equally spaced andhave masses of n=R where n labels the KK excitation level and R denotes the radius ofthe compacti�ed extra dimensions. Taking MD = 1 TeV, we see that the KK state masssplittings are equal to 5� 10�4 eV, 20 keV and 7 MeV for � = 2; 4 and 6, respectively.Note that due to the form of the action the spin-1 KK states do not interact withthe wall �elds, and that the scalar states are phenomenologically irrelevant for mostprocesses at the TESLA collider. Each state in the spin-2 KK tower, Gn, couplesidentically to the Standard Model wall �elds via the stress energy tensor and thestrength of the couplings is given by the inverse 4-d Planck scale, M�1P l .4.2.1.1 Graviton emissionThere are two classes of collider signatures for gravity at large dimensions, with the �rstwe discuss being that of graviton KK tower emission in scattering processes [7, 10]. Thesignal process at the TESLA collider is e+e� ! 
=Z +Gn, where the graviton appearsas missing energy in the detector as it behaves as if it were a massive, non-interacting,stable particle. The cross section is computed for the production of a single massivegraviton excitation, and then summed over the full tower of KK states. Since the masssplittings of the KK excitations are quite small compared to the collider center of massenergy, this sum can be replaced by an integral weighted by the density of KK statesand which is cut o� by the speci�c process kinematics. This has the e�ect of removingthe 4-d Planck scale suppression; the M�2P l factor which appears from the gravitoncouplings is exactly cancelled by the M2P l dependence of the phase space integration.The process now scales as simple powers of ps=MD. It is important to note that due tothe e�ective density of states, the emitted graviton appears to have a continuous massdistribution; this corresponds to the probability of emitting gravitons with di�erentmomenta in the extra dimensions. The di�erential cross-section of e+e� ! 
G isgiven [7] by d2�dx
 d cos � = �S��164MD2 �psMD�� f
G(x
; cos �) (4.2.1)



III-92 4 Alternative Theorieswhere x
 = E
=Ebeam, � is the number of extra dimensions and S��1 is the surface areaof a �-dimensional sphere of unit radius, withf
G(x; cos �) = 2(1 � x) �2�1x(1� cos2 �) �(2� x)2(1� x+ x2)� 3x2(1� x) cos2 � � x4 cos4 ��(4.2.2)The discovery reach of the TESLA collider for direct graviton production in e+e� !
G is estimated for an integrated luminosity of 1 ab�1 at ps = 800 GeV. Details ofthese studies are given in [11] and [12]. The signature is a relatively soft photon andmissing energy. The major background is e+e� ! ��
 and it is largely irreducible.The following kinematic acceptance cuts are imposed on the photon:� Within the acceptance of the electromagnetic calorimeter, sin �
 > 0:1.� pT > 0:06Ebeam in order to reject events with no genuine missing pT such ase+e� ! e+e�
 where electrons at polar angles below the mask calorimeter ac-ceptance of 27.5 mrad mimic missing pT .� x
 < 0:625 in order to reject the energetic photons from e+e� ! ��
 which arisefrom e+e� ! Z
.With these cuts, the accepted cross-sections including ISR and beamstrahlung frome+e� ! ��
 for 100% electron polarisation are �e�L e+ = 1:90 pb and �e�Re+ = 23 fb,evaluated using NUNUGPV [13]. The cross section for left-handed electrons is muchenhanced due to the dominance of W exchange contributions in this kinematic region.Other backgrounds have so far been neglected; they will be small but should not beignored, e.g. e+e� ! ����
. For the signal, as an example for MD = 5 TeV and � = 2,the unpolarised accepted Born cross-section without beamstrahlung is 12 fb.Given the near maximal polarisation asymmetry of the background, polarised beamsof appropriate helicity are extremely e�ective in suppressing the background and there-fore extending the reach of the TESLA collider in the quest for evidence of extra dimen-sions. Fig. 4.2.1 compares the signal cross-sections with the background cross-sectionsfor several polarisation assumptions. Numerical sensitivity estimates shown here arebased on a normalisation uncertainty of 0.3%. For completeness, the studies in [11, 12]have also considered normalisation uncertainties varying from 0.1% (optimistic) to 1.0%(conservative). Many sources of systematic error will have to be controlled at quitechallenging levels of precision: theoretical error on background cross-section, absoluteluminosity, selection e�ciency, energy scale and polarisation. However the availabilityof large control data-sets such as Z ! e+e� and e+e� ! 

 should allow detectorrelated systematics to be kept under su�cient control.The inclusive cross-section measurement is used to estimate the sensitivity. A mod-est improvement is expected if information on the energy and polar angle distributionsis also included. The sensitivity estimates are shown in Table 4.2.1 for numbers ofextra dimensions ranging from 2 to 6. By polarising both beams to a high degree, theTESLA collider potential for exploring this physics is maximised.
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G at ps = 800 GeV as a function ofthe scale MD for di�erent numbers � of extra dimensions. These signal cross-sectionstake into account 80% electron and 60% positron polarisation [14]. The three horizontallines indicate the background cross-sections from e+e� ! ��
 for both beams polarised(solid), only electron beam polarisation (dashed) and no polarisation (dot-dashed). Signalcross-sections are reduced by a factor of 1.48 for the latter two scenarios.� 2 3 4 5 6MD(P�;+ = 0) 5.9 4.4 3.5 2.9 2.5MD(P� = 0:8) 8.3 5.8 4.4 3.5 2.9MD(P� = 0:8; P+ = 0:6) 10.4 6.9 5.1 4.0 3.3Table 4.2.1: Sensitivity (95% CL) in mass scaleMD in TeV for direct graviton productionin e+e� ! 
G for various values of � taking a 0.3% normalisation error.At the LHC, direct graviton production can be explored using the signature ofpp! jet G. However for certain values of (MD; �), the partonic centre-of-mass energycan exceed MD and the e�ective low energy theory approach breaks down at LHC. Arecent study [15] of the LHC potential with the ATLAS experiment shows that in 100fb�1, direct graviton production can be discovered at at least 5� for MD in the rangesshown in Table 4.2.2 for � = 2; 3 and 4. However the e�ective theory approach breaksdown at LHC for � � 5 and for MD values below the given ranges when � =2,3 and4. At TESLA, if pse+e� �MD the e�ective theory approach should be valid and the



III-94 4 Alternative Theoriesmeasured single photon cross-section can be used to constrain (MD; �). TESLA o�ers amore model-independent test of this theory while the LHC may be in the string theoryregime whose phenomenology is perhaps rich but presently unknown. For regions whichcan be compared, as shown in Table 4.2.2, the 5-� discovery reach in MD for TESLAand the LHC is similar.� 2 3 4 5 6LHC 4.0|7.5 4.5|5.9 5.0|5.3 none noneTESLA 0.5|7.9 0.5|5.6 0.5|4.2 0.5|3.4 0.5|2.9Table 4.2.2: The range of MD values in TeV which can lead to a discovery at at least5� for direct graviton production at LHC (ATLAS study) and TESLA with both beamspolarised.Anomalous single photon signatures at TESLA and monojet signatures at LHCcan both arise from many types of new physics other than extra dimensions. Thereforemeasurement of processes sensitive to direct graviton production with complementaryinitial and �nal states would help to con�rm whether the correct diagnosis had beenmade. At TESLA, the process e+e� ! ZG can be explored in e+e� collisions; howeverthe sensitivity relative to e+e� ! 
G is rather limited [16]. A more promising channelis e�
 ! e�G [17].If extra dimensions are the cause of the anomalous single photon rate, the psdependence of the cross-section should follow � / (ps)�. Fig. 4.2.2 illustrates howa measurement of an excess of single photon events at ps = 500 GeV together witha measurement at ps = 800 GeV can be used to determine the number of extradimensions. Determination of the number of extra dimensions is possible with thisdata-taking scenario for excess cross-sections at 500 GeV down to 5:3 � 0:8 fb. Thiscross-section is equivalent to MD = 5:1 TeV for � = 2 and for these values, one wouldexclude � = 3 on average at 99% CL. Inconsistency with the expected ps dependence,i. e. excluding integer values of �, would exclude the extra dimensions interpretation.The LHC and TESLA therefore have valuable complementary roles to play in ex-perimentally testing theories with extra space dimensions.4.2.1.2 Virtual e�ectsThe second class of processes considered here is that of graviton exchange [7, 9, 18]in 2 ! 2 scattering. This virtual exchange mechanism leads to deviations in crosssections and asymmetries in Standard Model processes, such as e+e� ! f �f , and canalso mediate new processes which are not present at tree-level in the Standard Model,such as e+e� ! hh; or ~g~g. The exchange amplitude is proportional to the sum overthe propagators for the entire graviton KK tower and, again, can be converted to an
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III-96 4 Alternative Theoriessignal for spin-2 exchange. We present an example of this in Figs. 4.2.3 and 4.2.4which display the angular distribution and Left-Right asymmetry in b�b production forMD = 2 TeV and ps = 500 GeV. The two dashed histograms correspond to the twochoices of sign for �. Table 4.2.3 presents the sensitivities in MD in �+��; b�b; c�c �nalstates. Combining all �nal states TESLA will be sensitive up to MD = 8 TeV atps = 800 GeV [19].
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 ! W+W�.The reach in MD at a 

 collider can be estimated to be about 11pse+e� [20].In a certain class of models with extra dimensions compacti�ed at the TeV scale



4.2 Extra Dimensions III-97the SM �elds can also explore the extra dimensions [2, 21]. For � = 6 extra dimensionsthis translates into a fundamental quantum gravity scale MD of about 8000 TeV.This scenario can lead to superparticle mass of the order of the electroweak scale.Since the scale MD is large, direct quantum e�ects of gravity will be inaccessible atTESLA. However, these models exhibit spin 1 excitation states of the SM gauge bosons
; Z;W; g, called \Kaluza{Klein recurrences". By means of the process e+e� ! �+��TESLA can reach a sensitivity in the compacti�cation scale 1=R beyond 10 TeV athigh energy and high luminosity [21] [corresponding to scales MD >� 45000 TeV for� = 6]. This turns out to be signi�cantly larger than the sensitivity 1=R � 6 TeV,which can be reached at the LHC by means of dilepton production pp! `+`�X [21].4.2.2 Randall{Sundrum modelIn the Randall{Sundrum model the hierarchy is generated by an exponential function ofthe compacti�cation radius. In its simplest form, this model consists of a 5-dimensionalnon-factorizable geometry based on a slice of Anti-de-Sitter (AdS5) space of length �rc,where rc denotes the compacti�cation radius. Two 3-branes, with equal and oppositetensions, reside rigidly at S1=Z2 orbifold �xed points at the boundaries of the AdS5slice. The 5-dimensional Einstein's equations permit a solution which preserves 4-dPoincar�e invariance with the metricds2 = e�2krcj�j���dx�dx� � r2cd�2 ; (4.2.4)where 0 � j�j � �. Here, k is the AdS5 curvature scale which is of order the Planck scaleand is determined by the bulk cosmological constant �5 = �24M35 k2, whereM5 is the 5-d Planck scale. Examination of the 4-d e�ective action yieldsM2P l = (1�e�2krc�)M35=k.The scale of physical phenomena as realized by the 4-d 
at metric transverse to the5th dimension is speci�ed by the exponential warp factor. TeV scales can naturallybe attained on the 3-brane at � = � if gravity is localized on the Planck brane at� = 0 and krc ' 11 � 12. The scale of physical processes on this TeV-brane is then�� �MP le�krc� � 1 TeV. It has been demonstrated [22] that this value of krc can bestabilized without the �ne tuning of parameters.The 4-d phenomenology of this model is governed by 2 parameters, �� and theratio k=MP l, where constraints on the 5-d curvature jR5j = 20k2 < M25 suggest thatk=MP l < 0:1. The Feynman rules are also obtained by a linear expansion of the 
atmetric, which in this case includes the warp factor. On the TeV-brane, the resultingKK tower of gravitons now have masses given by mn = xnke�krc� = xn��k=MP l withthe xn being the roots of the �rst-order Bessel function, i.e. J1(xn) = 0. Note thatthe �rst excitation is naturally of order a few hundred GeV and that the KK statesare not evenly spaced. Due to the explicit form of the interactions of the KK towerwith the Standard Model �elds on the TeV-brane the zero-mode decouples and theexcitation state couplings are now an inverse TeV. This results in a strikingly di�erentphenomenology than in the above case of large extra dimensions, as now the gravitonKK tower states can undergo single, direct, resonance production. To exhibit how thetower of graviton excitations may appear at the TESLA collider, Fig. 4.2.5 displays



III-98 4 Alternative Theoriesthe cross section for e+e� ! �+�� as a function of ps, assuming m1 = 600 GeVand taking various values of k=MP l for purposes of demonstration. Searches for the�rst KK resonance in Drell-Yan and di-jet data at the Tevatron already place non-trivial constraints [23] on the parameter space of this model. If the KK gravitons aretoo massive to be produced directly, their contributions to fermion pair productionmay still be felt via virtual exchange. Since in this case there is only one additionaldimension, the uncertainties associated with the introduction of a cut-o� do not appear,as opposed to the model of Ref. [1] as discussed above. As shown in Ref. [23], scales oforder �� = 1� 10 TeV may be excluded for k=MP l = 0:01� 1:0 at a 500 GeV TESLAcollider with 500 fb�1 of integrated luminosity. Lastly, we note that if the StandardModel �elds are also allowed to propagate in the bulk [24], the phenomenology canbe markedly di�erent, and is highly dependent upon the value of the 5-dimensionalfermion mass, which is of order of the Planck mass and thus di�erent from the e�ectivefermion mass in 4 dimensions.
Figure 4.2.5: The cross section for e+e� ! �+�� including the exchange of a KK towerof gravitons with m1 = 600 GeV. From top to bottom the curves correspond to k=MP l =1:0 ; 0:7 ; 0:5 ; 0:3 ; 0:2 and 0:1.4.2.3 Non-commutative quantum �eld theory (NCQFT)In models of NCQFT the usual �-dimensional space associated with commuting space-time coordinates is generalized to one which is non-commuting. In such a space theconventional coordinates are represented by operators which no longer commute,[X̂�; X̂� ] = i��� � i�2NC c�� : (4.2.5)Here, we have parameterized the e�ect in terms of an overall scale �NC, which char-acterizes the threshold where non-commutative (NC) e�ects become important, and areal antisymmetric matrix c��, whose dimensionless elements are presumably of orderunity. The most likely value of �NC is probably near the string or Planck scale, how-ever, given the possibility of the onset of stringy e�ects at the TeV scale, and that the



4.3 Strong Electroweak Symmetry Breaking III-99fundamental Planck scale may be lower due to the existence of large extra dimensionsas discussed above, it is feasible that NC e�ects could also set in at a TeV. There isa clear relation between the matrix c�� and the Maxwell �eld strength tensor F�� asNCQFT arises in string theory through the quantization of strings as described bythe low energy excitations of D-branes in the presence of background electromagnetic�elds1;2. c�� is identical in all reference frames, de�ning a preferred NC direction inspace, and hence Lorentz invariance is violated at energies of order �NC. However, dueto the rotation of the Earth and its revolution about the Sun, the violation of Lorentzinvariance is only observable in processes which are quadratic (or higher order evenpowers) in ���.A striking consequence of NCQFT is that the NC version of QED takes on anon-abelian nature in that both 3-point and 4-point photon couplings are generated.In addition, all QED vertices pick up additional phase factors which are dependentupon the momenta 
owing through the vertex. NCQED thus has striking e�ects inQED processes at the TESLA collider. The modi�cations to pair annihilation, Bhabhaand M�ller scattering, as well as 

 ! 

 have been studied in Ref. [25]. Pairannihilation and 

 scattering both receive new diagrammatic contributions due tothe non-abelian couplings, and all four processes acquire a phase dependence due tothe relative interference of the vertex kinematic phases. The lowest order correctionto the Standard Model to these processes occurs at dimension 8. The most interestingresult is that a � angular dependence is induced in 2 ! 2 scattering processes due tothe existence of the NC preferred direction in space-time. This azimuthal dependencein pair annihilation is illustrated in Fig. 4.2.6 for the case where the NC direction isperpendicular to the beam axis. The results of Ref. [25] are summarized in Table 4.2.4which displays the 95% CL search reach for the NC scale in these four reactions. Wesee that these processes are complementary in their ability to probe di�erent structuresof non-commuting space-time. These results indicate that NCQED can be probed toscales of order a TeV, which is where one would expect NCQFT to become relevant ifstringy e�ects of the fundamental Planck scale are also at a TeV.4.3 Strong Electroweak Symmetry BreakingIn the absence of a light Higgs particle or other low lying resonances, unitarity requiresthat the interaction among gauge bosons becomes strong at high energies. In this case,the physics of electroweak symmetry breaking (EWSB) below the symmetry breakingscale �EWSB = 4�v � 3 TeV is described by the most general e�ective Lagrangian forthe Goldstone bosons required by the spontaneous SU(2)L
U(1)Y ! U(1)Q breaking.This Lagrangian describes the physics of longitudinal gauge bosons and its parameterscan be probed in their interactions. E�ective �eld theory allows to explore the mul-tidimensional parameter space systematically, where the course of this exploration is1NCQFT has been formulated so far only for QED. Extensions to SU(N) theories including quarksare studied presently.2Astrophysical bounds have not been derived so far in a consistent way.
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Figure 4.2.6: � dependence of the e+e� ! 

 cross section, taking �NC = ps = 500 GeVand a luminosity of 500 fb�1. A cut of j cos �j < 0:5 has been employed. The dashed linecorresponds to the SM expectations and the `data' points represent the NCQED results.Process Structure Probed Bound on �NCe+e� ! 

 Space-Time 740 � 840 GeVM�ller Scattering Space-Space 1700 GeVBhabha Scattering Space-Time 1050 GeV

 ! 

 Space-Time 700 � 800 GeVSpace-Space 500 GeVTable 4.2.4: Summary of the 95% CL search limits on the NC scale �NC from the var-ious processes considered above at a 500 GeV e+e� TESLA collider with an integratedluminosity of 500 fb�1.laid out using power counting, dimensional analysis and symmetry.All deviations of the �-parameter from the minimal Standard Model tree level valueof unity that have been observed by the LEP1/SLC experiments can naturally be ac-counted for by loop corrections in the minimal Standard Model itself. Therefore, theEWSB sector appears to have an approximate global SU(2)c custodial symmetry, pro-tecting the �-parameter from renormalisation, that is only broken by the hyperchargecouplings of the Goldstone bosons. Hence it is reasonable to look for possible SU(2)c-conserving deviations from the Standard Model predictions �rst.The luminosity and centre of mass energy of TESLA will allow experiments to probethe interactions of weak gauge bosons with unprecedented precision, so that the na-ture of EWSB can be determined even in a scenario without light resonances. For thispurpose, the couplings of three gauge bosons WWZ and WW
 can be studied compre-hensively in the production of four-fermion �nal states, using methods established atLEP2. The interactions of four gauge bosons can be analysed by disentangling the �nalstates ���W+W�, ��e�W+Z, e+�ZW�, and ���ZZ in six fermion production e+e� ! 6f.A convenient basis for the analysis of weak gauge boson scattering is provided by theweak isospin channels. This analysis can be completed by measuring the purely I = 2channel e�e� ! ��W�W�, which is accessible in the e�e� mode of TESLA. Finally,



4.3 Strong Electroweak Symmetry Breaking III-101GigaZ will contribute substantially improved limits on LEP1/SLC oblique corrections,which will provide the best constraints in one direction of parameter space.In addition to model independent analyses of e�ective Lagrangians for the EWSBsector, speci�c models for the EWSB can be studied. These models typically includevector and scalar resonances, whose properties can be determined at TESLA.4.3.1 Strong WW InteractionsAssuming only spontaneous SU(2)L 
 U(1)Y ! U(1)Q symmetry breaking, the mostgeneral (C and P conserving) e�ective Lagrangian contains 10 dimension-four inter-actions [26]. As mentioned above, SU(2)c appears to be conserved in EWSB and anatural strategy for multiparameter �ts is to start the systematic exploration with theSU(2)c invariant1 and linearly breaking operators. In the notation of [26], these areL1 = �116�2 gg02 B�� tr��3W ��� (4.3.1a)L2 = �216�2 ig0B�� tr��3V �V �� (4.3.1b)L3 = �316�22ig tr�W��V �V �� (4.3.1c)L4 = �416�2 tr�V�V�� tr�V �V �� (4.3.1d)L5 = �516�2 tr�V�V �� tr�V�V �� ; (4.3.1e)where W�� = (@�W i� � @�W i� + g�ijkW j�W k� )�i2 and V� simpli�es to �ig �i2W i� + ig0 �32 B�in unitarity gauge. The remaining �ve operators consist of four that break SU(2)cquadratically with two explicit �3s and one that breaks it quartically with four explicit�3s. Since SU(2)c appears to be approximately conserved in EWSB, its breaking mustbe governed by a higher scale �F > �EWSB, probably related to 
avour physics. Theneach explicit �3 is naturally suppressed by one power of a small ratio �EWSB=�F. Thisobservation justi�es to start the exploration with the operators (4.3.1). The coe�cients�i in (4.3.1) are related to scales of new physics ��i by naive dimensional analysis(NDA) [28] �i16�2 = � v��i �2 ; (4.3.2)where the Fermi scale v = 246 GeV is �xed by low energy weak interactions. In theabsence of resonances that are lighter than 4�v, one expects from NDA in a stronglyinteracting symmetry breaking sector��i � �EWSB = 4�v � 3 TeV ; i.e. �i � O(1) ; (4.3.3)1The operators L4;5 are explicitely SU(2)c invariant, but they do contribute to the renormalisation ofthe SU(2)c violating dimension-two operator [26, 27]. This induces a deviation of the �-parameterfrom unity at loop level, but the resulting limits on �4;5 from LEP1/SLC are not competitive withthe direct measurements discussed below.



III-102 4 Alternative Theoriesunless some couplings are naturally suppressed by symmetries (e. g. SU(2)c). Therefore,the crucial benchmark for a linear collider from strong EWSB physics is given by thisnatural size of the couplings, in order to be able to probe the EWSB sector in anyrealistic scenario.4.3.1.1 Final states with four fermionsThree of the operators in (4.3.1) contribute to triple gauge couplings (TGCs) at treelevel LTGC = L1 + L2 + L3 : (4.3.4)Of these, L3 conserves the approximate SU(2)c, while L1;2 break it linearly. The cus-tomary anomalous TGCs [29] are related to the coe�cients of the e�ective Lagrangianvia gZ1 = 1 + e2cos2 �w(cos2 �w � sin2 �w) �116�2 + e2sin2 �w cos2 �w �316�2 (4.3.5a)�Z = 1 + 2e2cos2 �w � sin2 �w �116�2 � e2cos2 �w �216�2 + e2sin2 �w �316�2 (4.3.5b)�
 = 1� e2sin2 �w �116�2 + e2sin2 �w �216�2 + e2sin2 �w �316�2 : (4.3.5c)The transformation (4.3.5) is singular and the resulting anomalous couplings satisfy(�g1Z ���Z) � cos2 � = ��
 � sin2 �: (4.3.6)Only two dimensions of the �1;2;3 parameter space can be determined directly in pro-cesses with TGCs, such as four-fermion production. The blind direction(�1; �2; �3)blind / (cos2 �w � sin2 �w; cos2 �w; � sin2 �w) (4.3.7)in the parameter space can not be constrained from TGCs alone.The simulation of TGC measurements at TESLA summarised in Fig. 5.1.5 and [30]can be used to perform �ts of pairs of parameters with the third parameter �xed.The results for (�2; �3) with �1 = 0 are collected in Table 4.3.1, showing that thebenchmarks (4.3.3) are reached easily. The results of Table 4.3.1 can be combined withthe parameters of the blind direction (4.3.7) to obtain the allowed volume in threedimensional parameter space. Fig. 4.3.1 shows the projections for 1000 fb�1 polarisedscattering at 800 GeV. The limits scale with integrated luminosity as ��i / (R L)�1=2since the measurement is dominated by statistics [30].Additional independent measurements constrain the parameters further. L1 con-tributes to LEP1/SLC oblique electroweak corrections at tree level as �S = ��1=(2�)resulting in ��1 = 0:69 at 68 % C.L. (cf. Fig. 5.1.10). The constraint on S (or �3,respectively) can be improved by more than a factor of two at GigaZ (cf. Fig. 5.1.10).This observation motivates the blowup of the (�2; �3)-plane in the lower right corner



4.3 Strong Electroweak Symmetry Breaking III-103�1 = 0 Pe� = 80%; Pe+ = 0% Pe� = 80%; Pe+ = 60%ps 500 GeV 800 GeV 500 GeV 800 GeVRLdt 500 fb�1 1000 fb�1 500 fb�1 1000 fb�1��2 0.329 0.127 0.123 0.090��3 0.143 0.071 0.083 0.048��2 5.4 TeV 8.7 TeV 8.8 TeV 10.3 TeV��3 8.2 TeV 11.6 TeV 10.7 TeV 14.1 TeVTable 4.3.1: 68% C.L. sensitivities for the strong EWSB parameters (�2; �3), assuming�1 = 0, in a study of TGCs at a TESLA experiment, with and without positron polari-sation [30]. Results without the constraint �1 = 0 are presented in Fig. 4.3.1 and in thetext on page 103.of Fig. 4.3.1, where the blind direction is removed by the expected limits on �1 fromthe measurement of �3 at GigaZ (the dark and light areas correspond to �ts with andwithout the constraint �2 = �2(SM), respectively). The resulting conservative limits��2 = 0:5 and ��3 = 0:2, i. e. ��2 = 4:4 TeV and ��3 = 6:9 TeV, still probe the EWSBparameters at their natural size (4.3.3). The size of these constraints is of the order ofelectroweak radiative corrections and further theoretical studies of the systematics ofnon leading corrections will be useful.In addition, L3 contributes to quartic gauge boson interactions. However, limitson �3 derived from measurements of quartic couplings can not be expected to improvethe limits from the other two measurements (cf. Table 4.3.3). Instead, they will provideimportant consistency checks.In summary, the limits on the TGCs translate to a physics reach of��i � 5 TeV > �EWSB � 3 TeV (4.3.8)for the EWSB sector in W pair production at TESLA. However, this naive translationshould only be understood as con�rmation that any reasonable scenario for the sym-metry breaking sector can be probed in detail, since new physics is to be expected inthe symmetry breaking sector below these scales at �EWSB.It is worth pointing out that the measurements at the linear collider probe the coef-�cients of the e�ective Lagrangian directly and do not depend on ad-hoc unitarisationprescriptions. In particular, all momenta remain in the region where the momentumexpansion in ps=�i < 1 converges. Fig. 5.1.6 shows that a TESLA experiment has anadvantage over LHC for �
;Z, while being competitive for �
;Z. Therefore TESLA isparticularly powerful for constraining the strong EWSB parameters �1;2;3.



III-104 4 Alternative Theories�1 �0.5 0 0.5 1
�1�0.500.51 68% C.L.�1�3 �1 �0.5 0 0.5 1

�1�0.500.5168% C.L. �3�2
�1 �0.5 0 0.5 1�1�0.500.51 68% C.L.

�1�2 �0.5 0 0.5 �0.500.568% C.L.��1(GigaZ)��1 = 0 �2 �3Figure 4.3.1: Sensitivity for the strong EWSB parameters �1;2;3 in a study of TGCs ata TESLA experiment (800GeV, 1000 fb�1; Pe� = 80%; Pe+ = 60%) [30]. The �1;2;3are normalised such that their natural size from dimensional analysis is O(1). The innershaded diagonals correspond to ��2 = 1, while the outer diagonals correspond to 68% C.L.in two dimensions, i.e. ��2 = 2:3. The dark and light vertical bands correspond to68% C.L. limits on �1 from �tting �3 at GigaZ with and without the constraint �2 = �2(SM)(cf. Fig. 5.1.10). The blowup in the lower right corner shows the allowed region in (�2; �3)for �1 �xed and constrained at GigaZ, respectively.4.3.1.2 Final states with six fermionsTwo of the SU(2)c conserving operators in (4.3.1) contribute solely to quartic gaugecouplings (QGCs) LQGC = L4 + L5 ; (4.3.9)while LTGC;QGV = L3 contributes to both TGCs and QGCs.In [31], unpolarised on-shell vector boson production processes e+e� ! ���W+W�,e+e� ! ���ZZ, and e�e� ! ��W�W� (see the left hand side of Fig. 4.3.2) have beenstudied comprehensively. It has been demonstrated that the natural size (4.3.3) of allquartic couplings can be probed at a high luminosity 800 GeV TESLA.Realistic studies including detector simulation must handle the decays of the gaugebosons into the fermions that are observed (see the right hand side of Fig. 4.3.2),including all irreducible and reducible background. Detailed simulations of six fermionproduction have been performed [32], using an unweighted event generator for the
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e+e� e+=��Z=W+Z=W�e�=� e+e� e+=���f1f2�f3f4e�=�

Figure 4.3.2: Gauge boson scattering with on-shell gauge boson �nal states, studied com-prehensively with irreducible backgrounds in [31] (left). Gauge boson scattering subprocessin six-fermion production (right).
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III-106 4 Alternative Theoriesps 800 GeV, Pe� = 80%, Pe+ = 40%RLdt 1000 fb�1 2000 fb�1�4 �1:8 : : : +1:5 �1:3 : : : +1:1�5 �0:9 : : : +1:0 �0:6 : : : +0:7��4 2.3 TeV 2.7 TeV��5 3.1 TeV 3.7 TeVTable 4.3.2: 68% C.L. sensitivities for the strong EWSB parameters (�4; �5) in a realisticstudy of QGCs at a TESLA experiment [32].ps LHC TESLA 800 GeVRLdt 100 fb�1 1000 fb�1; Pe� = 80%; Pe+ = 40%�4 �0:17 : : : +1:7 �1:1 : : : +0:8�5 �0:35 : : : +1:2 �0:4 : : : +0:3��4 2.3 TeV 2.9 TeV��5 2.8 TeV 4.9 TeVTable 4.3.3: Comparison of 68% C.L. sensitivities from one dimensional �ts of the strongEWSB parameters (�4; �5) at LHC [37] and at a TESLA experiment [32].The exotic I = 2 channel W�W� ! W�W� can be accessed by operating TESLAin the e�e� mode. The di�erent angular distributions in this channel allow a furtherreduction of correlations among SU(2)c conserving interactions. In particular, therecan be no contaminations from a SU(2)c violating sector in this channel [31].In the Standard Model with a very heavy Higgs, two loop diagrams create a size-able contribution to the parameter �5, while the contributions to the other parametersremain small [38]. Using �5 � �g2=(16�2) � m2H=m2W [38], the limits on �5 from thetwo-dimensional �t in Table 4.3.2 translate to a Higgs mass of mH � 1:8 TeV, demon-strating that virtual e�ects of an extremely heavy Higgs can be observed in vectorboson scattering at a TESLA experiment.The one dimensional 68% C.L. limits from 100 fb�1 at LHC [37] are compared withthe analogous prediction for a TESLA experiment in Table 4.3.3. Even though allbackgrounds are included in the simulation of a TESLA experiment, TESLA exceedsthe physics reach of LHC for QGCs and reaches the strong EWSB benchmark (4.3.3).As anticipated above, the limits for the QGCs are sligthly worse than the limits forthe TGCs. As in the case of TGCs, no unitarisation prescriptions are required.In summary, it has been demonstrated with realistic simulations that a TESLAexperiment can probe the SU(2)c invariant and linearly breaking parameters of a strongEWSB sector exhaustively in the threshold region of strong WW interactions up to
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TESLA LHC800 GeV500 fb�1 100 fb�1M� WW qqWZ qqWWLET 6� | 5�2.5 TeV 16� | |1.6 TeV 38� 6� 1�Figure 4.3.4: Sensitivity for a resonance form factor (4.3.10) at TESLA (assuming perfectcharm tagging) and the LHC [39].the EWSB scale ��i � 3 TeV.4.3.2 Vector resonances and Pseudo-Goldstone bosonsIf the EWSB sector includes a resonance below the EWSB scale, the vector boson pairproduction amplitude is unitarised by a Omn�es rescattering factorFTC(s) = exp� s� Z 10 ds0s0 �LET(s0) + ��(s0)s0 � s� i� � ; (4.3.10)with one contribution reproducing the low energy theorem �LET(s) = s=(8�2EWSB) forGoldstone boson scattering at threshold far below any resonance and a second contri-bution from a resonance ��(s) = 3�=8�(tanh(s�M2� )=(M���)+1). A phenomenologicalstudy [39] shows that 500 fb�1 of W+W� production at a 800 GeV TESLA is compet-itive with 100 fb�1 at LHC, as shown in Fig. 4.3.4. The 6� exclusion limit for LET(also excluding any I = 1 resonance) at TESLA assumes perfect charm tagging, whichis a realistic approximation for the proposed TESLA detector. Without any charmtagging, the signi�cance is reduced to 4:6�.An example of a concrete model for the EWSB sector without a Higgs particle isthe BESS model [40], which includes most technicolour models. The model assumesa triplet of new vector resonances V �;0, similar to the � or techni-�. These vectorbosons mix with the electroweak gauge bosons and the mixing angle is proportionalto the ratio g=g00, where g00 is the self-coupling of the V �;0. The coupling of the V �;0to fermions is determined by a second parameter b. The so called degenerate BESSmodel [41] is a special case, in which axial and vector resonances are almost degeneratein mass. Models for dynamical EWSB typically predict many pseudo Nambu-Goldstone
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Figure 4.3.5: The 95%C.L. bounds for the BESS model parameters from a TESLA ex-periment with R L = 1000 fb�1 at ps = 800GeV, assuming MV = 2TeV (interior ofthe dashed boundary). This is compared with present electroweak data (interior of thesolid lines) and with the expected limits from LHC for MV = 2TeV (inside of the dottedwedge).bosons (PNGBs) from the breaking of a large global symmetry group G and the lightestneutral PNGB P 0 calls for special attention.The W+W�-channel is the preferred channel for the discovery of the vector reso-nances of the general BESS model, while the �ff-channel is preferred for the degenerateBESS model [41]. The analysis in the fermionic channels is based on the observables��, �hadr:, Ae+e�!�+��;�bbFB , Ae+e�!�+��;�bbLR and Ae+e�!hadr:LR (all with Pe� = 0:8). In theW+W� channel, the observables d�e+e�!W+W�=d cos �, Ae+e�!W+W�LR and the longitu-dinally and transversely polarised di�erential W cross sections and asymmetries havebeen used. The expected bounds from a TESLA experiment for the BESS model, ob-tained by combining all the observables, are shown in Fig. 4.3.5. In particular at largemixing, the sensitivity of a TESLA experiment is much higher than the combinationof current electroweak data and expected LHC results.In the case of the degenerate BESS, the LHC has the better discovery potential.However, if a neutral resonance with a mass below 1 TeV were discovered at the LHC,a TESLA experiment could study it in detail and attempt to split the two nearlydegenerate resonances and measure their widths [42].The best mode for P 0 production at TESLA is e+e� ! 
P 0. Results for thesigni�cance S=pB, in the various tagged channels, for a SU(NTC) technicolour modelwith NTC = 4 and integrated luminosity R L = 500 fb�1 at ps = 500 GeV, are plottedin Fig. 4.3.6 [43]. Also shown is the signi�cance that can be achieved with the optimal
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Figure 4.3.6: The statistical signi�cances S=pB for a P 0 signal in various tagged channelsas a function of mP 0 at a 500GeV collider for an integrated luminosity of 500 fb�1. Thesigni�cance from the optimal combination of the channels is shown as a dotted line.combination of the gg, c�c, b�b and �+�� channels. A strong signal is visible for allbut mP 0 = 80 : : : 110 GeV. From the scaling law S=pB / N2TC, one sees that a P 0discovery would be possible for NTC & 2:5 for mP 0 near 35 GeV. Unlike the LHC, forhigh enough luminosities, a TESLA experiment can probe quite low values of mP 0 andcould measure ratios of a number of interesting P 0 decay modes. In the scenario ofFig. 4.3.6 and in the case of mP 0 � 35 GeV, an accuracy of � 11 % could be achievedfor the product �(P 0 ! 

)B(P 0 ! b�b).The 

 option at an e+e� collider is actually a more robust tool for discoveringthe P 0 than the e+e� collision mode. For NTC = 4 and using a setup with a broadE

 spectrum, a P 0 signal should be easily detectable in 

 ! P 0 ! b�b for massesup to 70% of the e+e� CMS energy with minimal luminosity (R Le�. � 20 fb�1) and areasonably accurate measurement of �(P 0 ! 

)B(P 0 ! b�b) would be obtained, asillustrated in Fig. 4.3.7.Note that the 

 discovery mode is strongest at larger mP 0, i. e. where e+e� ! 
P 0becomes less robust. Once mP 0 is known, the 

 collision setup can be con�gured toyield a luminosity distribution that is strongly peaked at E

 � mP 0 and, for much ofthe mass range of mP 0 � 200 GeV, a measurement of �(P 0 ! 

)B(P 0 ! b�b) can bemade with statistical accuracy in the O(1%) range [43], which is competitive with theLHC accuracy for measuring �(P 0 ! gg)B(P 0 ! 

).
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Figure 4.3.7: The statistical signi�cance S=pB and error (S+B)1=2=S for the 

 ! P 0 !b�b signal as a function of mP 0 at a 500GeV collider for minimal e�ective luminosity of20 fb�1.4.4 CompositenessAs one among other physical scenarios, strongly interacting electroweak bosons atenergies of order 1 TeV could be interpreted as a signal of composite substructures ofthese particles at a scale of 10�17 cm. Moreover, the proliferation of quarks and leptonscould be taken as evidence for possible substructures of the matter particles [44]. Inthis picture, masses and mixing angles are a consequence of the interactions betweena small number of elementary constituents { in perfect analogy to the quark/gluonpicture of hadrons. No theoretical formalism has been set up so far which wouldreconcile, in a satisfactory manner, the small masses in the Standard Model with thetiny radii of these particles which imply very large kinetic energies of the constituents.However, the lack of theoretical formalism does not invalidate the physical picture orits motivation.4.4.1 Contact interactionsIn this agnostic approach, stringent bounds have been derived from high energy scatter-ing experiments on possible non-zero radii of leptons, quarks and gauge bosons from Zdecay data [45] and Bhabha scattering [46] in e+e� collisions, as well as from electron-quark and quark-quark scattering at HERA [47] and the Tevatron [48], respectively.From these analyses the compositeness scale has been bounded to less than 10�17 cm.Fermion pair production e+e� ! f �f at high energies provides a very powerfulinstrument to set limits on fermion compositeness. This problem has been studied,based on four-fermion contact interactions which can be generated by the exchange of



4.4 Compositeness III-111subconstituents [49]: Leff = Xi;j=L;R �ij 4��2ij �ei
�ei � �fj
�fj (4.4.1)The strength of the interaction has been set to g2�=4� = 1. The (inverse) contactscales �ij can be identi�ed, within an uncertainty of a factor of order 3, with theradius of the fermions. Detailed experimental simulations have shown that fermionpair production at TESLA provides a larger sensitivity to compositeness scales thanthe LHC, which reaches sensitivities up to about 20{35 TeV [50]. The high polarizationthat can be achieved for e+ and e� beams, gives the TESLA collider another advantage.At c.m. energies of 500 GeV, the bounds on fermion compositeness are presented inFig. 4.4.1 for the production of hadrons and muon pairs for an integrated luminosity ofR L � 1 ab�1 [19] (see also [51, 52]). For muon pair production the signi�cant e�ect ofpositron polarization [14] is also shown. The dependence on the sign of the interferenceterm between composite and SM contributions is negligible in muon pair production,and only the average of �+ and �� is presented in Fig. 4.4.1. Increasing the c.m. energyto 800 GeVresults in an increase of the sensitivities to �+ and �� by about 30% [19].4.4.2 LeptoquarksA very exciting prediction of fermion compositeness is the existence of leptoquarks[53]. They are novel bound states of subconstituents which build up leptons andquarks in this scenario. While the size of the couplings to 
 and Z bosons follows fromthe electroweak symmetries, the Yukawa couplings to leptons and quarks are bound byexperiment [54]. In the interesting mass range, these Yukawa couplings are expected tobe weak. Currently leptoquark masses below about 250, 200 and 100 GeV are excludedfor 1st, 2nd and 3rd generation leptoquarks [55].These particles can also occur in grand uni�ed theories. Moreover, in supersym-metric theories in which the R parity is broken, squarks may be coupled to quarksand leptons, giving rise to production mechanisms and decay signatures analogous toleptoquarks. However, whereas leptoquarks sui generis disintegrate solely to leptonsand quarks, a wide variety of decay modes is in general expected for squarks, includingthe large ensemble of standard supersymmetric decay channels, see e.g. [56]. Sinceleptoquark bound states in the compositeness picture build up a tower of states withnon-zero spins, the phenomenology of the two scenarios is clearly distinct.Leptoquarks can exist in a large variety of states carrying [liqj] or [liqj] quantumnumbers (i; j = L;R) and being scalar or vectorial in the simplest representations [57].They can be produced in e+e� collisions pairwise, e+e� ! LQ+LQ, through s{channel
; Z exchange and partly through t{channel q exchange [58, 59]. The particles decay toa charged lepton, or a neutrino, and a jet, giving rise to visible (a) l+l�jj, (b) l�jj, and(c) jj �nal states. Since leptoquarks generate a peak in the invariant (lj) mass, theyare easy to detect in the cases (a) and (b) up to mass values close to the kinematicallimit [60].
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Figure 4.4.1: Sensitivities (95% CL) of TESLA to contact interaction scales � for di�erenthelicities in e+e� ! hadrons (left) and e+e� ! �+�� (right) including polarization ofboth beams at ps = 500GeV [19] [At ps = 800GeVthe limits will be about 30% larger.].For hadronic �nal states the corresponding results of the LHC are shown, while the LHCcannot probe e+e��+�� couplings.Since leptoquarks carry color, they are produced copiously [61] in hadron collisionsthrough the subprocesses gg; q�q; qq ! LQ + LQ0 and gq ! LQ + l. Leptoquarks cantherefore be generated at the LHC with masses up to about 1.5 TeV [62]. Experimentsat e+e� colliders are nevertheless important to identify the electroweak properties ofthese novel states. Taking into account statistical errors for leptoquark pair production,their electroweak couplings to 
 and Z can be measured at the level of O(1 � 10%)[63]. Combining the processes e+e� ! LQ LQ ! e+e�jj; e�jj and 
e! LQ +X !ej + X [with brems- and beamstrahlung photons], the Yukawa couplings �L;R can bedetermined with an accuracy of O(5%), as can be inferred from Table 4.4.1 [64].For leptoquark masses beyond the kinematical limit TESLA can study virtual lep-toquark e�ects in fermion pair production processes e+e� ! f �f . Assuming Yukawacouplings of electromagnetic strength, TESLA will be sensitive to scalar leptoquarkmasses of mLQ <� 3:5 TeV for ps = 800 GeV at high luminosities including electron(positron) polarization of 80% (60%) [19], thus extending the reach of the LHC signif-icantly.



4.5 Conclusions III-113�L=e �R=eMS1=2 TESLA LHC current TESLA LHC current330 GeV 0:150 � 0:005 < 0:18 < 0:31 0:150 � 0:005 < 0:17 < 0:53350 GeV 0:150 � 0:006 < 0:19 < 0:33 0:150 � 0:005 < 0:18 < 0:56370 GeV 0:150 � 0:006 < 0:20 < 0:35 0:150 � 0:006 < 0:20 < 0:59390 GeV 0:150 � 0:007 < 0:21 < 0:37 0:150 � 0:006 < 0:21 < 0:63Table 4.4.1: Expected results of the log-likelihood �t to the S1=2 leptoquark angular dis-tributions for ps = 800GeV [64]. 1� uncertainties, resulting from the simultaneous �tto all considered distributions are compared for di�erent leptoquark masses accessible atTESLA. Also presented are current 95% CL exclusion limits and limits expected from theDrell{Yan e+e� pair production at the LHC. Leptoquark production events were generatedassuming �L = 0:15 e; �R = 0 e, and �L = 0 e; �R = 0:15 e. Luminosity uncertainty is1%.4.5 ConclusionsTESLA provides a rich environment for precision tests of theories beyond the SM. Ingeneral the reach in the masses of new particles that can be found at LHC will becomparable or larger than at TESLA. However, TESLA can measure the couplingsand properties of the novel particles with high accuracy contrary to the LHC, thussupporting the complementarity of both colliders.A major class of extensions beyond the SM consists of adding extra dimensions tothe conventional Minkowski space, which may turn out to be large with string scalesin the TeV range. The LHC will be sensitive to Kaluza{Klein-graviton emission upto scales MD � 7:5 TeV , which denotes the fundamental Planck scale in the higherdimensional space. While the reach of TESLA is comparable to the LHC, TESLA willbe able to disentangle the scale MD and the number � of extra dimensions from theenergy dependence of the graviton emission cross section unambiguously in contrastto the LHC. Moreover, TESLA can probe scales up to MD � 8 TeV via virtual e�ectsdue to KK exchange, leading e�ectively to fermionic contact interactions. The angulardistributions of fermion pair production processes can be used to show that the virtualKK states carry spin 2.If Higgs bosons do not exist, the onset of strong WW interactions will becomevisible at high energies. TESLA will probe the threshold region for strong WW inter-actions up to the cut-o� scale �� = 4�v � 3 TeV , which de�nes the scale of strongelectroweak symmetry breaking in this scenario. The TESLA sensitivity exceeds theLHC sensitivity. Moreover, the couplings of novel strong vector resonances and pseudoNambu-Goldstone bosons can be determined much more accurately than at the LHC.In the framework of conventional compositeness theories TESLA will exceed the



III-114 4 Alternative Theoriessensitivity to the compositeness scales signi�cantly compared to the LHC. In additionTESLA will allow an accurate measurement of leptoquark electroweak and Yukawacouplings, when leptoquarks will have been discovered at the LHC in the accessiblemass range. However, if the leptoquark masses turn out to be too large for direct pro-duction, TESLA can extend the mass reach indirectly by means of virtual leptoquarkexchange in fermion pair production.The comparison between TESLA and the LHC is summarized in Table 4.5.1, whichclearly con�rms the complementarity of these two colliders.Alternative TESLA LHCKK graviton radiation MD <� 8 TeV MD <� 7:5 TeVKK graviton exchange MD <� 8 TeV ?strong WW interactions �� >� �EWSB (3 TeV) �� <� �EWSBvector resonance couplings O(0:1� 1%) O(1� 10%)Goldstone couplings O (1%) O (10%)leptoquark Yukawa couplings O(5%) upper bounds O(0:2e)compositeness scale � <� 110 TeV � <� 35 TeVTable 4.5.1: Comparison of TESLA and LHC for several aspects of alternative scenariosbeyond the SM.
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III-1215 Precision Measurements5.1 Electroweak Gauge BosonsThe measurement of gauge boson properties has in the past strongly in
uenced ourknowledge of electroweak interactions. The primary goal is to establish the non-Abeliannature of electroweak interactions. With very precise measurements one can constrainnew physics at scales above the direct reach of the machine through loop e�ects. Al-ternatively, small e�ects from operators in an e�ective Lagrangian, that are suppressedby (s=�)n, can be measured, where � is the scale where new physics sets in. Also forthe extrapolation of couplings to high scales, to test theories of grand uni�cation, veryhigh precision is needed. At TESLA there are mainly two ways to study properties ofW- and Z-bosons:� One can study the couplings amongst gauge bosons. These couplings are espe-cially sensitive to models of strong electroweak symmetry breaking and are mostprecisely measured at the highest possible energies.� The masses and couplings of the W and Z, especially the e�ective weak mixingangle in Z decays, sin2�è�, can be measured, similar to LEP and SLC, howeverwith much higher luminosity and polarised beams.In addition, an improved measurement of the couplings of the electroweak gauge bosonsto quarks will provide further insight into the 
avour physics of the CKM-matrix. Theexperimental methods are complementary to the b-factories and hadron colliders andcan provide independent consistency checks.5.1.1 W-production at high energiesAt high energies W bosons are produced either in pairs, e+e� ! W+W�, or singlyvia e+e� ! We�. W-pair production falls, far above threshold, like 1=s while singleW-production rises logarithmically with the energy. At TESLA-energies both crosssections are of about the same size.The Feynman diagrams for on-shell W-pair production are shown in Fig. 5.1.1.Due to the (V �A) nature of the charged current couplings, the contribution ofthe t-channel �-exchange diagram vanishes for right-handed electrons or left-handedpositrons. Therefore it can be switched o� completely by polarising one of the beamsappropriately. Its contribution can also be enhanced by a factor two or four by po-larising one or both beams in the opposite way. For energies that are much higherthan the weak boson-masses, the combined Z and 
 exchange can be replaced by the



III-122 5 Precision Measurementsneutral member of the W weak isospin triplet, because the orthogonal combinationcorresponding to the weak hypercharge boson does not couple to the W�. Thereforethe coupling to the electrons and positrons is also purely (V �A) at high energies.Already at TESLA energies, the cross section for right-handed electrons is suppressedby at least a factor of ten relative to left-handed electrons for all polar angles.
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Figure 5.1.2: Dominating Feynman graph for single W production in e+e�-annihilation.Figure 5.1.3 a) shows the total cross section as a function of the centre of massenergy for both processes and Fig. 5.1.3 b) the di�erential cross section for W-pairproduction for the two electron helicities at ps = 500 GeV.In addition, at a 

- and e
-collider the processes 

 ! W+W� and e�
 ! W��are accessible. The �rst process proceeds via W-exchange in the t-channel while thesecond one involves the vertex shown in Fig. 5.1.2. The cross sections for these twoprocesses are large (� 80 pb for 

 and � 30 pb for e
 at 500 GeV), however they occurpredominantly at a lower scale.All processes are sensitive to the triple gauge couplings WWV, V = Z; 
, which are
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 = e and gWWZ = e cot �W with �W beingthe weak mixing angle. With the couplings as momentum dependent form factors, eq.(5.1.1) parameterises the most general vertex, that couples three vector bosons. Ina systematic analysis the coe�cients of the triple gauge couplings in eq. (5.1.1) arerelated to the coe�cients of an e�ective Lagrangian and the latter can be inferred frommeasurements of the former. Keeping only the lowest orders (dimension four and six)of a systematic expansion in the energy, constant values for the coupling arise. If theterms in the e�ective Lagrangian are properly organised according to their gauge trans-formation properties, triple couplings will in general be related to quartic couplings.Electromagnetic gauge invariance requires that g
1 (q2 = 0) = 1 and g
5 (q2 = 0) = 0at zero momentum transfer. In the Standard Model one has gV1 = �V = 1, all othercouplings are equal to zero.



III-124 5 Precision MeasurementsAmongst the di�erent couplings g1; � and � are C- and P-conserving, g5 is C andP-violating, but CP-conserving while g4; ~�; ~� violate CP.While single W production is basically sensitive to WW
 couplings only, W pairproduction always involves a mixture of WW
 and WWZ couplings. However, as it isdemonstrated in Fig. 5.1.4, the two types of couplings can be disentangled with thehelp of beam polarisation.
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Figure 5.1.4: Ratio of the di�erential cross section for W-pair production to the StandardModel prediction (a) and left-right asymmetry for this process (b) as a function of theW-production angle for anomalous �
 or �Z.For the analysis of triple gauge couplings in W-pair production in principle �vedi�erent observables are available:� the polar angle of the outgoing W� with respect to the incoming e� direction,�W;� the polar angle of the fermion with respect to the W 
ight direction in the Wrest frame for both W-bosons, ��, this variable is sensitive to the longitudinalpolarisation of the W;� the azimuthal angle of the fermion in the W-beam plane for both Ws, ��, sensitiveto the transverse polarisation.Not all of the above variables can be determined unambiguously in all W decays. Forabout 44% of the W-pairs one W decays leptonically and the other one into two jets.



5.1 Electroweak Gauge Bosons III-125In these events the W� polar angle can be reconstructed from the jet momenta and thelepton charge. The decay angles of the leptonically decaying W can be reconstructedwithout ambiguity and for the hadronically decaying W, since the quark and the an-tiquark cannot be distinguished, with the ambiguity (cos ��; ��) $ (� cos ��; �� + �).This event sample has the by far highest sensitivity to gauge boson couplings. 46% ofthe W-pairs decay into four jets. If the correct jet pairing is found one still has thesign ambiguity for the decay angles of both W bosons plus, since the W-charges cannotbe determined, the ambiguity � cos �W for the production angle, so that these eventsadd only little to the sensitivity. The remaining 11% decay fully leptonically. In abouthalf of them one lepton is a � , so that because of the additional neutrinos, too littleinformation is available. For the other half all information can be calculated with atwofold ambiguity. However the additional statistics from these events is so small thatthe analysis of the mixed decays alone gives a good estimate of the total sensitivity.Since it is inconvenient to work with �ve independent variables, always some vari-able reduction is used. For the TESLA studies the spin density matrix has been appliedwhich obtains close to optimal results [4].At TESLA mixed decays of W-pairs can be selected with very high e�ciency andlow background. The large forward peak, that is partially lost in the beampipe, isdominated by t-channel neutrino exchange and is thus not sensitive to anomalouscouplings (see Fig. 5.1.4). Due to the large boost, the W-production angle can bemeasured with signi�cantly higher accuracy than at LEP. Also the resolution of theW-decay angles is good enough that detector e�ects can be almost neglected.In the spin density formalism the signals from the C,P,CP-violating couplings areclearly separated from the C,P-conserving ones. For example the imaginary parts ofthe o�-diagonal elements of the spin-density matrix are non-zero only if CP-violatingcouplings are present. Because of the negligible correlations between the di�erent setsof couplings the �ts can be done separately.Although with beam polarisation all �ve C,P-conserving couplings can be deter-mined simultaneously, to test certain models it is still useful to perform single parame-ter �ts with all other couplings �xed to the values predicted by the Standard Model. Inthese �ts it is also reasonable to impose the relations amongst the parameters suggestedby SU(2)�U(1) invariance [5]:��
 = � cot2 �W (��Z � gZ1 )�
 = �Z:Table 5.1.1 shows the results of the di�erent single parameter �ts including the C orP violating couplings for 500 fb�1 at ps = 500 GeV and 1000 fb�1 at ps = 800 GeV.For both cases an electron polarisation of 80% and a positron polarisation of 60% isassumed. Figure 5.1.5 shows the results of the �ve-parameter �t for ps = 800 GeV.Only the combinations with large correlations are shown.Systematic uncertainties from detector e�ects, backgrounds and beamstrahlung aresmall. The beam polarisation can be determined from a Blondel scheme [6, 7], so thatno additional systematics enter. If only electron polarisation is available the statisticalerrors increase by roughly 50%. However, since the forward peak in the cross section
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5.1 Electroweak Gauge Bosons III-127coupling error �10�4ps = 500 GeV ps = 800 GeVC,P-conserving, SU(2) �U(1) relations:�gZ1 2:8 1:8��
 3:1 1:9�
 4:3 2:6C,P-conserving, no relations:�gZ1 15:5 12:6��
 3:3 1:9�
 5:9 3:3��Z 3:2 1:9�Z 6:7 3:0not C or P conserving:gZ5 16:5 14:4gZ4 45:9 18:3~�Z 39:0 14:3~�Z 7:5 3:0Table 5.1.1: Results of the single parameter �ts (1�) to the di�erent triple gauge couplings.For ps = 500GeV L = 500 fb�1 and for ps = 800GeV L = 1000 fb�1 has been assumed.For both energies Pe� = 80% and Pe+ = 60% has been used.In general the total errors on the anomalous couplings are few � 10�4. Loop cor-rections to the couplings are expected to be of order g2=16�2, one order of magnitudelarger than the expected precision. For the case of Supersymmetry it has been shownthat the loop corrections are indeed of that size [10, 11] and should thus be visible atTESLA.Figure 5.1.6 compares the obtainable precision of �
 and �
 at the di�erent ma-chines. Especially for �
 , where, because of the lower dimension of the correspondingoperator, experiments are sensitive at a lower energy to potential new physics at a highscale, TESLA has a much higher sensitivity than LHC.For the additional processes, 

 ! W+W� and e�
 ! �W�, at the 

- and e
-collider only theoretical studies with low luminosity exist [12]. An extrapolation tothe presently expected luminosity still yields errors that are an order of magnitudeworse than the ones expected from W-pair production in e+e�. However, these studiesuse only the total cross section in the central region of the detector and additionalsensitivity can be expected from a detailed analysis of the angular dependence and theW-polarisation. With the same simpli�cations the expectations for single W productionin e+e� collisions are slightly worse than for the 

- and e
-collider.In addition to single and pair production of gauge bosons also triple gauge bosonproduction will be visible at TESLA. The cross sections are, in the heavy Higgs limit,O(50 fb) for WWZ and O(1 fb) for ZZZ [13, 14]. Both processes have their maximumcross section between 500 and 1000 GeV. Requiring a photon of more than 20 GeV
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 is of the order 10 fb andfor WW
 about 100 fb. Using the latter two channels the anomalous couplings a0 andac which modify the V V 

-vertex but not the triple-gauge-couplings can be measuredto the 0.2 level with ps = 500 GeV, an integrated luminosity of 300 fb�1 and polarisedbeams, corresponding to �0;c � 1:7 TeV in the operators 1=�20 �1=2 �F ��F��W i�W i;� and1=�2c � 1=2 � F ��F��W i;�W i�[15, 14].Also these measurements require adequate theoretical calculations. The presentstatus is summarised in [16].5.1.2 High precision measurements at lower energiesWith a luminosity of L = 5 � 1033cm�2s�1 at energies close to the Z-pole TESLA canproduce 109 Z-bosons in about 50-100 days of running. A similar luminosity is possibleclose to the W-pair threshold. In this scenario, referred to as GigaZ in the following,the measurements already performed at LEP and SLC can be redone with increasedprecision.5.1.2.1 Measurement of the weak mixing angleOne of the most sensitive quantities to loop corrections from the Higgs-boson is thee�ective weak mixing angle in Z-decays sin2�è�. The most sensitive observable tosin2�è� is the left-right asymmetryALR = 1P �L � �R�L + �R ;



5.1 Electroweak Gauge Bosons III-129where �L=R is the total cross section for left/right-handed polarised electrons and Pthe longitudinal electron polarisation. For pure Z-exchange sin2�è� is then given byALR = Ae = 2veae=(v2e + a2e), ve(ae) being the vector- (axial-vector-) coupling of the Zto the electron and ve=ae = 1� 4 sin2�è�. ALR can be measured during GigaZ runningfrom hadronic Z-decays with very high e�ciency and low background. Details on themeasurement of ALR and the other observables can be found in [17]. The statisticalerror with 109 events will be of the order �ALR = 3 � 10�5 which has to be matched bysystematics. The polarisation needs to be known to �P=P < �ALR=ALR � 2 � 10�4.This is only possible if polarised electrons and positrons are available, so that thepolarisation can be measured directly from data using the Blondel-scheme [6]. Thecross section for an electron polarisation Pe� and a positron polarisation Pe+ is givenby � = �u [1 �Pe+Pe� +ALR(Pe+ �Pe�)] ; (5.1.2)where �u is the cross section for unpolarised beams.If all four combinations of beam helicities are measured ALR can be obtained inde-pendently from an external polarisation measurement:ALR = s(�++ + ��+ � �+� � ���)(��++ + ��+ � �+� + ���)(�++ + ��+ + �+� + ���)(��++ + ��+ + �+� � ���) (5.1.3)where in �ij i denotes the sign of the electron- and j the sign of the positron polarisation.This formula assumes, however, that the absolute polarisation values of the buncheswith opposing helicity states are equal. To assure this, or to get the relevant corrections,polarimeters are still needed. Since only relative measurements within one beam areneeded most systematics cancel, so that with this scheme the polarisation can bemeasured with the required accuracy. To obtain optimal statistical precision onlyone tenth of of the luminosity needs to be spent on the small cross sections (++;��).For Pe+ > 50% the statistical error using the Blondel scheme is only slightly largerthan with an external polarisation measurement. For 20% positron polarisation and109 Zs the statistical error is �ALR = 8 � 10�5.Around the Z peak the change of ALR with the beam energy is dALR=dps =2 � 10�2=GeV. The variation is due to the 
-Z interference, so that the di�erence ofps and MZ needs to be known. Not to be dominated by the knowledge of the beamenergy one needs a spectrometer with a precision of 1 MeV that can be calibratedrelative to MZ with a short scan around the Z-resonance. Also because of the energydependence of ALR, the amount of beamstrahlung expected for GigaZ running shiftsALR by �ALR = 9 � 10�4. The beamstrahlung thus needs to be understood to afew percent which seems possible [18]. If the same beamstrahlung as in the ALRmeasurement is also present in the calibration scan the beamstrahl-shift is absorbedin an apparent shift of the centre of mass energy, so that in principle no correctionsare necessary. Since all other systematic errors are small, �ALR = 10�4 is a realisticestimate of the �nal error. This corresponds to an error in the weak mixing angle of� sin2�è� = 0:000013.



III-130 5 Precision MeasurementsDue to the polarised beams and the excellent b-tagging also the Ab measurementsusing the b-quark forward-backward asymmetry can be improved by roughly a factor15 relative to LEP and SLC. GigaZ thus can clear up the slight discrepancy betweenthe b-asymmetry at LEP and SLC and ALR at SLC [19].5.1.2.2 Measurements of the Z-partial widthsFor the observables sensitive to the partial and total widths of the Z the situation is lessspectacular. The measurement of the total Z-width will be dominated by the relativeprecision of the beam spectrometer. A total precision of ��Z � 1 MeV is thus withinreach (see Part IV-7.3).For the selection e�ciencies for hadrons, muons and taus afactor three improvement relative to the best LEP experiment should be possible [20].Also the experimental systematics on the luminosity might be improved, however, thiswould in addition require an improvement of the theoretical error, which is 0.05% atpresent.The interesting physics parameters that can be derived from the lineshape param-eters are� the mass of the Z (MZ);� the strong coupling constant at the scale of the Z-mass (�s(M2Z));� the radiative correction parameter, normalising the strength of the leptonic Z-couplings to the fermions (��`) [21];� the number of light neutrino species (N�).The possible improvements in these parameters are, together with the other observ-ables at GigaZ, summarised in Table 5.1.2. The precision on all observables, obtainedfrom the cross section around MZ apart from MZ itself can be improved by a factortwo to three.Due to the extremely good b-tagging capabilities at TESLA, also the ratio of the Zpartial width to bb to the hadronic width, Rb, can be improved by a factor �ve relativeto LEP.5.1.2.3 Measurement of the W-massThe W-mass can be obtained from a scan around the W-pair production threshold [22].Near threshold the s-channel production is suppressed by �3 while the t-channel is onlysuppressed by �, where � is the velocity of the W in units of c. Due to the leading,�-suppressed, contribution, a scan around the threshold has a high sensitivity to theW-mass. Also for the t-channel only the well known We�-coupling is involved, so thatthe total cross section can be predicted without uncertainties from new physics. Anyanomalous triple gauge couplings enter via the s-channel and are therefore suppressedby an additional factor �2. It is therefore possible to measure the W-mass preciselyfrom a scan of the threshold region.



5.1 Electroweak Gauge Bosons III-131LEP/SLC/Tev [19] TESLAsin2�è� 0:23146 � 0:00017 �0:000013lineshape observables:MZ 91:1875 � 0:0021 GeV �0:0021 GeV�s(M2Z) 0:1183 � 0:0027 �0:0009��` (0:55 � 0:10) � 10�2 �0:05 � 10�2N� 2:984 � 0:008 �0:004heavy 
avours:Ab 0:898 � 0:015 �0:001R0b 0:21653 � 0:00069 �0:00014MW 80:436 � 0:036 GeV �0:006 GeVTable 5.1.2: Possible improvement in the electroweak physics quantities at TESLA. For�s and ��` N� = 3 is assumed.It should however be noted, that the double pole approximation is not valid in thethreshold region. In order to reach su�cient accuracy in this energy range, a full four-fermion calculation with radiative corrections is required. The necessary improvementsshould be possible within the coming years such that the theoretical accuracy will beno obstacle to the precision tests.With TESLA one can collect an integrated luminosity of 100 fb�1 per year at ps �161 GeV. The di�erent polarisation states allow to enhance or suppress the signalhelping to obtain the background directly from the data. A �ve point scan with160:4 GeV � ps � 162 GeV and an additional point at ps = 170 GeV has beensimulated [22], assuming the same e�ciency and purity as reached at LEP. With atotal error of 0:25% on the luminosity and on the selection e�ciencies MW can bemeasured with a total precision of 6 MeV. The method is experimentally robust, forexample even if the e�ciencies are left free in the �t, the error only increases to 7 MeV.The achievable errors at the scan points are compared with the sensitivity to the W-mass in Fig. 5.1.7.5.1.2.4 Interpretation of the high precision dataThe high precision measurements can be used to test the Standard Model at the looplevel. However one of the most important radiative corrections is due to the runningof the electromagnetic coupling � from zero momentum transfer to the Z-scale. Thisrunning is mainly caused by the contribution of fermion loops. The lepton loops canbe calculated reliably without any signi�cant uncertainty. However, due to additionalQCD corrections the quark loops are much more uncertain. �(s) can be expressedas �(s)�1 = �1���lep(s)���(5)had(s)���top(s)� � ��1. If ��(5)had(s) is calculated ina completely model independent fashion from a convolution of the e+e� ! hadronscross section alone using only the optical theorem [23, 24], one obtains from the lowenergy data, including the latest BES results [25], ��(5)had(M2Z) = (279:0 � 4:0) � 10�4
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Figure 5.1.8: ��2 as a function of the Higgs-mass for the electroweak precision data nowand after GigaZ running.will have been found at the time of the high precision electroweak measurements. Inthis case the data can be used to check the consistency of the SM or to measurefree parameters in by then established extensions of the model. As an example Fig.5.1.9 shows the constraints that can be obtained in mA and tan � from the low energyrunning if other SUSY parameters, especially the stop sector, are already known or,alternatively, in mA and m~t2 if tan � and the parameters, that can be measured fromthe light stop only, are known [26]. Further applications of GigaZ to Supersymmetryare discussed in chapter 2.3.2.For more model independent analyses frequently reparameterisations of the radia-tive correction parameters are used where the large isospin-breaking corrections areabsorbed into one parameter, so that the others depend only on the logarithmic terms.One example are the so called " parameters [27]��` = "1sin2�è� = 12  1�s1� 4��(M2Z)p2GFM2Z! (1� 1:43"1 + 1:86"3)M2WM2Z = 12  1 +s1 � 4��(M2Z)p2GFM2Z! (1 + 1:43"1 � 1:00"2 � 0:86"3) :In this parameterisation "1 absorbs the large isospin-splitting corrections, "3 containsonly a logarithmic MH dependence while "2 is almost constant in the Standard Modeland most extensions. Figure 5.1.10 a)-c) shows the the expectations in the "i � "j-planes, compared to present data and to the SM prediction. Since the prediction for"2 is almost constant, in Fig. 5.1.10 d) the "1 � "3-plane is shown, if "2 is �xed tothe predicted value. In this case the precision along the large axis of the ellipse isdominated by the precise measurement of the W-mass.
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Figure 5.1.11: Prediction for S and T from the 2 Higgs doublet model with a light Higgsfor the cases where no Higgs is found, compared to the current electroweak data and theprojection for GigaZ. The outermost (black) ellipse is the 90% c.l. interval allowed bythe present data. The green and the red ellipses are the 90% and 99% c.l. expectationsfor GigaZ. The blue points are the prediction of the 2HDM while the open star denotesthe Standard Model prediction if the Higgs-mass is ps� 100GeV. The plots labelled \h0"represent the case where the h is light, while the ones labelled \A0" are for the case wherethe A is light.extrapolated from the Z-mass to the W-mass.If no unitarity of the CKM matrix is imposed the elements jVuij; i = d; s;b canbe determined with precisions that are comparable to what is currently known [31].All elements jVcij can be determined to a better accuracy than present and foreseenmeasurements. This is in particular true for jVcsj.Especially jVcbj, which is important in the interpretation of CP-violation in B-decays, is also competitive with the expected precision at the b-factories. In any case,



5.1 Electroweak Gauge Bosons III-137a measurement of the CKM matrix elements in W decays will be complementary tothe measurements in heavy meson decays and can provide independent cross-checks.Furthermore, the errors in W decays are dominated by statistical errors and the theo-retical interpretation does not involve the advanced theoretical machinery required forthe reliable evaluation of heavy meson matrix elements.In the GigaZ option about 4 � 108 b-hadrons are produced. The statistics is com-parable to the e+e� b-factories with the additional advantage that also Bs-mesons andb-baryons are produced. The event sample is much smaller than at the experiments athadron machines, BTev and LHCb, but the events are much cleaner and all b-decayscan be triggered.The possibilities to measure CP-violation in B-decays have been studied in [17].Due to the high beam polarisation and the large forward-backward asymmetry forZ ! bb-events the charge of the produced b-quark can be tagged with high e�ciencyand purity from its polar angle only. sin 2� can be measured from the time dependentasymmetry of the decay B0 ! J= K0s and sin 2� from B0 ! �+��, where the excellentmass resolution of the detector largely replaces particle identi�cation. Table 5.1.3compares the capabilities of TESLA for 109 Z-decays with other machines. TESLAwith this statistics will not provide the best measurement in any channel, but stillgives an interesting cross check. Furthermore the branching ratios B0 ! �0�0 andB+ ! �+�0, which are needed to separate penguin contributions in the B0 ! �+��analysis can be measured with similar precision as at BaBar or Belle.sin 2� \sin 2�"BaBar/Belle [32] 0:12 0:26CDF [33] 0:08 0:10ATLAS [34] 0:01 0:09LHCb [35] 0:01 0:05TESLA 0:04 0:07Table 5.1.3: Accuracy of CP violation measurements in the B system at di�erent ma-chines. The error on sin 2� is under the assumption that no penguin diagrams contributeto the asymmetry.In addition to the measurement of CKM phases the combination of luminosity,polarisation and clean environment o�ers some other interesting possibilities in B-physics [36].The observation of the rare b ! s��� transitions requires a clean environment andGigaZ can provide enough luminosity to make the measurement feasible with O(103)expected events. The transition b ! s��� is of special interest, since it is very sen-sitive to Z-penguins, which receive contributions from new physics in a wide class ofmodels like fourth generation, SUSY or models with an additional Z0 [37]. Particularlyintriguing would be a deviation from the Standard Model prediction for b ! s�� ��� as



III-138 5 Precision Measurementsa signature for anomalous couplings in the third generation.The Standard Model predicts that �(bR ! sL
) � �(bL ! sR
), because thePenguin diagrams for right handed light quarks are suppressed by O(ms=mb). On theother hand, contributions from physics beyond the Standard Model can be comparablefor the two decay modes. The helicity structure of the underlying quark decay canthus be measured analysing the decays of polarised �b ! �
.At the Z-pole b-quarks are polarised with a a polarisation of �94%. About twothird of this gets transferred into the polarisation of the �b. At GigaZ about 750 decays�b ! �
 should be seen. In a detailed analysis it has been shown that with such asample of fully reconstructed events the asymmetry of the photon momentum withrespect to the �b-spin is sensitive to ratios between left- and right-handed couplings inthe range 0.5 and 1.9 at the 5� level [38].Although theoretically less clean, similar angular asymmetries in rare hadronic 2-body decays such as �b ! �� o�er a unique opportunity to probe for new physicscontributions to penguin operators with chiralities opposite to those in the StandardModel [38].Polarised beauty baryons can also be used to measure novel e�ects of new physicsthrough CP-odd correlations in exclusive as well as inclusive decays.It should be noted that most results in B-physics, discussed in this section arestatistics limited. If it is found worthwhile it should thus be possible to decrease theerror by a factor of three by collecting 1010 Zs, which can be done in a few years ofrunning.5.1.4 Other electroweak tests at GigaZTaking advantage of the high statistics at GigaZ a couple of other electroweak testsare possible. With 109 events rare Z-decays can be tested. Especially for lepton
avour violating decays of the type Z ! e� or Z ! �� the sensitivity is on the10�8 level. The Standard Model predictions for these decays are completely negligible[39], but, amongst others, models with heavy extra neutrinos [39] or several classes ofsupersymmetric models [40, 41] make predictions that can be tested. As an exampleFig. 5.1.12 shows predictions of some models with extra neutrinos compared to theTESLA sensitivity. The rise of the Z decay rate is proportional to the fourth powerof the leading neutrino mass scale due to symmetry breaking (neutrinos of di�erentgenerations have di�erent masses and mix with each other). The rise �nally getsstopped by unitarity.5.1.5 ConclusionsMeasuring the properties of gauge bosons physics at very high scales can be tested eitherthrough loop corrections or via e�ective operators parameterising Born level e�ectssuppressed by large masses. With TESLA the gauge boson couplings can be measuredwith good enough precision that, depending how electroweak symmetry breaking is
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10�310�410�510�610�710�810�910�1010�1110�1210�13Figure 5.1.12: Upper limit for BR(Z ! ����) if the SM is extended with: (i) one heavyordinary (thick solid) or singlet (thin solid) Dirac neutrino of mass mN1; (ii) two heavyright-handed singlet Majorana neutrinos (dashed lines) with masses mN1 and mN2.realised in nature, either loop e�ects, for example from Supersymmetry, can be seen orsignals from a strongly interacting electroweak sector (see section 4.3) are visible.Similarly, the strongly improved precision on the Z-couplings and the W-mass fromhigh statistics running at lower energies allows stringent tests of the then-StandardModel. As an example, in Supersymmetry unmeasured parameters can be predictedin the same way as LEP and SLC have predicted the mass of the top-quark and laterthe mass of the Higgs-boson.5.2 Extended Gauge TheoriesDespite its tremendous success in describing the experimental data within the range ofenergies available today, the Standard Model, based on the gauge symmetry SU(3)�SU(2)�U(1), cannot be the ultimate theory. It is expected that in a more fundamentaltheory the three forces are described by a single gauge group at high energy scales. Thisgrand uni�ed theory would be based on a gauge group containing SU(3)�SU(2)�U(1)as a subgroup, and it would be reduced to this symmetry at low energies.Two predictions of grand uni�ed theories may have interesting phenomenologicalconsequences in the energy range of a few hundred GeV:(i) The uni�ed symmetry group must be broken at the uni�cation scale �GUT >� 1016GeV in order to be compatible with the experimental bounds on the proton lifetime.However, the breaking to the SM group may occur in several steps and some subgroupsmay remain unbroken down to a scale of order 1 TeV. In this case the surviving group



III-140 5 Precision Measurementsfactors allow for new gauge bosons with masses not far above the scale of electroweaksymmetry breaking. Besides SU(5), two other uni�cation groups have received muchattention: In SO(10) three new gauge bosons W�R ; ZR may exist, in E6 a light neutralZ 0 in the TeV range.(ii) The grand uni�cation groups incorporate extended fermion representations inwhich a complete generation of SM quarks and leptons can be naturally embedded.These representations accommodate a variety of additional new fermions. It is conceiv-able that the new fermions [if they are protected by symmetries, for instance] acquiremasses not much larger than the Fermi scale. This is necessary, if the predicted newgauge bosons are relatively light. SO(10) is the simplest group in which the 15 chiralstates of each SM generation of fermions can be embedded into a single multiplet. Thisrepresentation has dimension 16 and contains a right-handed neutrino. The group E6contains SU(5) and SO(10) as subgroups, and each quark-lepton generation belongs toa representation of dimension 27. To complete this representation, twelve new �eldsare needed in addition to the SM fermion �elds.5.2.1 Z 0 limitsThe virtual e�ects of a new Z 0 or ZR vector boson associated with the most generale�ective theories which arise from breaking E6 ! SU(3)� SU(2)�U(1)�U(1)Y0 andSO(10) ! SU(3)� SU(2)L � SU(2)R �U(1), have been investigated Ref. [42]. Assum-ing that the Z 0(ZR) are heavier than the available c.m. energy, the propagator e�ectson various observables of the processe+e� 
;Z;Z0�! f �fhave been analyzed. Here, the sensitivity reach to detect Z0 bosons is studied for threecenter-of-mass energies (ps = 500 GeV; 800 GeV; 1 TeV) and for di�erent scenarios ofaccuracy:� case A:�Pe� = 1:0%, �L = 0.5%, �sys�lepton = 0:5%, �sys�hadron = 0:5%;� case B:�Pe� = 0:5%, �L = 0.2%, �sys�lepton = 0:1%, �sys�hadron = 0:1%;An integrated luminosity of 1000 fb�1 is assumed to be collected at each centre-of-massenergy. The polarization of electrons and positrons are 80% and 60%, respectively.The corresponding lower bounds (95% CL) on the Z0 masses are given in Figure 5.2.1in comparison to the corresponding numbers at the LHC [43]. Below a Z0 resonancemeasurements of fermion-pair production are sensitive only to the ratio of Z0 couplingsand Z0 mass. If a Z0 will be detected at the LHC its origin can be found by determiningthe Z0 couplings. Figure 5.2.2 demonstrates the resolution power between Z0 modelsassuming that the mass of the new boson is measured at the LHC. Here, leptonic �nalstates are considered and lepton{universality is assumed. If the potential Z0 is heavier
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 (see Fig. 5.2.4a) and e
 ! �q + X (see Fig. 5.2.4b) for three di�erentmodels: the SM-type heavy W 0 (SSM W 0), the left-right model (LRM) and the SM-type Kaluza{Klein-excitation model (KK) [45]. The SM inputs MW = 80:33 GeV,MZ = 91:187 GeV, sin2 �W = 0:23124, � = 1=128 and �Z = 2:49 GeV are used in thenumerics. W 0 
��ee+e� �e(a) e�
 W 0 �eq�q0(b)Figure 5.2.4: Typical diagrams for the processes (a) e+e� ! ���
 and (b) e
 ! �q +X.



5.2 Extended Gauge Theories III-143Details of the W 0 analysis based on e+e� ! ���
 can be found in Ref. [45]. Inorder to take into account detector acceptance, the photon energy, E
 , and the an-gle of the photon with respect to the beam axis, �
, are restricted to the rangesE
 � 10 GeV and 100 � �
 � 1700: These cuts also remove singularities arisingfor soft or collinear photons. The photon's transverse momentum is restricted top
T > ps sin �
 sin �v=(sin �
 + sin �v), where �v is the minimum angle down to whichthe veto detectors may observe electrons or positrons, here �v = 25 mrad. This cut re-moves the largest background, namely radiative Bhabha-scattering where the scatterede+ and e� go undetected down the beam pipe.Figure 5.2.5 shows the possible constraints (95% C.L.) on the right- and left-handedcouplings of a W 0 to fermions using the total cross section � and the left-right asymme-try ALR as observables. The assumed systematic errors for �(ALR) are 0.5%(0.25%).80% electron and 60% positron polarization are assumed. It is assumed in this �gurethat there exists a heavy SSM W 0 and that there is no signal from additional neutralgauge bosons. The W 0 couplings can only be constrained up to a two-fold ambiguity.This ambiguity could be resolved by reactions where the W 0 couples to a triple gaugevertex.
Figure 5.2.5: 95% C.L. constraints frome+e� ! ���
 on couplings of the SSM W 0indicated by a star for ps = 500TeV andLint = 1000 fb�1 with a systematic errorof 0.5% (0.25%) for �(ALR) for di�erentW 0 masses, see text. Figure 5.2.6: 95% C.L. constraints frome+
 ! ��q + X on couplings of the SSMW 0 indicated by a star for pse+e� =0:5 TeV and Lint = 1000 fb�1 with a 2%systematic error for di�erent W 0 masses.The results have been obtained by con-volution with the spectrum of Compton-backscattered laser photons.Details of the W 0 analysis based on e
 ! �q+X can be found in Ref. [46]. In orderto take into account detector acceptance, the angle �q of the detected quark relative



III-144 5 Precision Measurementsto the beam axis is restricted to 100 � �q � 1700. The quark's transverse momentumrelative to the beam is restricted to pqT > 40 (75) GeV for ps = 0:5(1:0) TeV. This cutsuppresses various SM backgrounds.Figure 5.2.6 shows the possible constraints (95% C.L.) on SSM W 0 couplings tofermions for backscattered laser photons. The best W 0 limits come from the observabled�=dpqT . The assumed systematic error of 2% dominates the statistical error, thuseliminating the potential gain from high luminosities. W 0 limits from backscatteredlaser photons are considerably better than those from Weizs�acker{Williams photons.Polarized beams give only a minor improvement to W 0 limits after including systematicerrors. The W 0 couplings can only be constrained up to a two-fold ambiguity.Table 5.2.1 shows mass sensitivity limits (95% C.L.) from both reactions for aW 0 predicted in the three models introduced above for di�erent systematic errors. Allassumptions are the same as in Figures 5.2.5 and 5.2.6. The e+e� limits on the SSM W 0do not improve with polarized beams. The e+e� limits on the W 0 predicted in the LRM(KK) show a weak (considerable) improvement with polarized beams. As mentionedbefore, the e
 limits do not improve much with polarized beams. Backscattered laserphotons give important complementary W 0 limits relative to e+e� scattering.ps = 0:5 TeV; Lint = 1000 fb�1 ps = 1 TeV; Lint = 1000 fb�1e+e� ! ���
 e
 ! �q +X e+e� ! ���
 e
 ! �q +Xsyst. error in % 0.1 0.5 2.0 0.5 2.0 0.1 0.5 2.0 0.5 2.0ModelSSM W 0 4.8 3.8 1.7 4.0 2.7 5.9 4.8 2.2 5.8 4.6LRM 1.3 1.1 0.9 0.7 0.6 1.7 1.4 1.2 1.2 1.1KK 5.0 4.0 1.8 5.7 3.8 6.4 5.1 2.3 8.2 6.5Table 5.2.1: W 0 sensitivity limits (95% CL) in TeV, see text.5.2.3 SO(10) neutrinos and E6 leptonsi) SO(10) neutrinos. The fundamental representation of the SO(10) gauge group con-tains 16 fermions, which consist of the 15 fermions of one family in the Standard Model(SM) and a right-handed neutrino, which is a singlet under the SM gauge group. Mix-ing between ordinary and heavy right-handed neutrinos induces new couplings, whichallow for the single production of the latter. Due to the large contribution of the t-channel W exchange, single Majorana neutrinos can be produced with masses close tothe total c.m. energy of the e+e� collider; for mixing parameters not too tiny, � >� 10�2,the production rates are large enough for the states to be detected [47], see Fig. 5.2.7 a.ii) E6 leptons. Twelve new fermions are needed to complete the 27 dimensional funda-mental representation of E6. They consist of two weak isodoublet leptons, two isosingletneutrinos, which can be either of the Dirac or Majorana type, and an isosinglet quark



5.2 Extended Gauge Theories III-145with charge �1=3 appearing in a left- and a right-handed state:� �EE� �L � �EE� �R N N 0 DL DRSince the new fermions are either gauge singlets under the electroweak gauge group orvector-like there are no signi�cant constraints on their masses and couplings from pre-cision data. These particles can be pair produced via gauge boson exchange includinga new Z 0 boson related to an additional abelian factor in the gauge group structure atlow energies. The cross sections for pair production of the heavy charged and neutralisodoublet leptons are rather large thus allowing for the discovery of these particleswith masses close to the beam energy [48], as can be inferred from Fig. 5.2.7 b.
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100 150 200 250 300 350 400 450 500Figure 5.2.7: Cross sections for (a) single SO(10) Majorana neutrinos [for various mixingparameters �] and (b) heavy E6 lepton pair production [without Z 0 exchange] at ps =1TeV.5.2.4 Heavy Majorana neutrinos in e�e� collisionsThroughout the TESLA physics studies, there has been the consideration that, in itselectron-electron version, this machine can give unmistakable and irrefutable evidencefor the existence of TeV-level Majorana neutrinos, should Nature have chosen to accountin this way for the de�ciencies of the Standard Model neutral-lepton sector. Recentevidence on possible neutrino oscillations has done little to clear up the broader pictureof (i) the Majorana vs. Dirac character of the neutrinos and (ii) the disparity of massesof charged vs. neutral fermions in higher symmetry schemes.



III-146 5 Precision MeasurementsThe exchange of TeV-level Majorana neutrinos in high-energy scattering of left-handed electrons can lead to clear signals in the reaction e�e� ! W�W�. In addition,the energy dependence of those signals gives precise information on mass and couplingsof the exchanged Majorana neutrino. Assuming a discovery limit of 8 events for anintegrated luminosity of 500 fb�1 at ps = 500 GeVand 80% polarized electron beams,the discovery potential of TESLA ranges from about 1 TeV for smaller mixing� 3�10�4to about 2 TeV for larger mixing� 5�10�4, corresponding to the range of upper boundsallowed by experimental constraints [49]. These numbers scale approximately with theenergy, i.e. for ps = 800 GeV the discovery limits are raised to 1.6 TeV and 3.2 TeV,respectively.It has to be examined whether (a) such a process is excluded due to the non-observation of neutrinoless double beta decay, and (b) the greatest sensitivity to thepossible existence of heavy right-handed singlets is o�ered by new and recently proposedexperiments involving large tanks of double-beta-decay candidates such as germanium.Recently it has been demonstrated that the constraints on Majorana neutrinos im-posed by these experiments turn out to be very weak if color e�ects and alternativecontributions from e.g. supersymmetric particles or leptoquarks are properly taken intoaccount [49]. TESLA is the one venue for cleanly interpretable experimentation, wherethe energy and helicities of the incoming electrons provide for clean identi�cation andde�nition of the exchanged heavy neutral lepton.5.2.5 ConclusionsExtensions of the SM gauge group SU(3)�SU(2)�U(1) lead to the existence of newheavy gauge bosons Z 0 and W 0 and novel heavy fermions, the masses of which can bein the TeV range. Z 0 and W 0 gauge bosons can be discovered with masses up to about5 TeV at the LHC, while TESLA exceeds the sensitivity to Z 0 masses up to � 15 TeVand SSM W 0 masses up to � 6 TeV via indirect virtual e�ects in leptonic processes. Thecouplings of these novel gauge bosons can be measured accurately at TESLA thanks tothe high luminosities available at TESLA. The LHC will be the better environment forthe search of new heavy quark states, while TESLA will discover novel heavy leptonswith masses up to the kinematical limits. The comparison between TESLA and theLHC is summarized in Table 5.2.2.5.3 Top Quark PhysicsThe top quark is by far the heaviest fermion observed, yet all the experimental resultstell us that it behaves exactly as would be expected for a third generation StandardModel (SM) quark with charge +2/3. In particular the direct measurement of themass of the top quark by the CDF and D0 collaborations at the Tevatron, yielding acombined result of mt = 174:3 � 5:1 GeV, is in striking agreement with the earlier SMelectroweak analysis of data recorded at LEP and SLC [50].Its large mass, which is close to the scale of electroweak symmetry breaking, ren-



5.3 Top Quark Physics III-147Alternative TESLA LHCZ 0 masses MZ0 <� 15 TeV MZ0 <� 5 TeVZ 0 couplings O(10%) ?SSM W 0 masses MW 0 <� 6 TeV MW 0 <� 5 TeVW 0 couplings O(10%) ?SO(10), E6 fermions leptons quarksTable 5.2.2: Comparison of TESLA and LHC for several aspects of extended gauge theo-ries.ders the top quark a unique object for studying the fundamental interactions in theattometer regime. It is likely to play a key role in pinning down the origin of elec-troweak symmetry breaking and in the search for clues to solve the 
avour problem.If the Higgs mechanism should be veri�ed then, for instance, the measurement of thetop Yukawa coupling (see the section on Higgs bosons) would help to discriminate be-tween SM and non-SM scenarios. High-precision measurements of the properties andinteractions of top quarks are therefore mandatory at any future collider.e+e� colliders are the most suitable instruments to study the properties of topquarks under clean experimental conditions. Operating the machine at the t�t thresh-old, the mass of the top quark can be determined with an accuracy that is an orderof magnitude superior to measurements at hadron colliders. A further asset is theavailability of beam polarisation which is a powerful tool in precision studies of theneutral and charged current interactions of the top quark, both at threshold and inthe continuum. These studies include accurate determination of the \static" proper-ties of top quarks, its vector and axial vector couplings and its magnetic and electricdipole moment, as well as measurement of the charged-current couplings in the maindecay channel. Moreover, decays of the top quark into novel particles, as predicted byextensions of the Standard Model, for instance into charged Higgs bosons and/or stopparticles may be observed. The top-Higgs Yukawa coupling is best determined in thereaction e+e� ! t�tH discussed in section 2.Since the lifetime of the t quark is much shorter than the typical hadronisationtime set by the scale ��1QCD, top quark production and decay can be analysed withinperturbative QCD [51]. Unlike the case of light quarks the properties of the top quark,in particular its spin properties, are re
ected directly in the distributions of the jets, Wbosons, or leptons into which the t and �t decay. This additional important distinctivefeature of top quarks will open up the rich phenomenology refered to above.



III-148 5 Precision Measurements5.3.1 Pro�le of the top quark: decay modesa) The Dominant SM Decay. The channel t ! b + W+ is the dominant top quarkdecay mode, not only in the Standard Model but also in extended scenarios. In theSM the total top width �t is, for all practical purposes, equal to the partial width ofthis decay mode. To lowest order�(t! b+W+) = GF j Vtb j2m3t8p2� �1� m2Wm2t �2 �1 + 2m2Wm2t � : (5.3.1)A large fraction, pL = m2t=(m2t +2m2W ) � 0:7, of the decay W bosons are longitudinallypolarised. The proportionality of �t to the third power of mt is due to the fact that inthe SM the longitudinal W component, dominating for large t masses, is to be identi�edwith the charged Goldstone boson, the coupling of which grows with the t mass. Thewidth of the top quark is known to second-order QCD [52] and �rst-order electroweakcorrections [53]. Numerically �t=j Vtb j2 = 1:39 GeV for mt = 175 GeV (pole mass).The direct measurement of the top quark width is di�cult. The most promisingmethod appears to be the extraction of the width from the forward-backward asymme-try of t quarks near the e+e� production threshold. This asymmetry which is generatedby the overlap of parity-even S{ and parity-odd P{wave production channels is sen-sitive to the width �t. Including the other threshold observables, cross section andmomentum distributions, a precision of about 10 % can be expected for the measure-ment of �t in total [54]. A more precise knowledge of �t, which should eventually befeasible, would allow an accurate determination of the CKM matrix elements j Vtq j viameasurement of the respective branching ratios [55].Chirality of the (tb) decay current. The precise determination of the weak isospinquantum numbers does not allow for large deviations of the (tb) decay current from thestandard V�A structure. Nevertheless, since V+A admixtures may grow with the massesof the quarks involved (�pmt=MX through mixing with heavy mirror quarks of massMX , for instance), it is necessary to check the chirality of the decay current directly.The l+ energy distribution in the semileptonic decay chain t! W+ ! l+ depends onthe chirality of the current. For V�A couplings it is given by dN=dxl � x2l (1 � xl).Another SM prediction, which is important for helicity analyses, is that the chargedlepton in the semileptonic (or the d-type quark in non-leptonic) decays of polarised topquarks is the best analyser of the top spin [56]: dNpol=dxld
l � dN=dxl(1 + st � p̂l),where st and p̂l are the top polarisation and the lepton direction of 
ight in the toprest frame, respectively.A deviation from the standard V�A current would change this distribution; inparticular it would sti�en the energy spectrum and it would lead to a non-zero valueof the energy distribution at the upper end-point. Extrapolating the analysis of [57]to the present TESLA design luminosity gives an experimental sensitivity to possibleV+A admixtures (corresponding to the form factor FW1R that measures (V+A)=(V�A))which is listed in Table 5.3.1).b) Non{Standard Top Decays. Such decays could occur, for example, in supersymmetricextensions of the Standard Model: top decays into charged Higgs bosons and/or into



5.3 Top Quark Physics III-149stop particles and neutralinos:t! b+H+ ; t! ~t+ ~�01 : (5.3.2)If kinematically allowed, branching ratios for these decay modes could be as large asO(10%) for the Higgs and several percent for the SUSY decay Fig. 5.3.1 [58], giventhe present constraints on supersymmetric parameters. The signatures for these decaymodes are very clear and they are easy to detect experimentally [59]. The subsequentdecays of charged Higgs bosons H+ manifest themselves through decays to �+�� andc�s with rates which are di�erent from the universal W decay rates in the StandardModel, thus breaking � vs. e; � universality. If this decay exists it will �rst be seenat a hadron collider: perhaps at the Tevatron or eventually at the LHC. Nevertheless,at a Linear Collider additional important insight could be obtained into the couplingstrength of the charged Higgs boson and its properties by measuring the branchingratio of this mode [59].If neutralinos are the lightest supersymmetric particles, they escape undetected instop decays, so that a large amount of missing energy would be observed in these decaymodes. At a high luminosity linear collider this channel can be detected down to abranching fraction of slightly less than 1 percent [59].Besides breaking the V�A law for the chirality of the t! bW decay current, mixingof the top quark with other heavy quarks would break the GIM mechanism if the newquark species do not belong to the standard doublet/singlet assignments of isospinmultiplets. As a result, FCNC (tc) couplings of order pmtmc=M2X may be induced.FCNC t quark decays, for example t ! c
 or cZ, may therefore occur at the level ofa few permille; down to this level they can be detected experimentally [60]. The largenumber of top quarks produced at the LHC allows, however, to search for rare FCNCdecays with clean signatures, such as t ! cZ, down to a branching ratio of less than10�4.5.3.2 Threshold production: the top massQuark-antiquark production near the threshold in e+e� collisions is of great interest asit o�ers a unique way to investigate the bound-state dynamics of strongly interactingparticles. The long lifetime of the lighter quarks allows the strong interactions to buildup rich structures of bound states and resonances. For the top quark with its largemass and width, the picture is di�erent: the decay time of the states is shorter thanthe revolution time of the constituents so that toponium resonances can no longerform [51]. Nevertheless, the remnants of the toponium S-wave resonances induce a fastrise of the cross section near the threshold. The steep rise provides by far the bestmethod for high-precision measurements of the top quark mass. In comparison to thereconstruction of the invariant mass of jets originating from a single top quark at futurehadron colliders the LC threshold method is superior by an order of magnitude. Thismethod has the advantage that the cross section for the production of a colour singlett�t state is analysed. Infering the mass of a coloured object like the top quark from the
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Figure 5.3.1: a) Contour of �xed branching ratios (in percent) of top quark decays tocharged Higgs bosons in supersymmetric theories, for two characteristic sets of parameters[58]. Also shown is the range of charged Higgs boson masses as a function of the couplingtan� that can be detected experimentally for a given luminosity. b) Range of the branchingratio of top quark decay to a stop particle and the lightest neutralino in supersymmetrictheories [58].invariant mass of colour singlet �nal states recorded in the detector necessarily has alarger uncertainty.Why should it be desirable to measure the top mass with high precision? Twoimmediate reasons can be given:(i) The top mass is an important ingredient for the electroweak precision analyses at



5.3 Top Quark Physics III-151the quantum level [61]. Suppose a Higgs boson has been found at the Tevatron, theLHC and/or the Linear Collider, and its mass is known from direct measurement. Ifthe W and top quark masses are known to high precision then the SM consistencychecks, which at present provide an indirect determination of the mass of the Higgsparticle, will be substantially tightened. In the case of TESLA the Higgs mass can�nally be extracted from the high-precision electroweak observables to an accuracy ofabout 5 % as shown in Fig. 5.1.8. This would provide the most stringent test of theHiggs mechanism at the quantum level.(ii) The Standard Model provides no understanding of the disparate quark and leptonmass spectra, and no answer to the question whether and how the fermion masses andmixing angles are linked to each other. This de�ciency might be removed by a futuretheory of 
avor dynamics, still to be discovered. The top quark, endowed with theheaviest mass in the fermion sector, will very likely play a key role in this context.In the same way as present measurements test the relations between the masses ofthe electroweak W;Z vector bosons in the Standard Model, similar relations betweenlepton and quark masses will have to be scrutinized in the future.The t�t excitation curve can be predicted by perturbative QCD [62, 63, 64] becausethe rapid t decay restricts the interaction region of the top quark to small distances.The interquark potential is given essentially by the short distance Coulombic part.The excitation curve is built up primarily by the superposition of the nS states. Atleading order in the non-relativistic expansion of the total cross section this sum canconveniently be performed by using Green function techniques and the Schr�odingerequation: �(e+e� ! tt)thr = 6�2�2e2tm4t ImG(~x = 0;E + i�t) : (5.3.3)The form and the height of the excitation curve are very sensitive to the mass of thetop quark, Fig. 5.3.2a. Since any increase of the t quark (pole) mass can be compensatedby a rise of the QCD coupling, which lowers the energy levels, the measurement errorsof the two parameters are positively correlated.The correlation between the top mass and the QCD coupling can partially be re-solved by measuring the momentum of the top quark [64] which is re
ected in themomentum distribution of the decay W boson. The t momentum is determined by theFourier transform of the wave functions of the overlapping resonances:d�dPt = 3�2e2t�s �tm2t jĜ(Pt; E + i�t)j2 (5.3.4)The top quarks will have average momenta of order � �smt=2. Together with theuncertainty � p�tmt due to the �nite lifetime, this leads to average momenta < Pt >of about 15 GeV for mt � 175 GeV, see Fig. 5.3.3.Recently the next-to-next-to-leading order (NNLO) QCD corrections to the totalcross section were calculated by several groups [68]. The corrections to the location
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Figure 5.3.2: The total normalised photon-induced cross section R at NNLO for several topmass schemes [65]. For a given scheme the curves refer to three di�erent renormalisationscales �soft = 15, 30, 60GeV.of the threshold and the shift in the height of the cross section were found to belarge. Top quark mass de�nitions, so-called threshold masses, were suggested [69] inthis context that stabilise the location of the threshold with respect to the NNLOcorrections. These threshold masses can be extracted from data with high accuracyand may then be converted into the frequently used MS mass parameter of the topquark [70]. (For a detailed comparison of the di�erent approaches and an assessmentof theoretical uncertainties, see [65].)Fig. 5.3.4 shows the simulation of a scan of the t�t cross section in the thresholdregion, including the e�ects of initial-state radiation and beamstrahlung, with 9 energylocations [67]. A two-parameter �t using the NNLO cross-section formulae yields theexperimental sensitivity to the top mass and to the QCD coupling shown in Fig.5.3.5.
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Figure 5.3.3: The momentum spectrum of the top quarks near the threshold for a �xedtotal c.m. energy as given in Ref. [66]. The momentum depends strongly on the topmass, yet less on the QCD coupling.This �gure shows that only when the top mass is de�ned in the pole mass schemethere is a strong correlation with �s { but not for threshold masses. With the NNLOformulae that use threshold mass parameters, the following statistical errors can beachieved: (�mt)stat � 50 MeV, (��s)stat � 0:0024. These errors were derived for anintegrated luminosity of R L = 100 fb�1. The theory errors in the determination of mtand �s were estimated by varying the renormalisation scale and by comparing NNLOwith NLO results [67]. This analysis shows that the two-parameter �t is problematicin that �s absorbs almost all the uncertainties in the normalisation of �t�t, and thesetheoretical uncertainties are large. Hence determining �s from the t�t cross section atthreshold appears not to be the best procedure for the time being. However, a recentrenormalisation-group improved calculation of the threshold cross section [71] leads toa considerable reduction of the theoretical uncertainty in the normalisation of the crosssection down to 2-3%. The increase of the cross section from the exchange of a 115 GeVStandard Model Higgs boson [72] amounts to 5-8% and would give direct access to thetop-Higgs Yukawa coupling.Rather than using the top threshold scan to determine �s it is more e�ective toconstrain its value to the current world average and �t the data to mt alone. Withthis strategy the statistical errors of the top mass determination decrease, being now30 MeV for the m1St and 40 MeV for the mPSt mass, while the theory errors, estimatedas above, increase to 110 MeV for the m1St and to 180 MeV for the mPSt mass. Thelarger theory error re
ects the fact that due to the correlation between �s and mt the
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Figure 5.3.5: Statistical errors on �s and the top mass resulting from a 2-parameter �t tosimulated data of the t�t excitation curve, using the NNLO cross-section predictions withthe top threshold mass parameters indicated. Here mt denotes the top mass in one of theconventions given in the �gure. An integrated luminosity of 100 fb�1 was assumed. FromRef. [67].of beam polarisations (jPe� j = 0:8 and jPe+ j = 0:6 will be assumed throughout).If 300 fb�1 are invested speci�cally into the L-R and R-L combinations of electron-positron helicities, even �ARL = 0:004 can be achieved. Such a measurement woulddetermine the vector coupling of top quarks to a relative precision of 2% (or even 0.8%)and thus become sensitive to the quantum corrections [76].Both top quarks and antiquarks will be highly polarised, with Pt = P�t = 0:98 and0.88 respectively for the L-R and R-L helicity combinations. For the decay channelt ! bW (! �̀�) this allows to constrain the coe�cient � of the lepton angular distri-bution [56] dN / (1 + �st � p̂`)d
` to better than 0.02 and 0.008, respectively, for thetwo assumptions on the luminosity. By the same line of reasoning the (energy depen-dent) angular distribution of neutrinos can be analysed and the combination of thesemeasurements will lead to tight limits on anomalous couplings of the top quark [77].Polarised beams would also play an important role in the study of the angulardistribution and the transverse and the normal polarisation of the top quarks. Theseare sensitive to the axial coupling of the top quark and to the t�t potential throughrescattering corrections [76].Last but not not least, top quark polarisation will be extremely useful for the



III-156 5 Precision Measurementsanalysis of non-standard decays. The parameter �H in the angular distribution of acharged Higgs boson [78] dN / (1 + �Hst � p̂H)d
H from the decay t ! H+b canbe measured to 0.04 (or even 0.016) which will lead to important constraints on thehandedness of the Yukawa coupling.5.3.3 Continuum production and t form factorsThe main production mechanism for top quarks in e+e� collisions is the annihilationchannel e+e� 
;Z�! tt :Extensive theoretical knowledge has been gained about the total cross section for thisreaction: The QCD corrections were determined to order �2s [79] and the electroweakSM corrections to 1-loop order [80], including the hard photon corrections [81]. The1-loop quantum corrections to the lowest-order cross section were also computed forthe minimal supersymmetric extension of the SM [82]. As shown in Fig. 5.3.6, thecross section is of the order of 1 pb so that top quarks will be produced at large ratesin a clean environment at e+e� linear colliders; about 300,000 pairs for an integratedluminosity of R L � 300 fb�1.The production and decays of top quarks are not signi�cantly a�ected by the non-perturbative e�ects of hadronisation. Moreover, the perturbative QCD corrections aresmall for the continuum production of t�t pairs in a general spin con�guration [85],for the decay of polarized top quarks [56], and for the QCD rescattering correctionssu�ciently away from threshold [86]. Therefore the helicities of the top quarks canbe determined from the distribution of the jets and leptons in the decay chain t !b + W+ ! b+ f �f 0 and the neutral and charged-current interactions of the top quarkcan be measured with good accuracy.An obvious question is whether the top quark has non-standard couplings to gaugebosons. Possible anomalous couplings of the top quark to 
; Z;W bosons can be pa-rameterized by means of an e�ective Lagrangian or, alternatively, by using form factors.The form factors of the top quark in the electromagnetic and the weak neutral currentsare the Pauli{Dirac form factors F 
;Z1V and F 
;Z2V , the axial form factors F 
;Z1A , and theCP-violating form factors F 
;Z2A (see e.g. [87, 88]). Su�ce it to mention that the physi-cal object is the S-matrix element: in some models, for instance in supersymmetric SMextensions, the new physics contributions to the e+e� ! t�t amplitude are not con�nedto the V t�t vertices [82, 89].By convention, to lowest order in the SM the chirality-conserving form factors F 
;Z1V andFZ1A are normalized to unity, whereas F 
;Z2V and F 
;Z2A , which are chirality-
ipping, van-ish to this order. Anomalous values could be a consequence of strong-interaction-typeelectroweak symmetry breaking scenarios or of composite quark structures. Detectablevalues of the electric-type dipole moments F 
;Z2A would be evidence for a new CP-violating interaction beyond the Kobayashi-Maskawa mechanism. Because the aboveform factors are functions of the time-like energy variable s they can have, apart fromdispersive also non-zero absorptive parts if (new) physics thresholds are crossed. For
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III-158 5 Precision Measurementsto the axial Z charge at of the top quark [76]. Some models of strong-interaction-typeelectroweak symmetry breaking predict rather large anomalous contributions, �FZ1V upto 10 % [93].Magnetic dipole moments of the top quark. These form factors are generated alreadyin the SM at the quantum level. Gluon exchange induces a term F 
;Z2V � �s=� andthe interactions of a light Higgs boson would lead to a contribution of similar size. Ifthe electrons in the annihilation process e+e� ! tt are left-handedly polarised, thetop quarks are produced preferentially as left-handed particles in the forward direc-tion while only a small fraction is produced as right-handed particles in the backwarddirection [94]. As a result of this prediction in the Standard Model, the backwarddirection is most sensitive to small anomalous magnetic moments of the top quarks.The anomalous magnetic moments can thus be searched for by measuring the angulardependence of the t quark cross section [94, 57].Form factor SM value ps = 500 GeV ps = 800 GeVp = 0 p = { 0.8 p = 0 p = { 0.8FZ1V 1 0.019FZ1A 1 0.016F 
;Z2V = (g � 2)
;Z t 0 0.015 0.011 0.011 0.008ReF 
2A 0 0.035 0.007 0.015 0.004Re d
t [10�19 e cm] 0 20 4 8 2ReFZ2A 0 0.012 0.008 0.008 0.007Re dZt [10�19 e cm] 0 7 5 5 4ImF 
2A 0 0.010 0.008 0.006 0.005ImFZ2A 0 0.055 0.010 0.037 0.007FW1R 0 0.030 0.012ImFW2R 0 0.025 0.010Table 5.3.1: 1 s.d. statistical sensitivities to some (non) SM form factors in t�t production[57, 95, 96] and in t decay to Wb [57, 88]. The second column contains the respective SMvalue to lowest order, p denotes the polarisation of the electron beam. For the c.m. energyps = 500GeV(800GeV) an integrated luminosity of 300 fb�1 (500 fb�1) was used. FW1Rmeasures (V +A)=(V � A).



5.3 Top Quark Physics III-159Electric dipole moments of the top quark. Electric dipole moments d
;Zt = eF 
;Z2A =2mtof detectable size can be generated only by new CP-violating interactions. If a lightneutral Higgs boson (mh . 160 GeV) with unde�ned CP parity exits, its reducedscalar and pseudoscalar couplings to top quarks could be of order 1 which leads toCP-violating form factors that can be sizeable not too far away from the t�t threshold[97]: at ps = 370 GeV , ReF 
2A � ImF 
2A � 2 - 3 %, and FZ2A � 0:34F 
2A. At a highluminosity LC these e�ects could be measured with (optimized) CP-odd observables[88, 95, 98]. The exchange of supersymmetric particles involving new CP-violatingphases [95, 99, 89] leads to smaller e�ects.The results of a number of sensitivity analyses are given in Table 5.3.1. Most ofthese studies were performed at the parton level. Only the dilepton and single leptont�t decay channels (` = e; �) were considered. A possible strategy for performing thesemulti-parameter analyses in future experiments is as follows. First one may measureCP-odd angular correlations and asymmetries which are sensitive only to CP-violatingform factors. Observables were constructed which can be used to disentangle possibleCP e�ects in t�t production and decay [88, 95]. Once the values of { or limits to { theseform factors are known, one can proceed by measuring the CP-invariant moments in t�tproduction and decay by suitable distributions and asymmetries (see above). In thisway one probes for anomalous e�ects down to length scales of a few �10�19 cm. It isworth emphasizing one aspect of such studies. At e+e� linear colliders very clean andsensitive searches can be made for new CP-violating sources which may only becomevisible at high energies, in particular in t�t production and decay. Detection of suchinteractions in the laboratory would have striking consequences for our attempts tounderstand the matter-antimatter asymmetry of the universe.5.3.4 Complementarity with the LHCFinally a brief comparison of some of the respective assets of the proposed TESLAcollider (LC) and the LHC is in order. As far as as top quark physics is concernedthese machines are complementary, to a large extent, in their potential. (For a recentcompilation of the perspectives of top quark physics at the LHC, see [73].) Clearly, aremarkable feature of the LC is the possiblity to extract the mass of the top quark fromthe threshold excitation curve with an error estimated below 200 MeV. Also the totaltop decay width �t can be determined with a relative error of about 10%. At the LHCtop mass measurements are expected to be feasible with an accuracy of about 1 - 2 GeV.As far as �t is concerned no sensible method of extraction is known. However, fromsingle top quark production at the LHC the measurement of the Kobayashi-Maskawamatrix element j Vtb j2 to 10 % appears feasible.At the LC very clean and accurate measurements of the neutral current couplingsof the top quark to the photon and Z-boson { its vector and axial vector charges,anomalous magnetic and electric dipole moments { can be made, both at thresholdand in the continuum. A powerful tool for these studies and those of the chargedcurrent t couplings will be the possiblity of polarising the e� beams.Owing to the expected production of 107 or more top quark pairs per year the LHC



III-160 5 Precision Measurementshas a large discovery potential of a number of non-standard rare top decays, such as the
avour-changing neutral current reactions t ! c + Z; c + 
, down to branching ratiosof about 10�4 which is superior to the LC. If top decays into charged Higgs bosonsexist they should be seen �rst at hadron colliders. Then at the LC rather precisemeasurements of the branching fraction and clean polarisation studies can be made,o�ering insights into the Yukawa interactions at work in this mode. Moreover, the LCallows for very sensitive searches of the supersymmetric decay of the top quark intostop and neutralino particles.5.4 Quantum Chromodynamics5.4.1 IntroductionStrong-interaction measurements at TESLA will form an important component of thephysics programme. The collider o�ers the possibility of testing QCD [102] at highenergy scales in the experimentally clean, theoretically tractable e+e� environment. Inaddition, virtual 

 interactions will be delivered free by Nature, and a dedicated 

collider is an additional option, allowing detailed measurements of the relatively poorlyunderstood photon structure. The benchmark physics main topics are:� Precise determination of the strong coupling �s.� Measurement of the Q2 evolution of �s and constraints on the GUT scale.� Measurement of the total 

 cross section and the photon structure function.5.4.2 Precise determination of �sThe current precision of individual �s measurements is limited at best to several percent [103]. Since the uncertainty on �s translates directly into an uncertainty onperturbative QCD (pQCD) predictions, especially for high-order multijet processes, itwould be desirable to achieve much better precision. In addition, since the weak andelectromagnetic couplings are known with much greater relative precision, the erroron �s represents the dominant uncertainty on our `prediction' of the scale for granduni�cation of the strong, weak and electromagnetic forces [104].Here we will refer to the conventional yardstick of �s quoted at the Z mass scale,�s(MZ), unless explicitly stated otherwise. Several techniques for �s(MZ) determinationwill be available at TESLA:5.4.2.1 Event shape observablesThe determination of �s(MZ) from event `shape' observables that are sensitive to the3-jet nature of the particle 
ow has been pursued for two decades and is generally wellunderstood [105]. In this method one usually forms a di�erential distribution, makescorrections for detector and hadronisation e�ects, and �ts a pQCD prediction to thedata, allowing �s(MZ) to vary. Examples of such observables are the thrust, jet massesand jet rates.



5.4 Quantum Chromodynamics III-161The latest generation of such �s(MZ) measurements, from SLC and LEP, hasshown that statistical errors below 0.001 can be obtained with samples of a few tensof thousands of hadronic events. With the current TESLA design luminosities of3(5)� 1034/cm2/s, at Q = 500 (800) GeV, hundreds of thousands of e+e� ! qq eventswould be produced each year, and a statistical error on �s(MZ) below 0.0005 could beachieved.Detector systematic errors, which relate mainly to uncertainties on the correctionsmade for acceptance and resolution e�ects and are observable-dependent, are undercontrol in today's detectors at the ��s(MZ) = 0.001{0.004 level [106]. If the TESLAdetector is designed to be very hermetic, with good tracking resolution and e�ciency,as well as good calorimetric jet energy resolution, all of which are required for thesearch for new physics processes, it seems reasonable to expect that the detector-relateduncertainties can be beaten down to the ��s(MZ) ' 0.001 level or better.e+e� ! ZZ;W+W�, or tt events will present signi�cant backgrounds to qq eventsfor QCD studies, and the selection of a highly pure qq event sample will not be quite asstraightforward as at the Z resonance. The application of kinematic cuts would cause asigni�cant bias to the event-shape distributions, necessitating compensating correctionsat the level of 25% [107]. More recent studies have shown [108] that the majorityof W+W� events can be excluded without bias by using only events produced withright-handed electron beams for the �s(MZ) analysis. Furthermore, the application ofhighly-e�cient b-jet tagging can be used to reduce the tt contamination to the 1% level.After statistical subtraction of the remaining backgrounds (the Z Z and W+W� eventproperties have been measured accurately at SLC and LEPI/II), the residual bias onthe event-shape distributions is expected to be under control at the better than 0.001level on �s(MZ).Additional corrections must be made for the e�ects of the smearing of the parti-cle momentum 
ow caused by hadronisation. These are traditionally evaluated usingMonte Carlo models. The models have been well tuned at SLC and LEP and are widelyused for evaluating systematic e�ects. The size of the correction factor, and hence theuncertainty, is observable dependent, but the `best' observables measured at the Zhave uncertainties as low as ��s(MZ) ' 0.001. Furthermore, one expects the size ofthese hadronisation e�ects to diminish with c.m. energy at least as fast as 1/Q. Hence10%-level corrections at the Z should dwindle to 1%-level corrections at Q � 500 GeV,and the associated uncertainties will be substantially below the 0.001 level on �s(MZ).This has been con�rmed by explicit simulations using PYTHIA [106].Currently pQCD calculations of event shapes are available complete only up toO(�2s), although resummed calculations are available for some observables [109]. Onemust therefore estimate the possible bias inherent in measuring �s(MZ) using thetruncated QCD series. Though not universally accepted, it is customary to estimatethis from the dependence of the �tted �s(MZ) value on the QCD renormalisation scale,yielding a large and dominant uncertainty of about ��s(MZ) ' �0.006 [105]. Since themissing terms are O(�3s), and since �s(500 GeV) is expected to be about 25% smallerthan �s(MZ), one expects the uncalculated contributions to be almost a factor of twosmaller at the higher energy. However, translating to the yardstick �s(MZ) yields



III-162 5 Precision Measurementsan uncertainty of �0.005, only slightly smaller than currently. Therefore, althougha 0.001-level �s(MZ) measurement is possible experimentally, it will not be realisedunless O(�3s) contributions are calculated. There is reasonable expectation that thiswill be achieved within the next 5 years [110].5.4.2.2 The tt(g) SystemThe dependence of the e+e� ! tt production cross section, �tt, on the top-quarkmass, mt, and on �s(MZ) is discussed in section 5.3.2. In order to optimise theprecision on the mt measurement near threshold it is desirable to input a precise�s(MZ) measurement from elsewhere. Furthermore, the current theoretical uncertaintyon �tt translates into ��s(MZ) = �0:010. Hence, although extraction of �s(MZ) from�tt near threshold may provide a useful `sanity check' of QCD in the tt system, itdoes not appear currently to o�er the prospect of a competitive measurement. A pre-liminary study has also been made [111] of the determination of �s(MZ) from Rt ��tt=��+�� above threshold. For Q � 500 GeVthe uncertainty on Rt due to mt is around0.0005. The limiting precision on Rt will be given by the uncertainty on the luminos-ity measurement. If this is as good as 0.5% then �s(MZ) could be determined withan experimental precision approaching 0.001, which would be extremely valuable as acomplementary precision measurement from the tt system.5.4.2.3 A high-luminosity run at the Z resonanceA Giga Z sample o�ers two additional options for �s(MZ) determination via measure-ments of the inclusive ratios �hadZ =�leptZ and �had� =�lept� . Both are indirectly proportionalto �s, and hence require a very large event sample for a precise measurement. For exam-ple, the current LEP data sample of 16 M Z yields an error of 0.0025 on �s(MZ) from�hadZ =�leptZ . The statistical error could, naively, be pushed to below the ��s(MZ) =0.004 level, but systematic errors arising from the hadronic and leptonic event selectionwill probably limit the precision to 0.0008 (see section 5.1). This would be a very pre-cise, reliable measurement. In the case of �had� =�lept� the experimental precision fromLEP and CLEO is already at the 0.001 level on �s(MZ). However, there has beenconsiderable debate about the size of the theoretical uncertainties, with estimates aslarge as 0.005 [112]. If this situation is clari�ed, and the theoretical uncertainty issmall, �had� =�lept� may o�er a further 0.001-level �s(MZ) measurement.5.4.3 Q2 evolution of �sIn the preceeding sections we discussed the expected attainable precision on the yard-stick �s(MZ). Translation of the measurements of �s(Q) (Q 6= MZ) to �s(MZ) requiresthe assumption that the `running' of the coupling is determined by the QCD � func-tion. However, since the logarithmic decrease of �s with Q is an essential componentof QCD, re
ecting the underlying non-Abelian dynamics, it is vital also to test thisQ-dependence explicitly. Such a test would be particularly interesting if new colouredparticles were discovered, since deviations from QCD running would be expected at



5.4 Quantum Chromodynamics III-163energies above the threshold for pair-production of the new particles. Furthermore,extrapolation of �s to very high energies of the order of 1015 GeVcan be combined withcorresponding extrapolations of the dimensionless weak and electromagnetic couplingsin order to constrain the coupling-uni�cation, or GUT, scale [104]. Hence it would bedesirable to measure �s in the same detector, with the same technique, and by applyingthe same treatment to the data at a series of di�erent energies Q, so as to maximise thelever-arm for constraining the running.Simulated measurements of �s(Q) atQ= 91, 500 and 800 GeVare shown in Fig. 5.4.1,together with existing measurements which span the range 20 � Q � 200 GeV. Thehighest-energy measurements are currently provided by LEPII. The point at Q =91 GeVis based on the �hadZ =�leptZ technique, and those at 500 and 800 GeVare based onthe event shapes technique. The last two include the current theoretical uncertainty,which yields a total error on each point equivalent to ��s(MZ) = 0.004. It is clearthat the TESLA data would add signi�cantly to the lever-arm in Q, and would allowa substantially improved extrapolation to the GUT scale.
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2)=0.119Figure 5.4.1: The evolution of �s with 1= lnQ [106]; sample Q values (GeV) are indicated.5.4.4 Further important topicsLimited space allows only a brief mention of several other important topics [113]:� Hard gluon radiation in tt events would allow several tests of the strong dynamics ofthe top quark [114]: test of the 
avour-independence of strong interactions; limits onanomalous chromo-electric and/or chromo-magnetic dipole moments [115]; determina-tion of the running mt.� Soft gluon radiation in tt events is expected to be strongly regulated by the large



III-164 5 Precision Measurementsmass and width of the top quark. Precise measurements of gluon radiation patterns inttg events would provide additional constraints on the top decay width [116].� Polarised electron (and positron) beams can be exploited to test symmetries usingmulti-jet �nal states. For polarized e+e� annihilation to three hadronic jets one cande�ne Se � (k1 � k2), which correlates the electron-beam polarization vector Se withthe normal to the three-jet plane de�ned by k1 and k2, the momenta of the two quarkjets. If the jets are ordered by momentum (
avour) the triple-product is CP even (odd)and T odd. Standard Model T-odd contributions of this form are expected [117] tobe immeasurably small, and limits have been set for the bbg system [118]. At TESLAthese observables will provide an additional search-ground for anomalous e�ects in thettg system.� The di�erence between the particle multiplicity in heavy- (b; c) and light-quark eventsis predicted [119] to be independent of c.m. energy. Precise measurements have beenmade at the Z, but measurements at other energies are statistically limited in precision,rendering a limited test of this important prediction. High-precision measurements atTESLA would add the lever-arm for a powerful test.� Colour reconnection and Bose-Einstein correlations are important to study preciselysince they may a�ect the precision with which the masses of heavy particles, such as theW� and top-quark, can be reconstructed kinematically via their multijet decays [120].� Hadronisation studies and renormalon physics can be explored via measurements ofevent-shape observables over a range of Q values.5.4.5 Two Photon physicsTraditionally e+e� colliders provide a wealth of two-photon data. The photons areproduced via bremsstrahlung [121] from the electron and positron beam, which leadsto a soft energy spectrum of the photons. Such processes will also occur at future highenergy e+e� colliders. Due to the single use of the colliding beams at these machinesother operation modes become possible such as a 

 collider and e
 collider [122, 123],where the electron beam(s) of a linear collider are converted into photon beams viaCompton laser backscattering. This o�ers the exciting possibility to study two-photoninteractions at the highest possible energies with high luminosity. A plethora of QCDphysics topics in two-photon interactions can be addressed with a linear e+e� collider or

 collider. Furthermore, good knowledge and understanding of two photon processeswill be essential for controlling background contributions to other processes.5.4.5.1 Total cross sectionAt a linear e+e� collider and 

 collider detailed properties of two-photon collisions canbe studied. A key example is the total 

 cross-section, which is not yet understoodfrom �rst principles. Fig. 5.4.2 shows present photon-photon cross-section data incomparison with recent phenomenological models [124]. All models predict a rise ofthe cross-section with the collision energyps

. The predictions for high energies showdramatic di�erences re
ecting our present lack in understanding. In proton-like models



5.4 Quantum Chromodynamics III-165(solid curve [125] ), the rise follows closely that of the proton-proton cross-section, whilein QCD based models (upper [126] and lower [124] bands), the rise is obtained usingthe eikonalized pQCD jet cross-section.A detailed comparison of the predictions reveals that in order to distinguish be-tween all the models the cross-sections need to be determined to a precision of betterthan 10% [124] at a future 0.5{1 TeV e+e� collider. This is di�cult to achieve atan e+e� collider, since the variable ps

 needs to be reconstructed from the visiblehadronic �nal state in the detector. At the highest energies the hadronic �nal stateextends in pseudorapidity � = ln tan �=2 in the region �8 < � < 8, while the detectorcovers roughly the region �3 < � < 3. Some information can be gained by measuringthe total integrated cross section above a value ps

 , e.g. ps

 > 50 GeV, for whichthe total spread of the model predictions is 10-20% [127].For a 

 collider the photon beam energy can be tuned with a spread of less than10%, such that measurements of �tot

 can be made at a number of \�xed" energy valuesin e.g. the range 100 < ps

 < 400 GeV, as shown in Fig. 5.4.2. The absolute precisionwith which these cross-sections can be measured ranges from 5% to 10%, where thelargest contributions to the errors are due to the control of the di�ractive component ofthe cross-section, Monte Carlo models used to correct for the event selection cuts, theknowledge on absolute luminosity and shape of the luminosity spectrum [127]. It willbe necessary to constrain the di�ractive component in high energy two-photon data.A technique to measure di�ractive contributions separately, mirrored to the rapiditygap methods used at HERA, has been proposed in [128].While the absolute cross-sections are measured with limited precision, the changeof the cross-section with energy can be determined much more accurately. Fitting thedata of the collider to the Regge inspired form s� in the high energy region, one candetermine � with a precision of �� = 0:02. The models show a variation between� = 0:08 and � = 0:26.5.4.5.2 Photon structureThe nature of the photon is complex. A high energy photon can 
uctuate into afermion pair or even into a bound state, i.e. a vector meson with the same quantumnumbers as the photon JPC = 1��. These quantum 
uctuations lead to the so-calledhadronic structure of the photon. In contrast to the proton, the structure function ofthe photon is predicted to rise linearly with the logarithm of the momentumtransferQ2,and to increase with increasing Bjorken-x [129]. The absolute magnitude of the photonstructure function is asymptotically determined by the strong coupling constant [130].The classical way to study the structure of the photon is via deep inelastic electron-photon scattering (DIS), i.e. two-photon interactions with one quasi-real (virtualityQ2 � 0) and one virtual (Q2 > few GeV2) photon. The unpolarised e
 DIS cross-section isd�(e
 ! eX)dQ2dx = 2��2Q4x � h�1 + (1� y)2	F 
2 (x;Q2) � y2F 
L (x;Q2)i ; (5.4.1)
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 cross-section as function of the collision energy, compared withmodel calculations: BKKS band (upper and lower limit correspond to di�erent photondensities [126]); a proton-like model (solid line [125]); EMM band (Eikonal Minijet Modelfor total and inelastic cross-section, with di�erent photon densities and di�erent minimumjet transverse momentum [124]). The proton-like and BKKS models have been normalizedto the data, in order to show the energy dependence of the cross section.where F 
2;L(x;Q2) denote the structure functions of the real photon. To leading orderthe structure function is given by the quark content, e.g.F 
2 = �qe2q(xq
(x;Q2) + xq
(x;Q2)): (5.4.2)To measure F 
2 it is important to detect (tag) the scattered electron which hasemitted the virtual photon. Background studies suggest that these electrons can bedetected down to 25 mrad and down to 50 GeV. For e
 scattering at an e
 collider theenergy of the probed quasi-real photon is known (within the beam spread of 10%) andthe systematic error can be controlled to about 5%. Fig. 5.4.3 shows the measurementpotential for an e
 collider [131]. The measurements are shown with statistical and(5%) systematical error, for 20 fb�1 e
 collider luminosity, i.e. about a year of datataking. Measurements can be made in the region 5:6 � 10�5 < x < 0:56, in a regionsimilar to the HERA proton structure function measurements, and 10 < Q2 < 8 �104 GeV2. The cross-sections at low-x constitutes 30-40% of charm, and correctionsdue to FL amount to more than 10% for the region x < 5:6 � 10�4, and can thus bestudied. For the e+e� collider mode the hadronic �nal state needs to be measuredaccurately in order to reconstruct x. This will limit the lowest reachable x value to be



5.4 Quantum Chromodynamics III-167around 10�3, but allows for measurements in the high x (0:1 < x < 0:8) and high Q2(Q2 > 100 GeV2) range, for detailed F 
2 QCD evolution tests [132].
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 interactions at an e+e� and
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 scattering. An example of a jet measurement is presented in Fig. 5.4.4which shows the asymmetry measured for dijet events, for the e+e� and 

 collidermodes separately. Two extreme models are assumed for the polarised parton distribu-



III-168 5 Precision Measurementstions in the photon. Already with very modest luminosity signi�cant measurements ofthe polarised parton distributions can be made at a linear collider. The extraction ofthe polarised structure function g1(x;Q2) = �qe2q(�q
(x;Q2) + �q
(x;Q2)), with �qthe polarised parton densities, can however be best done at an e
 collider. Measure-ments of g1, particularly at low x, are very important for studies of the high energyQCD limit, or BFKL regime [139]. Indeed, the most singular terms of the e�ectsof small x resummation on g1(x;Q2) behave like �ns ln2n 1=x, compared to �ns lnn 1=xin the unpolarised case of F 
2 . Thus large ln 1=x e�ects are expected to set in muchmore rapidly for polarised than for unpolarised structure measurements. Leading ordercalculations, which include kinematic constraints, show that di�erences in predictionsof g1 with and without these large logarithms can be as large as a factor 3 to 4 forx = 10�4 and can be measured with a few years of data taking at a 

 collider.
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�
� cross-section, i.e. the scattering of two virtual photons with approximately equal virtuali-
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� measurement is vector meson production, e.g 

 !J= J= or (at large t) 

 ! ��, where the hard scale in the process is given by theJ= mass or the momentum transfer t. J= 's can be detected via their decay intoleptons, and separated from the background through a peak in the invariant mass.Approximately 100 fully reconstructed 4-muon events are expected for 200 fb�1 ofluminosity for a 500 GeV e+e� collider [142]. For this channel it is crucial that thedecay muons and/or electrons can be measured to angles below 10 degrees in theexperiment.Further processes which are strongly sensitive to BFKL e�ects include e
 scatteringwith associated jet production [143], and e+e� ! e+e�
X and 

 ! 
X [144]. In all,the study of all these processes will provide new fundamental insight in small x QCDphysics.



III-170 5 Precision Measurements5.4.6 Complementarity of LHCQCD studies at the LHC will concentrate mainly on: jet studies, extracting partondensities in the proton, hard di�raction and heavy quark studies [145]. In principleQCD phenomena can be studied at scales upto a few TeV. A precision measurementof �s is foreseen via jet cross section measurements, but the precision has not beenquanti�ed yet. BFKL phenomena can be studied mainly via di-jet production usingjet pairs with a large rapidity di�erence, which has an entirely di�erent systematicscompared to the methods proposed for the linear collider.Recently [146] it was proposed to study real two photon processes at the LHC. Ifthe technical challenges to tag the outgoing protons can be overcome, such data couldallow for exploratory studies of quasi real two-photon physics in the high energy regime,such as the total 

 cross section and jet production studies.
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