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1
Chapter 1IntroductionSince its formulation in the 60s, the Standard Model [1] (SM) of electroweak in-teractions has been extensively tested with great success. In particular, the highstatistics accumulated by the LEP experiments from 1989 to 1995 (when the �rstphase of LEP at centre-of-mass energies close to 91 GeV ended) and the small ex-perimental systematic uncertainties, have allowed to test the SM predictions at thequantum level.In fact, the cross section of the process e+e� ! �+�� and its angular distribu-tion have been accurately measured at di�erent energy points around the Z mass [2].These measurements have allowed a precise determination of the e�ective couplingsof the Z to the muons. Within the e�ective coupling language, the \on peak" mea-surements �0 and A0FB determine completely the vector and axial coupling of the Zto the muons and hence, together with the known photon couplings, they determinethe complete behaviour of the cross section and forward-backward asymmetry atany energy, in the absence of new physics beyond the Standard Model.In a more general framework, the actual description of the energy dependenceof these quantities requires the introduction of additional parameters which canbe determined at LEP with just limited accuracy given the present measurements.The main reason is the limited excursion in energy during the LEP energy scans,which gives a rather small lever arm to measure the energy dependence.In practice, by using a structure function picture of the beams, we know that theactual direct measurements are a centre-of-mass average of the \hard scattering"cross section: the \inclusive" cross sections that we have measured come from



2 Introductionaveraging the \hard scattering" cross sections in a wide range of energies with aweight given by the initial state radiation (ISR) probability function. Conceptually,the ISR energy loses are e�ectively \scanning" (although in a very non-uniform way)the \hard scattering" process in a range of energy which is much broader than thenominal one of LEP.If we consider that QED is a well established theory which, in fact, allowsvery accurate calculations of the ISR radiation probability, then we do know howthis \ISR scan" is performed, that is, which is the actual probability of the \nakedbeams" colliding at a certain energy. The idea, then, is to try to be more \exclusive"in the measurements, by extracting from the event characteristics the centre-of-massenergy of the \hard scattering" process. Although this is not a rigorous procedurein quantum mechanics, we shall see that theoretically one can justify and show itsvalidity in a very good approximation.The reconstruction of the e�ective centre-of-mass energy is possible in the case ofmuon pair production process, because of the absence of neutrinos (in contrast to thecase of tau production), and because they are produced via s-channel annihilation.So far, the analysis of radiative muon events carried out by other LEP exper-iments [3] was based on the speci�c selection of events with strong initial stateradiation. This requirement results in a very small sample of events, and only theglobal agreement with the SM expectations could be checked.In this thesis we introduce a new method to determine, on an event-by-eventbasis, the actual centre-of-mass energy of the \hard scattering" process. This willallow us to use all the muon events and hence, all the statistical power of the data,giving us maximal sensitivity to the electroweak parameters. We will show that,by setting up a suitable �tting procedure allowing us to use that information, wecan obtain precise determinations of the cross section and the forward-backwardasymmetry in a wide range of energies, spanning without gaps from 60 to 140 GeV(the region not covered by past accelerators). These measurements enable us tomake accurate determinations of the energy dependence of the cross section andthe forward-backward asymmetry as well as to place constraints on the existenceof new Z bosons that could change this dependence. Moreover, we can explore forthe �rst time the centre-of-mass energy region around 80 GeV and 113 GeV, wherethe violation of parity symmetry is maximal, and therefore the sensitivity to the



Introduction 3presence of new scalar interactions that could couple to the initial electrons or �nalmuons is maximized.In addition, by deconvolving the measurements taken at the Z resonance fromthe ones taken at di�erent e�ective energies, we optimize the extraction of theelectroweak parameters, giving the correct statistical weight to each event.The outline of this thesis is as follows: in chapter two we analyze the theoreticalframework of our approach. We start with a description of the SM predictionsfor the process of interest here, and then we develop the \model independent"formalism and we study the precision achieved in the relevant interval of energies.A brief description of possible extensions of the SM that would introduce new gaugebosons is introduced at the end of chapter two.Chapter three is devoted to the description of the experimental apparatus, theLEP collider and the ALEPH detector, together with a description of the algorithmsused in the analysis to identify muon candidates and photons in ALEPH, and toreconstruct the particle direction.Chapter four is devoted to explain the speci�c selection procedure, and to builtthe likelihood function to be maximized. In chapter �ve we show the results ob-tained for the electroweak parameters, and their systematic uncertainties. Fromthese results, we study possible extensions of the SM, (new scalar interactions andnew gauge bosons). The �nal summary and conclusions are given in chapter six.



4
Chapter 2Theoretical frameworkThis chapter describes the theoretical framework necessary to interpret the resultsof this analysis. In section 2.1 the Standard Model predictions for the processe+e� ! �+�� are given and it is shown how the inclusion of higher order correctionsare absolutely necessary to cope with the experimental accuracy. In section 2.2we present the necessary language to describe this process in an almost modelindependent way, and it is compared with the actual Standard Model predictions.The last section 2.3 is devoted to possible extensions of the Standard Model thatinclude new gauge bosons, because this are the most obvious candidates to modifythe predicted energy dependence of the observables in the energy range from 60 GeVto 140 GeV.2.1 The Standard Model of EW interactionsThe Standard Model [1] (SM) is a gauge theory, based on the group SU(3)C 
SU(2)L 
 U(1)Y, which describes strong, weak and electromagnetic interactions,via the exchange of the corresponding spin-1 gauge �elds: 8 massless gluons and 1massless photon for the strong and electromagnetic interactions respectively, and3 massive bosons, W� and Z0, for the weak interaction. The fermionic-mattercontent is given by the known leptons and quarks, which are organized in a 3-foldfamily structure:



2.1 The Standard Model of EW interactions 5leptons �ee�L !Y=�12  ����L !Y=�12  ����L !Y=�12�e�R�Y=�1 ���R�Y=�1 ���R �Y =�1quarks uLd0L !Y= 16  cLs0L !Y = 16  tLb0L !Y= 16(uR)Y = 23 (cR)Y= 23 (tR)Y= 23(d0R)Y=�13 (s0R)Y=�13 (b0R)Y=�13where each quark appears in 3 di�erent \colours", and to each particle correspondsan antiparticle with the same mass but with opposite quantum numbers. Thus,the left-handed �elds are SU(2)L doublets, while their right-handed partners trans-form as SU(2)L singlets. The fd0; s0; b0g states are three lineal combinations of thefd; s; bg mass eigenstates. The unitarity matrix which relates both is the Cabibbo-Kobayashi-Maskawa matrix which depends on three angles and a phase which haveto be determined experimentally. This phase is the responsible of theCP symmetrybreaking in the SM and it is widely believed that CP nonconservation in the earlyuniverse is the source of the apparent imbalance between matter and antimatter.There's no equivalent mixing matrix in the leptonic sector, although recent experi-mental results [4] seem to indicate the existence of �e� �� mixing, and therefore toinvalidate the hypothesis of massless neutrinos.The gauge symmetry is broken by the vacuum, which triggers the SpontaneousSymmetry Breaking (SSB) of the electroweak group to the electromagnetic sub-group: SU(3)C 
 SU(2)L 
U(1)Y SSB�! SU(3)C 
U(1)QEDThe SSB is an \intriguing" way of generating the weak gauge bosons and fermionmasses while is preserving the gauge symmetry of the Lagrangian. This symmetryis essential in order to make the theory renormalizable, in other words to keep thenumber of \in�nities" that appear in the theory �nite, and therefore be absorbed in



6 Theoretical frameworkthe rede�nition of a �nite number of \bare" parameters. In fact, 't Hooft demon-strated in 1971 [5] that for a theory to be renormalizable, it must be a Yang-Millstheory, that is, a theory with a local gauge invariance. Only if we have such a highdegree of symmetry can we obtain the systematic cancellations of divergences orderby order.This mechanismhas as a consequence the appearance of a physical scalar particlein the model, the so-called \Higgs" boson, that has not been observed experimen-tally. Its mass range is constrained to beMH > 66 GeV [6] at 95% con�dence level.The precise electroweakmeasurements at LEP have some sensitivity to the log(MH)through loop corrections, and allow to constraint MH to be below 550 GeV at 95%con�dence level [7]. The next generation of machines (LEP II, LHC) should be ableto decide whether the simplest Higgs model is correct.2.1.1 Lowest order SM predictions for the process e+e� !�+��The Feynman diagrams contributing at tree level to the process e+e� ! �+�� arethose shown in �gure 2.1 in the massless limit where the Higgs exchange diagramis neglected. The neutral current coupling constants between the Z0 boson and thefermions are given by,vf = If3 � 2Qf sin2�W2 sin �W cos �W ; af = If32 sin �W cos �W (2.1)where If3 and Qf denote the third isospin component and the electric charge of agiven fermion specie f . �W is known as the weak mixing angle de�ned as the ratioof the weak coupling constants, (g and g0), to the gauge groups SU(2) and U(1), orequivalently, cos �W = MWMZ (2.2)where MW and MZ are the masses of the gauge �elds W� and Z0 respectively.The electromagnetic current coupling constant between the 
 boson and thefermions has only a vectorial component given by the electric charge Qf . Notethat the simultaneous presence of vector and axial couplings breaks the Paritysymmetry (P) of the process, and as a consequence the angular distribution of theproduced muon pair is not symmetric.



2.1 The Standard Model of EW interactions 7
Figure 2.1: Feynman diagrams contributing at tree level to the process e+e� ! �+��. TheHiggs exchange diagram is neglected.Using the Feynman rules and neglecting the fermion masses (thus neglectingthe Higgs exchange diagram), the Born di�erential cross section for this process isobtained:d�0(s)d cos � = ��22s s2j Z(s) j2 h(1 + cos2 �)(v2e + a2e)(v2� + a2�) + 8 cos �vev�aea�i+ ��22s s(s�M2Z)j Z(s) j2 h(1 + cos2 �)2vev� + 4 cos �aea�i+ ��22s (1 + cos2 �) (2.3)where the Z propagator is written in the lowest order Breit-Wigner approximation,j Z(s) j2 = (s�M2Z)2 + (MZ�Z)2� is the polar angle in the centre-of-mass frame between the incoming electron(e�) and the outgoing muon (��) as shown in �gure 2.2, s is the centre-of-massenergy squared, MZ is the Z0 mass, �Z is the Z0 width and � = e2=4� is theelectromagnetic coupling constant at the Thompson limit (�(0)).As we have already mentioned, the SM prediction for this process is not sym-metric in the space, (P symmetry is not conserved), and we can de�ne a forward-backward asymmetry as: A0fb = �0f � �0b�0f + �0b � �0fb�0



8 Theoretical framework
Figure 2.2: Schematic representation of the process e+e� ! �+��and �0f = Z 10 d cos �d�0(s)d cos ��0b = Z 0�1 d cos �d�0(s)d cos �so that,�0(s) = 4��23s " s2j Z(s) j2 (v2e + a2e)(v2� + a2�) + s(s�M2Z)j Z(s) j2 2vev� + 1# (2.4)�0fb(s) = ��22s " s2j Z(s) j28vev�aea� + s(s�M2Z)j Z(s) j2 4aea�# (2.5)and with this de�nition the angular distribution at tree level can be written as:d�0(s)d cos � = 38�0(s)(1 + cos2 � + 83A0fb(s) cos �) (2.6)Note that this angular distribution is independent of the speci�c SM predictionand is a general consequence of the helicity conservation between the initial and the�nal state in the massless limit, when the interaction is mediated by a spin-1 boson.This is so, because the scattering proceeds from an initial state with Jz = �1 to a�nal state with Jz0 = �1, where the z, z0 axes are along the ongoing e� and outgoing�� directions, respectively. Thus, there are four helicity amplitudes proportionalto the rotation matrices, dj�0�(�) = < j�0 j e�i�Jy j j� >



2.1 The Standard Model of EW interactions 9where y is perpendicular to the reaction plane and �, �0 are the net helicities alongthe z, z0 axes. The four helicity amplitudes have the same vertex factors and arethus proportional to: d111(�) = d1�1�1(�) = 12(1 + cos �)d11�1(�) = d1�11(�) = 12(1 � cos �)If we take now the spin average of these four squared amplitudes we get an angulardistribution as in equation 2.6.Now, from the measured values of MW and MZ we have sin2 �W � 0:22, andtherefore using equation 2.1 v�a� � 0:1. This implies that the Z0 boson coupling tomuons is essentially axial, and as the 
 boson coupling is vectorial, the interferencebetween both contributions will generate a forward-backward asymmetry, while theindividual contributions of the diagrams appearing in �gure 2.1 will be essentiallysymmetric. This can be seen in �gure 2.3, where the contribution of the Z0-exchangechannel, 
-exchange channel and their interference is explicitly shown. In particular,one can see how the energy dependence of the forward backward asymmetry iscompletely generated by the interference between both channels.In fact, it turns out that due to the interference between the Z contribution(dominated by the axial coupling), and the 
 contribution (that is only vectorcoupling), there is a region of energies (ps � 80 GeV) in which parity violation ismaximal and �LL � �RR � 0, where i(j) in �ij stands for the polarization of theincoming e� (outgoing ��) [8]. Similarly, there is a region around ps � 113 GeVwhere �LR � �RL � 0 and parity violation is maximal too. In terms of helicitycross sections, the total and antisymmetric cross sections can be written as�0 = 12(�LL + �RR + �LR + �RL)�0fb = 38(�LL + �RR � �LR � �RL)so that, at these interesting energies �0fb = �34�, and corresponds to the maximumvalue for j �0fb j that the probability density of eq. 2.6 allows (for values of j A0fb jlarger than 3=4 the di�erential cross section is not positive de�ned because it willimply a negative helicity cross section).A study of the muon pair production at these energies allows to search for newphysics in an environment of minimal background [8]. More speci�cally, a scalar



10 Theoretical frameworkinteraction that will not interfere with the Z0 or the photon contribution, willnaturally show up at these energies.
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2.1 The Standard Model of EW interactions 11muon lifetime measurement, then GF is equivalent to the product of the W bosoncouplings times the W boson propagator at q2 ! 0, namely:GF = ��p2 1M2W sin2 �W (2.8)so that, in practice, we can substitute MW in equation 2.2 by GF that is muchbetter known. De�ningA0 � ��p2GF = (37:2802(3)GeV)2one can compute MW , and therefore sin2 �W asMW = MZp2 "1 + (1 � 4A0M2Z )1=2#1=2 ! 80:937GeVsin2 �W = 12 "1� (1� 4A0M2Z )1=2#! 0:2122Nevertheless, the direct data on MW gives MW = 80:356 � 0:125 GeV [9], thatis, about 4.6 sigma o� from the above prediction. If the neutrino-nucleon datais used in addition [10], then the best experimental determination of sin2 �W issin2 �W = 0:2237�0:0021 at about 5.5 sigma from the above prediction. So, alreadyat this stage, one can see that the Born SM language is not accurate enough todescribe the data and therefore, since the SM is a renormalizable theory, we mustinclude higher order contributions to correct the above expressions.2.1.2 Higher order correctionsIn order to take into account higher order corrections, the �rst step is to de�ne therenormalization scheme, that is, to de�ne the \bare" input parameters of the theorythat need to be renormalized and the corresponding renormalization equations. Thediscussion that follows is based on the on-shell-mass renormalization scheme wherethe \bare" parameters to be renormalized are the electromagnetic coupling constant,the masses of all the particles in the theory and the Cabibbo-Kobayashi-Maskawafermionic mixing angles.At one loop, equation 2.8 becomes,GF = ��p2 1M2W sin2 �W (1 + �r) (2.9)



12 Theoretical frameworkSince in the self energy corrections all kind of heavy particles may show up virtually,in practice the size of �r depends on all the constants of the SM Lagrangian and,in particular, on the still unknown (or badly known) top mass and Higgs mass.�r is customarily splitted into pieces which have di�erent conceptual origin:�r = ��� cos2 �Wsin2 �W ��+�rrem (2.10)Let's discuss a little bit the di�erent contributions to �r that constitute thebasic building blocks of radiative corrections.Photon vacuum polarization: ���� describes the change in the electric charge coupling from q2 = 0 to the realq2 of the interaction. Therefore at energies around the Z0 mass,�(M2Z) = �1 ��� (2.11)which within the SM is�� = �3�Xl Q2l  log M2Zm2l � 53!+��had + :::where the �rst term is the contribution for charged leptons, ��had the contributionfor quarks and the dots indicate remaining (small) bosonic contributions. One cansee from the above expression that �� is dominated by the contribution of lightparticles and it remains unchanged by new physics. In the case of quarks, since theactual masses to be used in this expression are not well determined, ��had is inpractice computed via dispersion relations using the experimental data on hadronice+e� cross sections. Recently there has been some updates on the number obtainedwith this procedure [11], and we will take the standard value taken by the LEPcommunity ��had = 0:0280 � 0:0007 at q2 = M2Z corresponding to ��1(M2Z) =128:896 � 0:090.Quantum corrections to the � parameter: ��The � parameter is de�ned as the relation between the neutral and chargedcurrent strength at q2 = 0. In the SM at tree level,�0 = M2Wcos2 �WM2Z = 1



2.1 The Standard Model of EW interactions 13but after computing one loop corrections � = �0 +�� being�� = p2GF16�2 Xf Nc;f�m2f + :::being f all fermion doublets, Nc;f their possible number of colours and �m2f =j m2f1�m2f2 j the doublet mass splitting. �� is negligeable for light fermions but large forheavy fermions with a light iso-doublet partner. Therefore, the largest contributionis, by far: �� � ��tb = p2GF16�2 3m2t (2.12)which amounts to about 1% for mt = 175 GeV. �� is sensitive to all kind of SU(2)multiplets which couple to gauge bosons and exhibit large mass spliting and hence,it is very sensitive to new physics,Remainder corrections: �rremIn addition to the terms included in the two previous corrections, there are othernon-leading (but non negligeable) contributions, that have a logarithmic dependencewith the mass of the top quark. In �r at one loop the leading Higgs contributionis logarithmic due to the accidental SU(2)R symmetry of the Higgs sector (theso-called custodial symmetry).Now, from the measuredMtop by CDF an D0 collaborations [12] (Mtop = 175�6 GeV), one can compute �r at one loop to be �r = 0:040 � 0:002 neglectingthe Higgs contribution, and see how the measured MW and sin2 �W compare withthe SM predictions at one loop. Introducing this result in equation 2.9 we haveMW = 80:30 � 0:03 GeV and sin2 �W = 0:2245 � 0:0007, that compares very nicelywith the experimental measurements mentioned in the previous section, (MW =80:356 � 0:125 GeV, sin2 �W = 0:2237 � 0:0021).So, the message is clear... at the present level of experimental accuracy, oneneeds to compute the SM predictions at least to one loop. We will see in the nextsection, that even this is not enough for some speci�c kind of radiative corrections,but let's focus now on the higher order SM predictions for the relevant process inthis work.



14 Theoretical framework2.1.3 Higher order SM predictions for the process e+e� !�+��(
)The goal is to be able to predict the total cross-section and forward-backward asym-metry for the muon pair production process with a precision better than the permilelevel at the Z resonance. To do this, one needs to take into account higher ordercorrections not only in the de�nition of the input parameters (�,GF ) determined atq2 ! 0, but also include the speci�c higher order corrections for this process.At one loop, the radiative corrections to the process e+e� ! �+�� can beclassi�ed into two groups: photonic and non-photonic corrections. The �rst oneincludes all contributions in which a photon line is added to the born diagramand the second group includes the rest. This separation is specially important forneutral current processes in which the non-photonic corrections at one-loop levelseparate naturally from the photonic ones forming a gauge-invariant subset.Non-photonic correctionsThis corrections do not depend on experimental cuts, (with the exception ofbox diagrams) and contain relevant information on the non-energetically avaliableelements of the theory. So, they are the ones that allow the detailed test of thequantum structure of the SM and the search for new physics. At one loop, thesecontributions can be classi�ed into three types, namely: box corrections (�gure 2.4),vertex corrections (�gure 2.5) and vacuum polarization corrections (�gure 2.6), insuch a way that one can just modify equation 2.6 withd�̂(s)d cos � = d�0(s)d cos � (1 + �box(s; cos �) + �vertex(s) + �vacuum(s)) (2.13)
Figure 2.4: Weak box corrections.The box corrections are very small near the Z peak due to their non-resonantstructure. Their size depends on cos � and therefore they depend on the actual



2.1 The Standard Model of EW interactions 15observable studied but their typical order of magnitude is �box � 0:02%. Theirin
uence is slightly bigger at energies which are several GeV below or above MZ ,but still negligible. This allows to use the angular distribution of equation 2.6 safely(taking into account that the most precise measurements are at the Z peak).The vertex corrections are small too, but non negligeable. For all leptons theirtypical size is of �vertex � 1% and don't modify the cos � dependence. Finally, the
Figure 2.5: Vertex corrections.vacuum polarization corrections (also called oblique corrections, propagator cor-rections and self-energies) are the largest non-photonic corrections and typically�vacuum � 10%. These corrections are universal, that is independent of initial and�nal fermion 
avour. It has been shown by several groups that in four fermionprocesses, the matrix element squared including non-photonic corrections can berewritten keeping a Born-like structure by de�ning running e�ective complex pa-rameters [13]. As we shall see in the next section, initial-�nal factorizable correctionssuch as self-energies and vertex corrections can be easily absorbed by rede�ning theBorn couplings (E�ective coupling language).

Figure 2.6: Vacuum polarization corrections.Moreover, the e�ect of missing higher order corrections has been extensivelystudied in reference [14]. The conclusions there are that �̂ is known with a precisionof about 0:05% and the forward backward asymmetry is known with a precision ofabout 0:04% due to the uncertainty on the hadronic contribution to ��. So that, the



16 Theoretical frameworkprecision achieved with the SM predictions at one loop copes with the experimentalaccuracy (say 0:2%).Photonic correctionsThe photonic corrections near the Z pole are very large for many observables.They distort noticeably the shape of their energy dependence and hence their sizedepends strongly on the actual energy. In addition, given the possibility to radiatereal photons, they depend also strongly on the experimental cuts applied to analyzethe data.Nevertheless, the inclusion of photon lines does not add more physics than justQED and therefore, the physics interest of photonic corrections is rather limited.In general, the strategy applied to deal with these corrections consist in unfoldingthem as accurately as possible from the observed measurements to recover the non-photonic measurements. In this work, we will go a little bit further, and we willmeasure directly the non-photonic cross-section and forward backward asymmetryreconstructing the e�ective centre-of-mass energy of the collision.For s-channel lineshapes, at one loop, photonic corrections can be classi�ed intothree infrared-�nite gauge-invariant sets of diagrams:� Initial State Radiation (ISR). Contribution from diagrams in which aphotonic line is attached to the initial state fermion (see �gure 2.7). Thesecorrections near the Z0 pole are very large and of paramount importance.To understand why ISR corrections are so important, the physical picture ofstructure functions results very useful. In that picture, the colliding electronsare though as composite objects inside which, parton electrons are dressed byphotons with which they share the beam's momentum. These partons collidein a \hard scattering" which is described by the amplitudes without photoniccorrections. The Z0 resonance width acts as a natural photon energy cut-o�which decreases drastically the cross section. Out of all the beam's collisions,only those in which the actual parton energies is close enough to the Z0mass will produce a \hard scattering" event. Therefore, the Z0 resonanceacts as a monocromator of the parton energy since only those with the rightenergy annihilate into a Z0 boson. Therefore, the existence of ISR decreasesdrastically the actual probability of Z0 production (inclusive cross-section).



2.1 The Standard Model of EW interactions 17In fact, at O(�)�(s) = �̂(s)(1 + �1 + � lnx0) + Z 1x0 dx�( 1x � 1 + x2 )�̂(s0) (2.14)where the �rst part is the soft photon cross-section and the rest the hard one;x is the photon energy in units of the beam energy and s0 = s(1�x); x0 is thesoft-hard separation cut that is completely irrelevant because the �nal resultis independent of it; �1 is the part of the soft radiative corrections which isindependent of x0, its value being�1 = 34� + ��  �23 � 12! (2.15)� de�ned as � = 2��  ln sm2e � 1! (2.16)and it can be regarded as an e�ective coupling constant for bremsstrahlung.It is a factor associated to every electron bremsstrahlung vertex. At LEPenergies it is large: � � 0:11. Now, if there's an e�ective energy cut-o� givenby the Z0 width xM � �ZMZ , equation 2.14 becomes�(M2Z) � �̂(M2Z)(1 + �1 + � lnxM)and �1 � 0:09 while � ln �ZMZ � �0:40, so that the infrared term dominatesby far and the �nal total correction is of about �30%. Note that in absenceof any resonance, the e�ective cut-o� xM disappears and we do not have anylarge log like the one in the previous equation in the �nal result. Hence thedominant correction will be then �1. Given their large size, the pure one loopcalculation of ISR corrections is clearly insu�cient to match the experimentalprecision (� 0:1%). Therefore, the calculation of the two loop terms as wellas the study of the procedure to resum to all orders the infrared contributions(exponentiation) were attacked before LEP started operation. The outcomeof this work was that the photonic corrections to the e+e� annihilation nearthe Z0 pole are very accurately known [15]. Several approaches to handlehigher orders, based on di�erent physical pictures and di�erent technical im-plementations (inductive exponentiation, structure functions, YFS...) havebeen developed and their results compare well.



18 Theoretical framework
Figure 2.7: QED Initial State correctionsIn practice, the probability to emit a photon that decreases the \nominal"centre-of-mass energy (ps) to the \e�ective" one (ps0) can be parameter-ized in a radiator function computed up to O(�2) and including soft photonexponentiation as:H(s; x) = �x��1(1 + �1 + �2)� �2 (2 � x)(1 + �1 + � ln(x)) + �H2 (x)where �1 and �2 are just numerical functions independent of x, and �H2 (x)describes the probability of emission of hard photons up to O(�2). Explicitexpressions for these functions can be found in [15]. One can see that whenx! 0, the radiator function behaves as �x��1, so that it is divergent in thatlimit, while the integrated expression goes as x� and is �nite. In this way, thedi�erential cross section in equation 2.6 depends now on two variables (cos �and x) and can be written as:d2�dxd cos � (s) = H(s; x) �38(1 + cos2 �)�̂(s0) + cos ��̂fb(s0)� (2.17)where cos � is referring to the centre-of-mass reference system, and is relatedto the measured angles of the muon pair through:cos � = sin 12(��+ � ���)sin 12(��+ + ���) (2.18)To writte equation 2.17, we have made the approximation that the radia-tor function H(s; x) is the same for the symmetric and antisymmetric cross



2.1 The Standard Model of EW interactions 19section. This is valid for soft photons in the collinear leading logarithmicapproximation provided the scattering angle is used in the rest frame of theoutgoing fermion pair.It is not surprising that the convolution kernel for the antisymmetric part ofthe cross section is di�erent from the symmetric one, since �̂fb is a less inclusivequantity than �̂ and the kinematical situation is more complicated. Theradiator function ~H(s; x) for the antisymmetric cross section can be relatedwith H(s; x) through [15]:~H(s; x) = H(s; x)� �(1 � x0 � x)�� 4x1� x log 4x(1 + x)2 (2.19)where �(z) denotes the Heaviside function.� Initial-Final State Interference (I-F interference). Contribution fromthe interference between the diagrams in which a real photonic line is attachedeither to the initial or the �nal fermionic lines (see �gure 2.8). In this setof contributions, as before, the infrared divergence which shows up in thereal photon emission when the photon energy vanishes, cancels the infrareddivergence present in the interference between the Born amplitude and theone in which a virtual photon links the initial and the �nal state fermion lines(box correction). This contribution, unlike the previous one, depends on cos �and its analytic form is rather involved.
Figure 2.8: QED Initial-Final state interference corrections.



20 Theoretical frameworkIn fact, for inclusive observables, that is when there's no cut on the phasespace of the Initial State photon, the contribution is very small, at the levelof O(0:02%) for �̂, and can be safely neglected. This is the case usually atLEP, but in our case we are interested in the di�erential cross-section ( d2�d cos �dx)where s0 = s(1�x) is the square of the \e�ective" centre-of-mass energy thatwe have introduced in the discussion of the ISR corrections. In �gure 2.9one can see the contribution of the I-F QED interference for the total crosssection and the forward-backward asymmetry as a function of the cut ons0min � s(1 � xmax).
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2.1 The Standard Model of EW interactions 21These contributions are parameterized in �tot and �fb de�ned as:�if�nif = 1 + �totAiffb = Aniffb + �fbwhere �if and Aiffb include the interference, whereas �nif and Aniffb don't in-clude it. �tot and �fb have been computed using an analytic expression thatdescribes the e�ect to O(�), at a centre-of-mass energy ps = 91:2 GeV, andin the angular acceptance j cos � j< 0:9.What one can learn from �g. 2.9 is that as we try to become less inclusive(xmax ! 0), the e�ect of the interference is becoming less and less negligible.This is specially true for the forward-backward asymmetry, if we take intoaccount that the experimental precision in the determination of A�fb is around0.01 [7].The actual reason why the I-F QED interference is so small near the Z0 peak isthe �nite lifetime of the Z0 which, somehow, \separates physically" the initialand �nal state wavefunctions. Nevertheless, as we cut in radiated energy, thephoton wavelength increases and then, radiation starts overlapping the initialand �nal state wavefunctions leading to a gradual restoration of the I-F QEDinterference with increasing strength of the cuts.Indeed, this phenomenon was proposed some time ago by S. Jadach and Z.W�as in ref. [16] as an alternative method to \determine" the Z0 width. Veryrecently, the DELPHI collaboration has published a study on this topic [17].In our case, we pretend to be as insensitive as possible to such kind of e�ects,in order not to spoil the interpretation of ps0 as the \e�ective" centre-of-mass energy left after ISR. So that, instead of dealing with the probabilitydensity of equation 2.17, we have to bin the distribution in intervals of x witha minimum bin size of the order of �x � �ZMZ � 0:03. In any case, one needsto bin the probability density in the limit x ! 0 in order to have a �niteanswer.� Final State Radiation (FSR). Contribution from diagrams in which aphotonic line is attached to the �nal state fermion line (see �gure 2.10). In thisset of contributions, the infrared divergence which shows up in the real photon



22 Theoretical frameworkemission when the photon energy vanishes, cancels the infrared divergencepresent in the interference between the Born amplitude and the one in whicha virtual photon is attached to the �nal state vertex (vertex correction). Ifwe don't cut on the phase space of the �nal state photon, the correction forthe total cross-section (�̂) is (1 + 3�(s)4� ) and negligible for the antisymmetriccross-section (�̂fb). This amounts to a correction at the level of 0:17% atenergies around the Z0 mass.
Figure 2.10: QED Final State corrections2.2 Model independent approaches to the pro-cess e+e�! �+��In the previous section, we have seen how the process e+e� ! �+�� can be de-scribed at lowest order by two quantities: �0(s) and A0fb(s) that are \in principle"measurable. The explicit dependence of these quantities with the centre-of-massenergy is predicted by the SM (see equations 2.4, 2.5). The inclusion of higherorder non photonic corrections does not change this picture and we can just absorbthem in a rede�nition of the cross section (�̂(s) and Âfb(s)).To interpret �̂(s) and Âfb(s) in a \model independent" way, we need to param-eterize the energy dependence of these observables in such a way that it copes with



2.2 Model independent approaches to the process e+e� ! �+�� 23the experimental accuracy, and has the minimum input from the theory. Since al-most the beginning of LEP, the \e�ective coupling" language has been establishedby the LEP community as a suitable way to compile the precision electroweak mea-surements. In fact, this language is adequate when we are describing a restrictedenergy region around the Z0 resonance, but as we will see, we need a more generalapproach to describe an energy region spanning from 60 GeV up to 140 GeV. Thisis the motivation to introduce the so-called S-matrix language.2.2.1 The e�ective coupling languageAs we have seen in section 2.1, the inclusion of the leading non-photonic correctionsdoes not change at all the Born structure of the SM predictions. The \e�ectivecoupling" language takes pro�t of this, and parameterizes �̂(s) and Âfb(s) as afunction of two real constant parameters per 
avour: an e�ective vector coupling(<(gV )) and an e�ective axial coupling (<(gA)).In fact, one can absorb higher order non-photonic corrections in formulae 2.4 and 2.5with just some simple replacements, namely:� ! �(s) Real part of 
 self-energys(s�M2Z) ! s(s�M2Z) + s2 �ZMZ=(��) Imaginary parts of 
 self-energy and gA(V )jZ(s)j2 ! (s�M2Z)2 + (s �ZMZ )2 Imaginary part of Z self energyv; a ! qFG(s) <(gV );qFG(s) <(gA) Real part of Z self-energy, 
 � Z mixing, weak verticeswhere FG(s) = GFM2Z2p2��(s) (2.20)=(��) can be neglected in the total cross section, but it turns out to be relevantin the antisymmetric cross section [15],[18]. The explicit expression is=(��) = =(�
(s))1 + <(�
(s)) + 2=(gA)<(gA) + 2=(FV 
) (2.21)where �
(s) is the 
 self-energy and FV 
 is the vertex corrections to the electro-magnetic coupling.



24 Theoretical frameworkIn this way, we can replace �0(s) (A0fb(s)) by �̂(s) (Âfb(s)), in equation 2.4(equation 2.5).By construction this language is an almost-model-independent language in whichthe only underlying assumptions are (a part from the description of photonic ra-diation by QED) just basic concepts of quantum �eld theory and the hypothesisthat the interaction is mediated by the exchange of two bosons, a massless photonwith vector coupling to the electric charge, and a massive Z boson with both vectorand axial couplings to fermions. In addition, from the theoretical point of view, theaccuracy of this language has been studied in great detail and its validity beyondthe experimental precision has been established [14], [19].On the other hand, if we want to describe a wide region of energies, and notonly a limited energy region around the Z0 pole, we �nd that this language is notadequate. The problem arises from the 
�Z interference terms in equation 2.4 andequation 2.5, that becomes more and more important as we are moving away fromthe Z0 resonance. These terms are not independent parameters in this language,because they are just function of the e�ective couplings mainly determined at theZ0 peak.This problem is specially relevant in the case of the energy dependence of theforward-backward asymmetry. As we have already mentioned, the non-zero asym-metry that we observe when moving away from the Z0 pole is a consequence of the
 �Z interference term, that on the other hand is just a function of the weak axialcoupling, as can be seen in equation 2.5. The axial coupling is determined with highprecision from the measured total cross section at the Z0 peak, because �̂(M2Z) /((<(gV e))2+(<(gAe))2)((<(gV �))2+(<(gA�))2) and for (<(gV l))2 << (<(gAl))2, thelepton lineshape measures basically (<(gAe))2(<(gA�))2. So that, even if there wassome new physics beyond the SM that could modify such energy dependence, thiswill not be visible in this language !So, if we are going to describe a wide range of energies, we need to treat theenergy dependence of �̂(s) and Âfb(s) in a model independent way. This is whatthe S-matrix approach basically does.



2.2 Model independent approaches to the process e+e� ! �+�� 252.2.2 The S-matrix languageThe S-Matrix ansatz allows a consistent parameterization of the energy dependenceof the LEP cross sections and asymmetries because its underlying basic concept isan expansion around the Z0 pole on the energy dependence. It is a rigorous, wellde�ned and well documented [20] approach that allows to �t the data in a moregeneral way than the one using the \e�ective coupling" language since it doesnot assume any a priori relation between on-resonance measurements and energydependences, which is something unavoidable in the \e�ective coupling" language.Assuming that the S-matrix element that describes the process e+e� ! �+��is analytic (so it can be expanded in a Laurent serie), and that there are only twopoles in the complex plane (corresponding to the Z-boson and 
-boson in the SM),one can write in a completely general way the S-matrix amplitude for this processas is shown in �gure 2.11.�����@@I@@ ��	��@@R@@{ M � R
s + RZs�sZ + F (s)sZ �M2Z � i�ZMZe�e+ ���+ )Figure 2.11: Schematic representation of the S-matrix ansatzThe poles of M have complex residua RZ and R
, the latter corresponding to thephoton, and F (s) is an analytic function without poles.Note that now MZ corresponds to the real part of the complex pole sZ . In fact,the relation betweenMZ and the usual de�nition ofMZ in terms of the Breit-Wignerpropagator can be found very easily to be:MZ � MZq1 + ( �ZMZ )2 (2.22)�Z � �Zq1 + ( �ZMZ )2 (2.23)after a rede�nition of the real Fermi coupling constant that appears in the normaliza-tion of the weak amplitude, being now a complex number with GF = GF =(1+i �ZMZ ).



26 Theoretical frameworkThis is so, because GF(s�M2Z + is �ZMZ ) = GF (1 + i �ZMZ )(s�M2Z + is �ZMZ )= GFs� M2Z�iMZ�Z1+( �ZMZ )2= GFs�M 2Z + iMZ�Zand this demonstrates equations 2.22 and 2.23. Note that the ratio between �Z andMZ is exactly the same in both de�nitions.If one compares the amplitude M in �gure 2.11 with the SM predictions afterincluding one loop non-photonic corrections, one can see that the structure of bothamplitudes is exactly the same with F (s) = 0, (neglecting the energy dependence ofthe \e�ective couplings" and the contribution of the weak boxes). In other words,the only contributions to F (s) in the SM, are those that cannot be absorbed in thede�nition of the \e�ective couplings", that at one loop correspond to the inclusionof the weak boxes diagrams, (see �gure 2.4). As we have already seen, they can beneglected safely at the present level of experimental accuracy.Now, if the four helicity amplitudes that describe the process e+e� ! �+�� arewritten in this approximation,Mij � R
s + RijZs� sZ (2.24)where i (j) stands for the polarization of the incoming e� (outgoing ��), it isstraightforward to show (see appendix A),�̂ij(s) � s2 j Mij j2 = 23��2 24r
s + srij + (s�M2Z)Jij(s�M 2Z)2 +M2Z�2Z 35 (2.25)and therefore the total cross section de�ned as �̂ = 12(�̂LL + �̂RR + �̂LR + �̂RL) willbe �̂(s) = 43��2 24r
s + srtot + (s�M2Z)Jtot(s�M 2Z)2 +M2Z�2Z 35 (2.26)while the antisymmetric cross section de�ned as �̂fb = 38(�̂LL + �̂RR � �̂LR � �̂RL)will be �̂fb(s) = ��2 24 srfb + (s�M2Z)Jfb(s�M 2Z)2 +M2Z�2Z 35 (2.27)



2.2 Model independent approaches to the process e+e� ! �+�� 27So that, these equations parameterize �̂ and �̂fb in an almost model independentway as a function of 6 real parameters: MZ, �Z , rtot, Jtot, rfb and Jfb, (the pureQED contribution r
 is �xed to the SM predictions). Equations 2.22 and 2.23 areused in order to recover the usual de�nition of the Z0 mass and width.The expressions that relate the coe�cients r and J in these equations to thehelicity amplitudes are given explicitly in appendix A. The total cross section �̂(s)needs to be corrected with a factor (1 + 34��(M2Z)) which takes into account thepossibility to radiate a photon in the �nal state.The SM predictions for the helicity amplitudes are given in appendix A, andin an approximate way can be related with the real part of the e�ective couplingsthrough rtot / ((<(gV e))2 + (<(gAe))2)((<(gV �))2 + (<(gA�))2)Jtot / <(gV e)<(gV �)rfb / <(gAe)<(gV e)<(gA�)<(gV �)Jfb / <(gAe)<(gA�)Introducing the measuredMtop by CDF an D0 collaborations [12] (Mtop = 175�6 GeV) and the most probable mass range determined for MH [7] (66 < MH <300 GeV), and �xing the input values to be (MZ = 91:1863 GeV, ��1(M2Z) =128:896 � 0:090), the SM predictions for these parameters are shown in table 2.1,where the error corresponds to the variation induced by the error on ��1(M2Z), onthe top mass and the unknowledge of MH .The number of digits quoted in table 2.1 have been chosen to match with theexperimental accuracy. From these numbers one can see that the parameters thatdescribe the energy dependence of the total cross section (Jtot) and antisymmetriccross section (Jfb) have negligible sensitivity to the top and Higgs masses. Theyare determined in the SM by the interference between the photon and the Z-boson,so they can be used to test any new contribution beyond the SM that can interferewith the Z-boson.In �gure 2.12 there's a comparison between the predictions of the S-matrixansatz with the actual SM predictions at one loop using the BHM EW libraries [21],



28 Theoretical frameworkMZ (GeV) = 91.1863�Z (GeV) = 2.4974 � 0.0006 � 0:0014+0:0024�0:0018rtot = 0.14298 � 0.00004 � 0:00019+0:00022�0:00014Jtot = 0.004 � 0.000 � 0.000 � 0.000rfb = 0.00278 � 0.00008 � 0:00007+0:00013�0:00015Jfb = 0.800 � 0.001 � 0.000 � 0.000Table 2.1: SM predictions for the S-matrix parameters for MZ = 91:1863 GeV, ��1(M2Z) =128:896� 0:090,Mtop = 175 GeV and MH = 150 GeV. The �rst error corresponds to the uncer-tainty in ��1(M2Z ). The second error corresponds to the variation of the top mass in the range169 < Mtop < 181 GeV and the third of the Higgs mass in the range 66 < MH < 300 GeV.in the energy range of interest in this work. One can see from this �gure that atenergies around the Z0 pole, the precision is better than the permile level, andat energies below it is always much better than 0:5%. At energies above the Z0pole, the precision is a little bit worse but always better than the 1% level, whilethe only data avaliable at those energies before LEP II started was 5 pb�1 takenin November of 1995 at energies around 130-136 GeV. The statistical precision atthese energies is at the level of 10 � 20%, so the S-matrix ansatz copes perfectlywith the experimental accuracy in all the energy range.2.3 Beyond the Standard Model. Z 0 physicsDespite the excellent performance of the SM so far, there is a general consensusthat it is not the \�nal" theory (if something like that exist). Most of the attemptsto unify the strong and electroweak interactions predict additional neutral heavygauge bosons Z 0 (see for instance [22]). New interference terms, as 
 � Z 0 andZ � Z 0 will appear at the Born level and will modify the cross-section and angulardistribution at energies far from ps �MZ . In this sense, a new gauge boson is themost obvious candidate to modify the predicted energy dependence.
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30 Theoretical frameworkangle �3:  ZZ 0 ! =  cos �3 sin �3� sin �3 cos �3 ! Z0Z00 !The angle �3 is related to the mixed masses MZ and MZ0, and the light unmixedmass M0 as follows: tan2 �3 = M20 �M2ZM2Z0 �M20The mass M0 (that corresponds to MZ in the SM), is related to the weak mixingangle and MW in the SM expression:M0 = MWp� cos �Wwhere � is the usual electroweak parameter (� = 1 at lowest order).There are several extensions to the SM that predict a hypothetical additionalgauge boson. The most \popular" models among experimentalists are superstring-inspired models based on the E6 symmetry group and \left-right" symmetric mod-els.� E6 models. In this kind of models [23], E6 is the group of gauge symmetriesthat is broken at the Planck scale asE6 ! SO(10) 
U(1) ! SU(5)
U(1)� 
U(1) in which the SU(5) contains the standard SU(3)C 
 SU(2)L 
U(1)Y. If thereis one extra low-energy Z, it must be a linear combination of Z� and Z , i.e.,Z(�6) = Z� cos �6 + Z sin �6The mixing angle �3 and the \model" angle �6 completely determine the cou-plings of the Z and Z 0 to leptons, trough the gauge structure of the theory.Vector and axial couplings of leptons to the Z boson and the extra neutralgauge boson, at �rst order in �3, are given by:vl = I l3 + 2 sin2�W � 12�3 sin �W (cos �6 �q53 sin �6)2 sin �W cos �W ;al = I l3 � �3 sin �W (16 cos �6 + 12q53 sin �6)2 sin �W cos �W (2.28)



2.3 Beyond the Standard Model. Z 0 physics 31and v0l = ��3(�12 + 2 sin2�W ) � 12 sin �W (cos �6 �q53 sin �6)2 sin �W cos �W ;a0l = �12�3 � sin �W (16 cos �6 + 12q53 sin �6)2 sin �W cos �W (2.29)The most popular choices correspond to �6 = 0; �=2 and -arctan(q5=3) thatde�ne the chi-model (E6(�)), the psi-model (E6( )) and the eta-model (E6(�))respectively.� L-R models. Left-right symmetric extensions of the SM were �rst pro-posed [24] to explain the origin of parity violation in low energy physics. Theapproach consists in considering a lagrangian intrinsically left-right symmet-ric, the asymmetry observed in nature arising from a non invariant vacuum un-der parity symmetry. The gauge group of the model is SU(2)L
SU(2)R
U(1).The quantum number associated to the U(1) factor can be identi�ed withB�L, B and L being the baryon and lepton numbers.Another interesting feature of the left-right model is the possibility of explain-ing the smallness of the neutrino masses [25]. The presence of the right-handedneutrinos, which has no couterpart in the SM, and of a suitable Higgs struc-ture allows for the so called see-saw mechanism to take place and naturallyaccounts for very light left-handed neutrinos.The parameter �LR describes the couplings of the heavy bosons to fermions,and it can be expressed in terms of the SU(2)L;R coupling constants gL;R andthe weak mixing angle, trough�LR � vuutcos2 �W � �2 sin2 �W� sin2 �W (2.30)with � � gLgR (2.31)The new neutral current is de�ned withZ(�LR) = �LRZR � 12�LRZB�L



32 Theoretical frameworkfollowing the convention adopted in the Particle Data Book [26].For �LR at its lower bound of q2=3, the L-R model is identical to the E6(�)model. The upper bound corresponds to gL = gR with a value around �LR �1:53. We have chosen an intermediate value of �LR = 1 as example.After specifying the model (and without any assumption on the structure ofthe Higgs sector), only two free parameters remain: i) the mixing angle �3 betweenZ and Z', ii) and the mass of the heavier-mass eigenstate, MZ0 . If we want totest one of these particular models, and extract the corresponding limits on theseparameters, we can replace the model independent parameterization of �̂(s) and�̂fb(s) by the speci�c prediction of the model as a function of MZ0 and �3.Figure 2.13 shows the deviations in the non-photonic corrected cross sectionsand forward-backward asymmetries predicted by these four models. The Z 0 massis �xed to MZ0 = 250 GeV, that is close to the limit of exclusion at 95% con�dencelevel for the most sensitive model (E6(�)). The mixing angle (�3) is �xed to zerobecause the existing limits are already very constraining [27].In the energy range near to the Z0 pole position, the additional bosons directcontribution to the cross section and forward-backward asymmetry is very small.The deviations from SM expectations arise primarily from interference e�ects of thehypothesized bosons and the existing ones (
 and Z0). This is seen specially clearin the case of the forward-backward asymmetry at energies around ps � 85 GeV.
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34
Chapter 3The ALEPH detectorThe ALEPH detector [28] is one of the four large detectors installed in the LEPcollider. The other experiments are DELPHI [29], L3 [30] and OPAL [31]. It hasbeen designed as a general purpose detector for e+e� interactions: to study in detailthe parameters of the Standard Model, to test QCD at large Q2 and to search fornew phenomena (such as the Higgs boson or supersymmetric particles ). Therefore,the detector has been conceived to have good track momentum resolution, �necalorimetric granularity, covering as much solid angle as possible and with goodhermiticity.In this chapter we brie
y describe the LEP collider and the beam parameters:beam energy, energy spread... that will be relevant in the analysis. A generaldescription of the ALEPH apparatus with special emphasis in those subdetectorsused in the analysis is made in section 3.2.A brief description of the actual eventreconstruction and simulation in ALEPH is made in section 3.3.3.1 The LEP colliderThe LEP (Large Electron Positron collider) machine is an e+e� storage ring of27 Km. of circumference sited at the European Centre for Particle Physics (CERN)in Geneva, Switzerland. It is located in a tunnel at a depth between 80 m. and137 m. spanning the French and Swiss territories, (see �gure 3.1). It is the largestcollider ever built and the reason for its size is the synchroton radiation, which isproportional to the square of the inverse mass of the particle and to the fourthpower of its energy. So that, for massive particles as protons it can be neglected



3.1 The LEP collider 35but it is �erce for very light particles as electrons. It is also inversely proportionalto the square of the radius of the machine, so becomes manageable at high energycircular colliders only if the radius is su�ciently large.The beams that circulate around the ring are formed by bunches of electrons andpositrons. They are accelerated in opposite directions and cross in eight or sixteenpoints in case the number of bunches per beam is four or eight, respectively, althoughthey are steered to collide every 22 �s (or 11 �s) only in the four points where thedetectors are installed. The collisions in the other points are avoided by a systemof electrostatic separators. This scheme worked very well and luminosities 1 at thelevel of 1-2 1031cm�2s�1 have been achieved in the �rst phase of the acceleratorprogram at energies around 91 GeV (LEP-I phase), producing around 4 millionvisible Z0 decays per experiment.Since November 1995, a new scheme was adopted, in order to increase even morethe luminosity, where in fact there were four trains of up to four bunches collidingat each interaction point. This scheme is expected to achieve luminosities up to5-6 1031cm�2s�1, and compensate in some way the small cross section expected atenergies around 180 GeV, just above the W-pair threshold (LEP-II phase).The LEP injection chain can be seen in �gure 3.2. It starts with the LINearACcelerator (LINAC) which accelerates electrons and positrons in two stages. Theelectrons are �rst accelerated up to 200 MeV. Part of the electrons are used toproduce positrons and the rest, together with the positrons are accelerated up to600 MeV. Then, the particles are inserted into a small circular e+e� accelerator,the Electron Positron Accumulator (EPA), where they are accumulated until theelectron and positron intensities achieve the nominal value. Afterwards, they areinserted in the Proton Synchroton (PS) accelerator achieving an energy of 3.5 GeV.Then, the particles are injected into the Super Proton Synchroton (SPS) storagering, reaching an energy of 20 GeV, and �nally, they are injected into the LEPmain ring and accelerated to an energy of � 45 GeV with a current up to 6 mA perbeam.1the number of events per unit of time per unit of cross section
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Figure 3.1: Schematic representation of the LEP ring3.1.1 Determination of the beam energyThe determination of the LEP beam energy constitutes the highest precision mea-surement performed at LEP so far, and allows to determine MZ and �Z with anunprecedented precision. Since 1992, the method used to measure the beam energyin LEP-I takes advantage of the fact that, under favourable conditions, transversebeam polarization can be naturally built up in a circular machine due to the inter-action of the electrons with the magnetic guide �eld (Sokolov-Ternov e�ect [32]).The number of spin precession in one turn around the ring (\spin tune") is� = ge � 22 Ebeamme = Ebeam (GeV)0:4406486(1)where ge is the gyromagnetic constant and me is the electron mass. This relation isexact only for ideal storage rings, and needs to be corrected by small imperfections.In this approximation, the spin precession frequency is equal tofprec = �frev
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Figure 3.2: Schematic representation of the LEP injectors and acceleratorswith frev the revolution frequency being in typical conditions of frev = 11245:5041(1) Hz.From the above equations, it is clear that this spin precession frequency (fprec) ispredicted with a very high precision as a function of the beam energy. On the otherhand, this frequency can be measured using a sweeping kicker magnet which pro-duces an exciting �eld perpendicular to the beam axis and in the horizontal plane.Then, when fspin�kick = (n� �)frev (n integer), that is when the exciting �eld is inphase with the spin precession, the spin rotations about the radial direction add upcoherently from turn to turn. About 104 turns (� 1 second) are needed to turn thepolarization vector in the horizontal plane (resonant depolarization). In this way,by plotting the measured beam polarization versus fspin�kick , one can determinefprec with a precision which corresponds to an accuracy on the beam energy at thelevel of 0.2 MeV. This method is often referred to as energy calibration by resonantdepolarization and has been used extensively for accurate beam energy calibrationsand measurements of particle masses [33].Nevertheless, since just about 2 calibrations per week are, in practice, feasible,this means that these very precise measurements, have to be extrapolated to the



38 The ALEPH detectorwhole running time by correlating them with the energy measurements performedby using some reference magnets. The scatter in this correlation, depends on thestability of the machine energy and is a�ected by several variables, such as the statusof the radiofrequency cavities, the temperature and humidity in the LEP tunnel, thedistortions of the ring length, and even by current 
ow over the vacuum chambercreated by trains travelling between the Geneve main station and destinations inFrance [34]!!!For instance, due to the tidal forces of the sun and the moon, the circumferenceof the machine changes by just � 1 mm, but they a�ect the beam energy at thefew MeV level (see �gure 3.3). The �nal precision of the measurement improves asthese e�ects are understood and at present is of about 1.5 MeV.

Figure 3.3: Relative change in parts per million of LEP energy during 24 hours as a result ofthe tideNote that this measurement of the beam energy corresponds to the mean beamenergy of the electrons and positrons inside each bunch. The energy of the individualelectrons (or positrons) is distributed with a gaussian probability density, with a



3.2 The ALEPH apparatus 39beam energy spread of around 39 MeV [35] that is much bigger than the error on themean energy. The energy spread of the beams is determined from the measurementof the length of the luminous region, (�Z), through the relation:�bs = ps�RQs�Zwhere � is the momentum compaction factor (� � 0:00019), R is the LEP meanradius (R � 4242.893 m) and Qs is the Synchroton tune (Qs � 0:065). In thisway, the collision energy is gaussian-distributed with an energy spread about2 p2�39 MeV � 55 MeV. So that, although the mean energy is known with very highprecision (� 1:5 MeV), the energy of each individual collision is distributed with agaussian density probability with � � 55 MeV.3.2 The ALEPH apparatus3.2.1 General descriptionThe ALEPH detector (ALEPH: Apparatus for LEP PHysics) is located at experi-mental point number 4 in a cavern 143 m under the surface. It is a 12 m diameterby 12 m length cylinder positioned around the beam pipe (tube of 10 cm of radius).In the ALEPH reference system the z direction is along the beam line, positive inthe direction followed by the e�. The positive x direction points to the center ofLEP, and is horizontal by de�nition. The positive y direction is orthogonal to zand x and is very close to vertical up.The detector consist of subdetectors, each of one specialized in a di�erent task.The inner volumes are devoted to perform accurate tracking of charged particlesand to identify them using the ionization left in the detectors. They are immersedin a \strong" magnetic �eld of around 1.5 T, in order to achieve a good momentumresolution. The tracking volumes are surrounded by calorimeters, which are in twolayers, an inner layer which measures electromagnetic, and an outer layer whichmeasures hadronic energy. In fact, the calorimeters are the only subdetectors thatcan determine the energy and direction of neutral particles (except for neutrinos,that are able to traverse all the ALEPH subdetectors without leaving any signal).2The factor p2 is a consequence of the convolution of the two gaussian distributions
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Figure 3.4: Schematic view of the ALEPH detector. (1) Luminosity monitor. (2) SiliconMicrovertex Detector and Inner Tracking Chamber. (3) Time Projection Chamber. (4) Electro-magnetic Calorimeter. (5) Superconducting Coil. (6) Hadronic Calorimeter. (7) Muon chambers.(8) Focusing Quadrupoles.The whole is surrounded by wire chambers to detect the penetrating muons. Spe-cialized detectors situated at very low angles from the beam direction, give a precisemeasurement of the luminosity. Figure 3.4 shows a schematic view of the ALEPH



3.2 The ALEPH apparatus 41detector.Let's discuss brie
y the ALEPH subdetectors. Following the order in which aparticle leaving the interaction point would encounter them:� The Vertex DETector (VDET), fully operational since the end of 1991, is adouble sided silicon strip device with two layers of r� and z strips around thebeam pipe, providing a very accurate vertex tagging of tracks coming fromthe interaction point (�r� = 10�m, �z = 13�m). Since October 1995, a newvertex detector twice as long as the former one has been installed, extendingthe acceptance to lower polar angles, and with similar performance.� The Inner Tracking Chamber (ITC) is a cylindrical multiwire drift chamber. Itis used to provide up to eight precise r� coordinates per track, with an averageaccuracy of 150 �m. It contributes to the global ALEPH tracking and is alsoused for triggering of charged particles coming from the interaction region.� The Time Projection Chamber (TPC), the central track detector of ALEPH,is a very large three-dimensional imaging drift chamber. It provides a threedimensional measurement (up to 21 coordinate points) of each track (singlecoordinate resolution of 173 �m in the azimuthal direction and 740 �m inthe longitudinal direction are achieved). From the curvature of the tracks inthe magnetic �eld, the TPC gives a measurement of the transverse particlemomenta, pT , with an accuracy of �pT=p2T = 0:6�10�3 (GeV=c)�1 at 45 GeV,if it is used together with the ITC and VDET. The chamber also contributesto particle identi�cation through measurements of energy loss (dE/dx) derivedfrom about 340 samples of the ionization for a track traversing the full radialrange.� The Electromagnetic CALorimeter (ECAL) is a sampling calorimeter con-sisting of alternating lead sheets and proportional wire chambers read out inprojective towers to obtain a very high granularity (about 0:9o � 0:9o). Itmeasures the energy and position of electromagnetic showers. The high gran-ularity of the calorimeter leads to a good electron identi�cation and allows tomeasure photon energy even in the vicinity of hadrons.� The superconducting coil is a liquid-Helium cooled superconducting solenoid



42 The ALEPH detectorcreating, together with the iron yoke, a 1.5 T magnetic �eld in the centraldetector.� The Hadronic CALorimeter (HCAL) is a sampling calorimeter made of layersof iron and streamer tubes. It provides the main support of ALEPH, the largeiron structure serving both as hadron absorber and as return yoke of the mag-net. It measures energy and position for hadronic showers and, complementedwith the muon chambers, acts as a muon �lter.� The muon chambers (�-chambers), outside HCAL, are two double layers oflimited streamer tubes which identify muons and measure their directions.An accurate luminositymeasurement is absolutely necessary for the precise mea-surement of cross sections. Instead of computing it from the LEP machine param-eters: L = Ne+Ne�frev4��x�y Nbwhere Ne are the number of particles per bunch (typically of about 1012 at LEP),frev is the previously introduced revolution frequency and �x and �y are the beamtransverse sizes ( about 200 �m and 10 �m respectively), the LEP experimentsdetermine the luminosity by counting the number of events coming from a processwith very well known cross section, such the small angle Bhabha scattering (e+e� !e+e�). The non-electromagnetic contributions to this process are small and its crosssection for small angles is very high, namely�Bhabha � 16��2s  1�2min � 1�2max!From the above expression it follows directly that the precise knowledge of the de-tector inner edge radius is one of the fundamental milestones from the experimentalpoint of view. From the total number of identi�ed Bhabha events, the integratedluminosity follows as: Z Ldt = NBhabha�NBack:��Bhabhawhere � is the experimental e�ciency and NBack: is the number of background events.It turns out that the present limitation in the knowledge of the luminosity is not



3.2 The ALEPH apparatus 43the experimental error, but it comes from the theoretical calculation of the predic-tion of the Bhabha cross section which, although being basically a QED problem,technically is a rather di�cult task and is \just" known at the 0:11% level [36].The ALEPH detector has three subdetectors installed around the beam pipe todetect small angle Bhabha scattering events:� The Luminosity CALorimeter (LCAL) is a lead/wire calorimeter similar toECAL in its operation. It consists of two pairs of semi-circularmodules placedaround the beam pipe at each end of the detector. It was used to measurethe luminosity until SICAL was installed.� The SIlicon luminosityCALorimeter (SICAL) was installed in September 1992on each side of the interaction region. It uses 12 silicon/tungsten layers tosample the showers produced by small angle Bhabhas. It improves the statis-tical precision of the luminosity measurement by sampling at smaller anglesthan LCAL. The systematic error is also reduced thanks mainly to the greaterinternal precision of the positioning of its components.� The very small Bhabha CALorimeter (BCAL) located behind the �nal focusquadrupoles, is used to monitorize the instantaneous luminosity delivered byLEP. Being sited at lower angles, allows to have high statistics and havemore frequent measurements at the cost of increased systematic errors. It isa sampling calorimeter made of tungsten converter sheets sandwiched withsampling layers of plastic scintillator. A single plane of vertical silicon stripsis used to locate the shower position.The optimization of the LEP performance needs also some monitoring of thebeam conditions which is accomplished by SAMBA in ALEPH:� The Small Angle Monitor of BAckground (SAMBA) is positioned in front ofthe LCAL at each end of the detector. It consists of two multi-wire propor-tional chambers, and it is used as background monitor.Not all the collisions that take place at LEP are useful to learn on Z0 physics.Many of these events are interactions with the residual beam-gas or the beam pipewalls, electronic noise, o�-momentum particles,... Moreover, some subdetectors



44 The ALEPH detectorneed some time to be ready from event to event. For instance, it takes up to45 �sec for the ionization electrons to reach the end-plates of the TPC and theelectromagnetic calorimeter takes up to 61 �sec to be cleared and ready for the nextevent. Since up to six bunch crossings occur in this time, this operation should beperformed only when it is really necessary. In order to do that a trigger system wasdesigned in a three-level structure. The �st two levels are hardware implemented,in order to give a very fast answer, while the third one is implemented by software.� Level one decides whether or not to read out all the detector elements. Itspurpose is to operate the TPC at a suitable rate. The decision is takenapproximately 5 �sec after the beam crossing from pad and wire informationform ECAL and HCAL and hit patterns from the ITC. The level one ratemust not exceed a few hundred Hz.� Level two re�nes the level one charged track triggers using the TPC trackinginformation. If level one decision cannot be con�rmed, the readout process isstopped and cleaned. The decision is taken approximately 50 �sec after thebeam crossing (the time at which the TPC tracking information is avaliable).The maximum trigger rate allowed for level two is about 10 Hz.� Level three is performed by software. It has access to the information fromall detector components and is used to reject background, mainly from beam-gas interactions and o�-momentum beam particles. It ensures a reduction ofthe trigger rate to 3-4 Hz, which is acceptable for data storage.All these electronic signals provided by the di�erent subdetector in ALEPHneed to be controlled by software. This task is done by the Data AcQuisitionsystem (DAQ), which allows each subdetector to take data independently, processall the information taken by the detector, activate the trigger system at every beamcrossing and write �nally data in a storage system.The DAQ [37] architecture is highly hierarchical. Following the data and/orcontrol 
ow from the bunch crossing of the accelerator down to storage device, thecomponents found and their tasks are:� Timing, Trigger and Main Trigger Supervisor: synchronize the readout elec-tronics to the accelerator and inform the ReadOut Controllers (ROC) aboutthe availability of the data.



3.2 The ALEPH apparatus 45� ROC: initialize the front-end modules, read them out and format the data.� Event Builder (EB): build a subevent at the level of each subdetector andprovide a \spy event" to a subdetector computer.� Main Event Builder (MEB): collects the pieces of an event from the variousEB and ensures resynchronization and completeness.� Level three trigger: as already seen, performs a re�ned data selection.� Main host and subdetector computers: the main machine (an AXP cluster)initializes the complete system, collects all data for storage and provides thecommon services. The subdetector computers get the \spy events" and per-form the monitoring of the large subdetectors (TPC,ECAL,HCAL).The data taken by the online computers is called raw data and is reconstructedquasi online. In less than two hours after the data is taken, the event reconstructionand a check of the quality of the data are done, thus allowing ALEPH to have afast cross-check of the data and correct possible detector problems. This task hasbeen performed by FALCON (Facility for ALeph COmputing and Networking) [38],nowadays integrated in the DAQ system.The year by year continuous increase of CPU power of the machines has madethe hardware and software of FALCON develop in order to accommodate to theavaliable performance and requirements. In its current con�guration, FALCONconsists of three processors (three DEC-AXP machines). Each of the processorsruns the full ALEPH reconstruction program JULIA (Job to Understand Lep In-teractions in Aleph) [39] which, for each event of the raw data �le, processes all theinformation from the di�erent subdetectors. There are other programs like PASS0,which compute the drift velocity of the TPC, or the RunQuality program that alsorun in FALCON.After their reconstruction, the events are written in �les of a format namedPOT (Production Output Tape), and are transmitted to the CERN computer centerwhere they are converted into di�erent data types more suitable for physics analysis.In this work the ALPHA (ALeph PHysics Analysis) [40] package has been used, asan interface that allows an easy access to the reconstructed physical quantities ofthe particles: momenta, energies...



46 The ALEPH detector3.2.2 Subdetectors relevant to the analysisThe analysis of radiative muon pair events relies essentially on the excellent ALEPHtracking system, that allows the kinematic reconstruction of the events. This is thereason why in the next sections we devote some more time to the actual performanceof the tracking devices: VDET,ITC and TPC. The analysis depends also on theability to identify photons in the ECAL calorimeter, and on the ability to identifymuons in the HCAL and �-chambers. So a few more words are necessary for thesesubdetectors.The Vertex DetectorThe VDET [41] was the �rst double sided silicon microstrip detector installed in acolliding beam experiment. The two concentric layers of silicon microstrips wafersare located at radii of 6.5 cm and 11.3 cm. Particles passing trough a wafer depositionization energy, which is collected on each side of the wafer. On one side, the waferis read out in the z direction, while in the other, it is read out in the orthogonalr� direction. Hits on the two sides are not associated by hardware, but they areadded to tracks during the reconstruction process.The advantage of the VDET is that it pinpoints a track's location in space quitenear to the beam pipe. VDET hits are used by extrapolating a track found by theITC and/or TPC to the VDET and then re�tting the track more precisely usingVDET hits which are consistent with it. The addition of VDET to the trackingsystem improved the momentum resolution to �pT=p2T = 0:6� 10�3 (GeV=c)�1 formuon pairs at 45 GeV.Using VDET, together with the other tracking detectors, the spatial coordinatesof the origin of a charged track's helix can be found to within 23 �m in the r�view and 28 �m in the rz view measured from dimuon events. This allows tracksproduced by decay of short-lived particles to be separated from those at the primaryinteraction point with good e�ciency.The Inner Tracking ChamberThe ITC [42] using axial wires provides up to eight r� coordinates for tracking in theradial region between 16 and 26 cm. It also provides the only tracking information
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Figure 3.5: Cut-away view of the VDET.for the level-one trigger system. It is able to identify roughly the number andgeometry of tracks, due to its fast response in time (the trigger is avaliable within2-3 �s of a beam crossing) and allows non-interesting events to be quickly rejected.The ITC is operated with a gas mixture of argon (50%) and ethane (50%) atatmospheric pressure.The ITC is composed of 8 layers of sensing wires (operated at a positive poten-tial in the range 1.8-2.5 kV) running parallel to the beam direction, which detectthe ionization of particles passing close by. By measuring the drift time, the r�coordinate can be measured with a precision of about 150 �m. The z coordinate isfound by measuring the di�erence in arrival time of pulses at the two ends of eachsense wire, but with a very poor accuracy of only about 3 cm and it is not used inthe standard tracking.The drift cells of the ITC are hexagonal, with a central sense wire surroundedby six �eld wires held at earth potential. Four of these �eld wires are shared byneighboring cells in the same layer (see �gure 3.6). The cells in contiguous layersare o�set by half a cell width, which helps to resolve the left-right ambiguity in thetrack �tting.
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Figure 3.6: The ITC drift cells.The Time Projection ChamberThe TPC [43] is the main tracking detector in ALEPH. It was designed to ob-tain high precision measurements of the track coordinates, to get good momentumresolution and to measure the dE/dx depositions of charged particles.The charged particles that pass through the TPC ionize the gas that �lls it. Theelectrons produced in this ionization are driven by an electric �eld to the end-plateswhere wire chambers are located. These are detected and yields the impact point(r� coordinate). The time needed for the electrons to reach the end-plates gives thez-coordinate. Due to the presence of a 1.5 T magnetic �eld parallel to the beamline, the trajectory of a charged particle inside the TPC is a helix and its projectiononto the end-plate is an arc of a circle. The measurement of the sagitta of this arcyields the inverse of the curvature radius which is proportional to the modulus ofthe component of the momentum perpendicular to the magnetic �eld.As shown in �gure 3.7, it has a cylindrical structure 4.4 m long. Its volume isdelimited by two coaxial cylinders which hold the end-plates. The inner cylinderhas a radius of 35 cm, the outer one of 180 cm. It was designed with this dimen-sions in order to reach a 10% resolution in transverse momentum in the worse case(maximum energy of a single particle at 90 GeV in the LEP-II phase).The device is divided into two half-detectors by a membrane which is situated
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Figure 3.7: View of the TPC.in the plane perpendicular to the axis and midway between the end-plates. Thiscentral membrane is held at a negative high voltage (-26 kV) and the end-platesare at a potential near ground. The curved cylindrical surfaces are covered withelectrodes held at potentials such that the electric �eld (110 V/cm) in the chambervolume is uniform and parallel to the cylinder axis.The TPC volume is �lled with a non
ammable gas mixture of argon (91%)and methane (9%) at atmospheric pressure. This mixture allows to reach highw� values (w is the cyclotron frequency and � is the mean collision time of thedrifting electrons). This causes the electrons to drift mainly along the magnetic�eld lines and thereby reduce the systematic displacements due to the electric �eldinhomogeneities.The electrons produced by the ionization are ampli�ed in the proportional wire
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Figure 3.8: View of a TPC end-plate.

Figure 3.9: View of a TPC wire chamber.



3.2 The ALEPH apparatus 51chambers placed in the end-plates. There are 18 wire chambers (\sectors") on eachend-plate. In order to get a minimum loss of tracks at boundaries, the sectors arearranged in a \zig-zag" geometry shown in �gure 3.8. In each end-plate, there aresix sectors labelled \K" inside a ring of twelve alternating sectors labelled \M"and \W" outside. All sectors are composed of wire chambers and cathode pads.The wire chambers consist of three layers of wires: gating wires, cathode wires andsense/�eld wires. Figure 3.9 shows a perspective of them.The gatting grid [44] has the purpose of preventing positive ions produced inthe avalanches near the sense wires from entering the main volume of the TPC, andthereby distorting the electric �eld. Potentials of Vg ��Vg (with Vg � �67 V) areplaced on alternating wires of the grid. A �Vg � 40 V is su�cient to block thepassage of the positive ions while a much bigger �Vg � 150 V is required to blockalso the incoming electrons. In the open state, the grid is transparent to the driftingcharged particles. When closed, positive ions are kept o� of the drift volume. Thegate is opened 3 �s before every beam crossing. If a positive trigger signal arrives,the gate is kept open for the maximum 45 �s drift time of the electrons in the TPC,otherwise the gate is closed.The cathode wires keep the end-plates at null potential and, together with thecentral membrane, create the electric drift �eld.The sense wires are kept at a positive potential to provide avalanche multi-plication. They are read out to give the energy deposition (dE/dx) for particleidenti�cation and the z measurements of the tracks. For the estimation of thedE/dx a truncated mean algorithm is used, taking the mean of the 60% smallerpulses associated with a track. The estimator will be normally distributed and willbe sensitive to the particle velocity. The achieved resolution is 4:6% for electronsin hadronic events (slightly better for low multiplicity events). The �eld wires arekept at null potential to create equipotential surfaces around the sense wires.The ionization avalanches created around the sense wires are read out by thesignal induced on cathode pads at a distance of 4 mm from the sense wires.The Electromagnetic CalorimeterThe ECAL [45] is located around the TPC and inside the coil. It is divided intoa central barrel region closed at both ends with end-caps, as shown in �gure 3.11.



52 The ALEPH detectorBoth barrel and end-caps are divided into modules of 30o in azimuthal angle � withthe end-cap modules rotated 15o with respect to the barrel modules. The entirecalorimeter is rotated a little bit with respect to the HCAL in order to avoid theoverlap of crack regions. The barrel is a 4.8 m long cylinder with an inner radiusof 1.85 m and an outer radius of 2.25 m. Each module consists of 45 layers oflead and wire chambers. The wire chambers are made of open-sided aluminiumextrusions and �lled with a gas mixture of xenon (80%) and carbon dioxide (20%).Ionization from an electromagnetic shower developed in the lead sheets is ampli�edin avalanches around 25 �m diameter gold-plated tungsten wires. The signals areread out via the extrusions open faces with cathode pads covered by a graphitedmylar sheet. The structure of a typical single layer of the calorimeter is shown in�gure 3.10.The cathode pads are connected internally to form \towers" which point to theinteraction point. Each tower is read out in three sections in depth (\storeys").The size of the pads is approximately 30 � 30 mm2 leading to a high granularityvery useful to identify photons.The achieved energy resolution for electrons and photons is�EE = 0:18qE=GeV + 0:009The Hadronic Calorimeter and �-chambersSurrounding the superconducting coil one �nds the main mechanical support of theALEPH detector: a large iron structure which returns the magnetic 
ux of themagnet and constitutes the passive material of the HCAL [46].The Hadronic calorimeter is a sampling calorimeter made by iron layers andstreamer tubes, which are the active elements of the calorimeter. The mechanicalstructure is very similar to the ECAL one, with a 6.3 m long barrel that extends froman inner radius of 3 m to an outer radius of 4.68 m (see �gure 3.11). It is segmentedin 12 modules, each one with 22 layers of 5 cm iron sheets and 23 streamer tubes�lled with a mixture of argon (21%), carbon dioxide (42%) and isobutane (37%).The radial length of the barrel corresponds to about 7.2 interaction lengths, whichis enough to contain the hadronic showers at LEP energies.



3.2 The ALEPH apparatus 53Three di�erent kind of signals are read out in the hadronic calorimeter: signalsfrom the pads situated outside the modules containing the streamer tubes, whichare used to measure the energy of the showers; signals from the strips situatedalong the streamer tubes modules, which give the pattern of the streamer tubes inthe event and are used as a \tracking" of the showers and to identify muons (seesection 3.3.2); and the signal from the wires, which measures the energy released inthe planes and is used mainly for triggering.The energy resolution for pions at normal incidence is given by�EE = 0:85qE=GeV + 0:009The digital information on individual strips in the HCAL is already an essentialpart of the muon detector. In addition, surrounding the HCAL calorimeter, (bothin the barrel and in the end-caps), two double layers of streamer tubes �lled with amixture of argon (13%), carbon dioxide (57%) and isobutane (30%) (called, in thefollowing �-chambers) were installed to identify tracks crossing the full iron and to

Figure 3.10: View of an ECAL stack layer.
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Figure 3.11: Overall view of the ECAL and HCAL calorimeters.measure their angles.Since the layers backing the barrel and the end-caps reproduce the structure ofthe hadron calorimeter, additional streamer tubes (called middle-angle chambers)are needed to cover the gaps left open in the boundary region. Each layer of tubeshas, on one side, strips that are parallel to the wires (x-strips), 4 mm wide witha 10 mm pitch; on the other side there are strips which, being orthogonal to thewires (y-strips), are 10 mm wide with a 12 mm pitch to get an appreciable inducedsignal. As the muon chambers constitute a tracking device, no pads are provided.



3.3 Event reconstruction and simulation 553.3 Event reconstruction and simulationIn this section we brie
y describe the performance of the ALEPH detector recon-structing the relevant physical parameters in this analysis: track reconstruction,muon and photon identi�cation. A description of the event simulation process andits limitations is also given.3.3.1 Tracking in ALEPHTracks are reconstructed starting in the TPC. Nearby hits are linked to form tracksegments, and the segments are connected to make tracks by requiring consistencywith a helix hypothesis. These tracks candidates are extrapolated to the innerdetectors where consistent hits are assigned. Coordinate errors are determined usingthe preliminary track parameters. The �nal track �t based on Kalman �lter [47]techniques uses these errors and takes into account multiple scattering between eachmeasurement.The track �nding e�ciency in the TPC has been studied using Monte Carlosimulation. In hadronic Z events, 98:6% of tracks that cross at least four padrows in the TPC are reconstructed successfully; the small ine�ciency, due to trackoverlaps and cracks, is reproduced to better than 0:1% by the simulation. Thee�ciency of associating a vertex detector hit to an isolated track is about 94% perlayer, within the geometrical acceptance.The performance of the track reconstruction is studied using dimuon events.Figure 3.12 shows the ratio of the beam energy to the measured momentum. Herea track is required to have at least 19 TPC hits, at least six ITC hits and at leastone VDET hit in the r� plane. The acollinearity angle between the positive andthe negative muon is required to be smaller than 0:2o in order to eliminate radiativeevents. These events are also removed by requiring the sum of the energies of allclusters in the electromagnetic calorimeter which are not associated with the twomuons to be less than 100 MeV. In this way, one obtains the already mentionedseveral times transverse momentum resolution of�(1=pT ) = 0:6� 10�3(GeV=c)�1 (3.1)for 45 GeV muons in the angular acceptance j cos � < 0:8 j. Table 3.1 summarizesthe measured resolution for TPC only, for TPC and drift chamber, and for all three
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Figure 3.12: The ratio of the beam energy to the track momentum in the tracking system formuons.detectors together. At low momentum multiple scattering dominates and adds aconstant term of 0.005 to �(pT )=pT .Detector �(1=pT ) (GeV=c)�1TPC 1:2� 10�3+ ITC 0:8� 10�3+ VDET 0:6� 10�3Table 3.1: Momentum resolution of the tracking system. The successive rows show the e�ect ofincluding the detectors indicated in the �t.The angular resolution of the tracking is really good. For instance the resolutionachieved in the measurement of the polar angle (cos �) of dimuon events is betterthan 0:3� 10�3 with a negligible impact on the analysis presented here.



3.3 Event reconstruction and simulation 573.3.2 Particle identi�cation: � and 
Muon identi�cationMuons are identi�ed by making use of the tracking capabilities of the HCAL, togeth-er with the muon chambers information. Muon identi�cation in the calorimeter usesthe digital readout (described in section 3.2.2) to check whether particles penetratethrough the whole depth of the calorimeter.Tracks are extrapolated (as if they were a muon) through the calorimeter mate-rial taking into account a detailed magnetic �eld map and estimated energy losses.A \road" is opened around the extrapolated track, with a width of three timesthe estimated extrapolation uncertainty due to multiple scattering. A calorimeterplane is said to be expected to �re (Nexpected) it the extrapolated track intersectsit within an active region, and the plane is said to have �red (N�red) if a digitalhit lies within the multiple scattering road. For a hit to be counted, the number ofadjacent �ring tubes must not be greater than three.A track is de�ned to have hit the muon chambers if at least one of the twodouble-layers yields a space point whose distance from the extrapolated track isless than four times the estimated standard deviation from multiple scattering.The identi�cation is performed by selecting tracks that penetrate through thewhole depth of the hadron calorimeter without showering. The identi�cation ef-�ciency does not vary signi�cantly with momentum. The cuts used to de�ne apenetrating track are:  N�redNexpected!allplanes > 0:5 (3.2) N�redNexpected!last10planes > 0:3 (3.3)in this way, a track is identi�ed as a muon if it satis�es equations 3.2 and 3.3, or if ithas at least one hit in the muon chambers. Monte Carlo simulation predicts a muonidenti�cation ine�ciency below 0:05% inside the angular acceptance j cos � j< 0:9.



58 The ALEPH detectorPhoton identi�cationThe three-dimensional segmentation of the electromagnetic calorimeter allows agood spatial resolution to be achieved for photons up to the highest energies avali-able at LEP. The algorithm to identify photons in ALEPH, (GAMPECK [48]), usesthe facts that electromagnetic showers generally start in the �rst segment in depthof the electromagnetic calorimeter and that storeys receiving energy from a photonhave a compact arrangement and most of them share a face with another storeyassociated to the same photon.The storeys of the �rst segment in depth of the electromagnetic calorimeterare scanned in the order of decreasing energy. A storey without a more energeticneighbour de�nes a new cluster. Other storeys are assigned to the cluster of theirhighest energy neighbour. To take advantage of the compact nature of electromag-netic showers and of the projective geometry of the calorimeter two storeys areconsidered neighbours only when they share a common face. The same procedureis then applied to the storeys of the second and third segments in depth but then,when processing a storey, the algorithm looks �rst for a neighbour in the previoussegment. The clusters found by the algorithm are retained as candidate photons iftheir energy is greater than 0.25 GeV and if there is no charged track impact at adistance of less than 2 cm from the cluster barycenter.The position of a photon impact point is computed in two steps. A �rst ap-proximation is given by the cluster barycenter i.e. the energy-weighted mean of thecoordinates of each storey centre. This position is corrected for the �nite size ofthe calorimeter cells using a parameterization of the typical S-shape curve that al-ways appears when the calorimeter granularity is comparable to the electromagneticshower size.In order to reduce the sensitivity of the energy measurement to hadronic back-ground and clustering e�ects, the photon energy is computed from the energy col-lected in the four central towers of the cluster, and the expected value of the fractionof energy in the four towers, F4. This fraction is computed from a parameterizationof the shower shape for a single photon in the calorimeter. The computation takesinto account the calorimeter pad area and the distance between the photon impactand the nearest tower corner, as well as the variation with energy of the expectedF4. Corrections to the energy are computed for energy losses before and after the



3.3 Event reconstruction and simulation 59calorimeter and energy loss in the overlap.The angular resolution for an isolated cluster is��;� = 0@ 2:5qE=GeV + 0:251Amrad:The use of only a part of the storeys to measure the energy degrades the energyresolution to �EE = 0:25qE=GeVfrom the previous quoted �EE = 0:18pE=GeV.3.3.3 Monte Carlo simulationThe selection procedure and the resolution of the ALEPH subdetectors modifythe expected distributions. In order to evaluate these e�ects and the possible back-ground contaminationMonte Carlo simulated events are used. The chain to producesuch kind of events is as follows:� Generation of the event kinematics. The particle four-momenta are generatedaccording to the di�erent physics process that could produce similar �nalstates in the detector, (in parenthesis the names of the computer programused):{ e+e� ! �+�� (KORALZ 4.0 [49]){ e+e� ! �+�� (KORALZ 4.0){ e+e� ! e+e� (BABAMC [50]){ e+e� ! e+e��+�� (PHOPHO [51])In ALEPH, all these programs have been uni�ed through the common inter-face KINGAL [52].� Simulation of the detector response. This is done using a GEANT [53] basedprogram (GALEPH [54]) where all the information about the geometry andmaterials involved in the experimental setup are simulated. For the tracking



60 The ALEPH detectorsimulation, the primary long-lived particles are followed through the detector.Secondary particles are also produced by interaction with the detector ma-terial. Bremsstrahlung, Compton scattering and ionization are some of theprocesses simulated. GEANT and GHEISHA [55] are used to simulate theelectromagnetic and nuclear interactions respectively. The energy depositionsare converted to measurable electrical signals.� Reconstruction. The same reconstruction program (JULIA) used for the realdata is used in the simulated events. Thus, the output of all the simulationprocess has the same format as the real data.Physics limitations of the simulationKORALZ 4.0 is a Monte Carlo generator that treats the generation of hard photonsin the initial state to O(�2), and the radiation of soft ISR photons is consideredto all orders in perturbation theory by exponentiation. The program has also thepossibility to exponentiate FSR, and in an approximate way it can generate up totwo hard photons in the �nal state. Moreover, non-photonic radiative correctionsare taken into account at the one loop level, with resummation of leading topdependences.The main physics limitation is that QED initial-�nal state bremsstrahlung in-terference in the presence of multiple QED hard bremsstrahlung is not included. Inother words, as long as there is no strong cut on the radiated energy (see �gure 2.8)the simulation is good enough.



61
Chapter 4Data analysisIn chapter 2 we have seen how the current measurements taken at the nominal LEPcentre-of-mass energy, are a centre-of-mass average of the \hard scattering" process,because the ISR energy loses are e�ectively \scanning" the e�ective centre-of-massenergy (ps0). We have seen that we can de�ne s0 theoretically being the square ofthe four-momentum of the intermediate boson as long as the e�ect of the I-F QEDinterference can be neglected, (whis is the case if x > �ZMZ � 0:03).In this chapter we consider the problem of determining the e�ective energy(ps0) experimentally. The approximations used and a Monte Carlo study of theperformance of the method are discussed in section 4.1. Section 4.2 is devoted toexplain the selection procedure necessary to separate the process we want to studye+e� ! �+��(n
) from potencial sources of background. This procedure inevitablydistorts the probability density d2�̂dxd cos � (s) introduced in equation 2.17. Section 4.3deals with the corrections, to remove this distortions while in the last section webuilt the �nal loglikelihood function as a function of the electroweak parameters.4.1 Determination of the e�ective centre-of-massenergyThe �rst idea that one could think of would be to compute the e�ective centre-of-mass energy from the invariant mass of the detected particles in the �nal state(�+��(
)). This is the simplest approach experimentally, but the resolution is notso good. For instance, if we only consider the invariant mass of the muon system



62 Data analysis(i.e. neglecting FSR), and we neglect the experimental error in the determinationof the polar angles, the total energy resolution is completely determined by theresolution on the transverse component of the momentum. In this case, if we quotethe total energy E� in GeV, we have:s0 = 2E�+E��(1� cos ��+��)�s0s0 = 0:6� 10�3 (GeV)�1 qE2�+ sin2 ��+ + E2�� sin2 ���which is a good approximation of the ALEPH tracking system resolution in theangular acceptance j cos � j< 0:8, as we have shown in section 3.3.1. This givesa precision of approximately �s0s0 � �x � 0:03 � 0:04, which is of the same orderas the \optimal" size of the binning needed to be as insensitive as possible to I-FQED interference e�ects. Moreover, if we don't neglect FSR, the resolution willbe much worse because we need to introduce the resolution of the Electromagneticcalorimeter (ECAL).On the other hand, if we consider that the predominant e�ect of the initial-statephoton radiation is to boost the centre-of-mass system, (i.e. the photons are emittedalong the direction of the beams), we can compute the radiated energy, EISR
 , fromthe measured directions of the �nal state particles, which are determined with verygood precision as has been described in section 3.3.1. In this approximation, allphotons detected in ECAL are presumed to be radiated in the Final State.The radiated energy can be calculated in terms of the boost , � = Vc , that relatesthe LAB system and the CM system through:EISR
 = j � j1+ j � jps (4.1)where ps is the nominal centre-of-mass energy. Moreover, if we neglect the possi-bility to radiate two or more photons in opposite directions, we �nd:s0 = s(1 � 2EISR
ps )x = 2 j � j1+ j � j (4.2)so that the desired variable x is related in a simple manner with the boost ofthe LAB system. The explicit demonstration of these formulae can be found inappendix B.



4.1 Determination of the e�ective centre-of-mass energy 63In the case where there is no signal in ECAL, we can assume that there is norelevant Final State Radiation, and we can impose the condition that the two muoncandidates have to be back-to-back in the CM system. If we call �12 the relativeangle between both muons measured in the LAB system, and �012 the relative anglein the CM system, we can derive from the Lorentz invariance of the scalar productthe relation: (P 0i � P 0j) = (Pi � Pj)cos �0ij = 1 � (1� �2)(1� cos �ij)(1 + � cos �i)(1 + � cos �j) (4.3)With the constraint �012 = �, this equation can be solved analytically and gives asa result: j � j = j sin (�1 + �2) jsin �1 + sin �2 (4.4)
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-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8Figure 4.1: j � j as a function of the acollinearity (�) de�ned as � = � � �12 and cos �1, in theabsence of Final State Radiation.



64 Data analysisThis is shown in �gure 4.1, where one can see how the magnitude of the boost(or the radiated energy) depends not only on the acollinearity of the two particles,but it also depends on their angular distribution.In the most general case, there will be FSR. If we consider also the possibilityto have one radiated photon in the �nal state, the three particles (�+��
FSR) willbe contained in a plane in the CM system. So, from the relative angles measuredin the LAB system ( see �g. 4.2 ), �ij, and the event orientation, �i, we compute �such that the angles in the CM system, �0ij satisfy the condition:�012 + �023 + �031 = 2� (4.5)
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LAB system CM systemFigure 4.2: De�nition of the angles used to compute �. The measured angles in the LAB system(�ij), are used to determine the magnitude of the boost along the beam direction, that satis�esthat the transformed angles (�0ij) are contained in a plane.
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-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8Figure 4.3: MonteCarlo study of the performance of the s0 � s(1 � x) reconstruction at ps �91:2 GeV. The size of the squares is proportional to the logarithm of the number of events.Note that � is found from the measured directions of the particles, and we arenot limited by the energy resolution in ECAL, or by the momentum resolution ofthe ALEPH tracking system. Actually, the resolution on x is very good and, as canbe observed in �g. 4.3, the RMS of the di�erences between the reconstructed (xrec)and the generated (xgen) radiated energy is around �x � 0:01 ( to be comparedwith a binning size of �x � 0:04). The selection procedure that has been appliedto determine xrec is explained in the next section.One can see in this �gure two bands at xrec = 0 and at xgen = 0. The horizontalband (xrec = 0) is mainly due to the approximations used to de�ne x experimentally,i.e. only one hard collinear photon in the initial state. The vertical band (xgen = 0)is mainly due to events that have radiated in the �nal state, but the photon has



66 Data analysisnot been reconstructed properly in ECAL.For three particles lying in a plane, their energies can be expressed in terms oftheir total energy and the angles between them (see for instance [56] or appendix B).In particular the energy of the �nal state photon, EFSR0
 , can be calculated in thisway from the computed � and the nominal centre-of-mass energy ps, through:EFSR0
 = ps0 sin �012sin �012 + sin �023 + sin �031 (4.6)where, as usual, the primed quantities refer to the CM system, while EFSR
 iscomputed from equation 4.6 and the Lorentz equations that relates both referencesystems. This usually results in a smaller uncertainty that the expected 25%pEwhich is obtained from the ECAL energy resolution, and therefore can be used tocross-check the consistency of the calculation on an event-by-event basis.4.2 Event selectionIn order to study the e�ect of the experimental cuts, we have generated and recon-structed around 106 MC events at di�erent energies with KORALZ 4.0 (KORL07).This Monte Carlo program [49] treats the generation of hard photons in the initialstate to O(�2), and the radiation of soft ISR photons is considered in all orders byexponentiation. The program also has the possibility to exponentiate Final StateRadiation, and in an approximate way generates up to two hard photons (param-eter KEYRAD set to 12). However, we have generated FSR computing only toO(�), (parameter KEYRAD set to 112), and therefore allowing only the possibilityto have up to one photon coming from FSR. This is a technical detail that simpli-�es the computation of xgen, and allows the comparison with most of the o�cialALEPH MC that was generated using this conditions. In any case, the formalismdeveloped in the previous section is only valid when we assume that the maximumnumber of photons in the Final State is one, and therefore the possibility to havemore than one hard photon in the Final State will be suppressed in the data withappropriate cuts. Moreover, even from a pure theoretical point of view, there aregood reasons to eliminate such events, because when there are two hard photonsin the FS and there is one hard photon in the IS, one needs to know the theory atleast to O(�3).



4.2 Event selection 67The e�ect of I-F QED interference is neglected in KORALZ when one considerscorrections higher than O(�), allowing the straightforward de�nition of xgen =1 � s0gen=s, where s0gen is the generated invariant mass of the �+��(
FS) system.An appropriate value for the limit between the soft and hard photon emission,x0, has been carefully choosen. The program only generates the full kinematicsof the event for values of x > x0 and we have chosen x0 = 0:001, which is farenough from the experimental resolution in this variable, and not the default valuex0 = 0:01.Table 4.1 shows the total statistics generated for each energy point, and also theo�cial ALEPH MC statistics used to study possible sources of background.Energy (GeV) Process Number of evts. Generator91.200 (PEAK)91.250 (PEAK) e+e� ! �+�� 600000 KORL0791.270 (PEAK)90.200 (P-1)92.000 (P+1) e+e� ! �+�� 100000 KORL0789.450 (P-2)93.000 (P+2) e+e� ! �+�� 160000 KORL0788.450 (P-3)93.700 (P+3) e+e� ! �+�� 85000 KORL07130.0 (HE)136.0 (HE) e+e� ! �+�� 20000 KORL0791.250 (PEAK) e+e� ! �+�� 100000 KORL0691.200 (PEAK) e+e� ! e+e� 100000 BHAB0191.250 (PEAK) e+e� ! (e+e�)�+�� 20000 PHOT01Table 4.1: MonteCarlo statistics used for several energies and processes.In order to separate the signal process from potential sources of background, wehave optimized a selection procedure. An event is accepted if the relevant detectorsfor the analysis were operative (XLUMOK criteria [40]), and it ful�lls the followingrequirements:� Two charged tracks with at least 4 TPC pad row hits.



68 Data analysis� The two charged particles are contained in the angular acceptance of the TPC,(j cos �i j< 0:90).� Both tracks are originated in a cylinder of radius D0 = 0:2 cm and lengthj Z0 j< 3 cm around the interaction point.� The tracks have opposite electric charge, (q1 + q2 = 0).� The sum of the momenta of both charged particles does not exceed 150% ofthe nominal LEP centre-of-mass energy, (p1 + p2 < 1:5 �ps).� There is at least 1 ITC hit within both tracks.Muon candidates are selected using the HCAL digital readout and the muonchambers information, as explained in section 3.3.2. An event is selected if at leastone of the two tracks satis�es the requirements to be identi�ed as a muon.Figure 4.4 shows the Monte Carlo predictions for the distribution of the mo-mentum of the most energetic track, (normalized to the nominal centre-of-massenergy), for events that have been selected. One can see that there is a consider-able background from tau and two-photon processes, due to the fact that we havenot applied any cut on the momentum or acollinearity of the two tracks selected.Nevertheless, if we require the momentum of the most energetic track (p1) to begreater than 35 GeV there is essentially no loss in the signal, while the two-photonbackground is eliminated. Therefore, we require� p1 > 35� ps91:2,Moreover, as we have already mentioned, the formalism developed in section 4.1is only valid when there is only one photon in the Final State. In order to beconsistent, we require to have a maximum of one identi�ed photon in ECAL withan energy larger than 0.3 GeV, with the criteria described in section 3.3.2.Now, we can compute x for each selected event as described in section 4.1.This allows to compute EFSR
 using the Lorentz transformation of equation 4.6,and compare with the measured energy in the ECAL. In �g. 4.5 one can see howthe MC is able to reproduce the measured energy in ECAL, (although it seemsnot to reproduce so well the possibility to emit high energy photons), and also theperformance of the calculation of EFSR
 compared with the energy reconstructed in
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 - ECAL) < 4�In this way, most of the photons detected in ECAL, (and therefore at a polar anglelarger than 26o) that were coming from ISR are removed from the data sample.After the cut on particle momentum is applied, the only non-negligible back-ground is tau events, with at least one of them decaying into a muon. This isa potentially dangerous background, because it can be confused with a radiative



70 Data analysis
 ECAL object (GeV)

 94 data

 µ+µ- MC

 Calc. Eγ
FSR (GeV)

 ECAL object (GeV)

10

102

103

104

0 5 10 15 20 25 30 35 40 45 50

0

5

10

15

20

25

30

35

40

0 5 10 15 20 25 30 35 40Figure 4.5: The upper �gure compares the measured energy in ECAL for the photon candidatewith MC simulation. The lower �gure compares the computed energy of the FSR photon usingthe angular information and the actual energy measured in ECAL. The size of the squares isproportional to the logarithm of the number of events.dimuon event, and can modify drastically the energy dependence we want to deter-mine. However, it can be eliminated taking pro�t of the missing energy in the taudecay carried by the neutrinos. We require that the total energy left after radia-tion, (ps � EISR
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4.2 Event selection 71� (ps� EISR
 ) - (p�+ + p�� + ECAL) < 4�As can be seen in table 4.2, the remaining background after all the cuts havebeen applied is completely negligible, and dominated by missidenti�ed Bhabhas(0:09%), while the total selection e�ciency is 0:80337 � 0:00051 at the Z peak.ps = 91:2 GeV e+e� ! �+�� e+e� ! �+�� e+e� ! e+e� e+e� ! (e+e�)�+��total 600000 100000 100000 20000Accept. cuts 495883 42476 47682 5119p1 cut 495411 5417 45735 1Dig. Sel. cuts 495374 2366 62 1N
 < 2 in ECAL 494373 1707 62 1(EFSR
 � ECAL) cut 489863 1673 57 1(ps� EISR
 ) cut 482021 6 33 1E�ciency (�) 80:337% 0:006% 0:03% 0:005%Purity 99:89% 0:01% 0:09% 0:01%Table 4.2: Breakdown of the e�ect of the selection cuts on the signal and on possible sources ofbackground.This selection procedure has been applied both to real data and Monte Carlosimulation for the di�erent LEP nominal centre-of-mass energies that appear intable 4.1. The resulting e�ciencies obtained from the MC simulation are shown intable 4.3.The e�ciency for the HE run at 130-136 GeV is much lower due to the inclusionof new cuts to deal with the new experimental conditions at these energies [58]. Theinvariant mass of the muon system is required to be greater than 80 GeV in orderto reduce the substantial background from 

 processes. Moreover, there is a high\radiative return" to the Z peak that produces an increase on the number of eventswith ISR photons emitted at large angles and, therefore, visible in the detector.Some of them are not removed by the consistency check between the computedphoton energy with Eq. 4.6 and the measured one. Therefore, the invariant massof the muon system is required to be greater than 110 GeV in events where thereconstructed xrec is below 0.25.



72 Data analysisEnergy (GeV) E�ciency91.2 (PEAK) 80:337 � 0:051%90.2 (P�1) 80:81 � 0:18%92.0 (P+1) 79:93 � 0:18%89.4 (P�2) 80:59 � 0:13%93.0 (P+2) 79:38 � 0:17%88.4 (P�3) 80:17 � 0:18%93.7 (P+3) 79:04 � 0:22%130.0 (HE) 55:71 � 0:53%136.0 (HE) 54:96 � 0:53%Table 4.3: Computed e�ciency from Monte Carlo simulation at the di�erent LEP nominalcentre-of-mass energies.4.3 Correction functions (�F (B)(s; x))So far we have de�ned the experimental procedure that allows to obtain for eachdimuon event x and cos �, with high e�ciency and negligible background, wherecos � is the scattering angle in the CM system, computed from Equation 2.18.The probability to obtain a speci�c value for these two variables, is given by thetwo-dimensional density function in equation 2.17, ( d2�̂dxd cos � (s)),However, the selection cuts distort the probability density and we need to con-sider in addition the e�ciency as a function of x and cos � at each nominal centre-of-mass energy, �(s; x; cos �).In the next section we will explain why, we will use the probability density as afunction of cos �, but we will integrate it in the forward and backward hemispheres.In other words, the forward-backward asymmetry is computed counting the numberof events in the forward and backward hemispheres, instead of using the angulardistribution. In this way we only need to know, as a function of the radiated energy,the e�ciency to �nd an event in each hemisphere�F (B)(s; x) = Z 1(0)0(�1) �(s; x; cos �)d cos �where �F denotes the e�ciency in the FORWARD hemisphere and �B in the BACK-WARD hemisphere.



4.3 Correction functions (�F (B)(s; x)) 73These correction functions are computed using the generated Monte Carlo eventsin table 4.1. The distribution in x is binned in intervals of �x = 0:04, which isfour times the experimental resolution, and satis�es the criteria (�x > �ZMZ ), andin intervals of �x = 0:08 when (0:16 � x < 0:64) due to the small number ofevents there. The analysis is restricted up to xmax: = 0:64 which corresponds toan e�ective centre-of-mass energy of 55 GeV, at ps = 91:2 GeV. This lower limitspans the energy region not covered by present accelerators.The computed e�ciencies at the di�erent LEP nominal energies (�iF (B)(s)) to�nd and event in the interval xi � x < xi+1 are shown explicitly in Appendix C,and some of them are plotted in �gure 4.6, where�iF (B)(s) � Xj=1;nbin �ijF (B)(s) �̂jF (B)(s)�̂iF (B)(s) (4.7)with �ijF (B)(s) = Nsel(s; xi � xrec < xi+1; cos �rec � (<)0)Ngen(s; xj � xgen < xj+1; cos �gen � (<)0) (4.8)and �̂iF (B)(s) � Z xi+1xi dxH(s; x)�̂F (B)(s; x)where the radiator function H(s; x) and the total cross section �̂(s0 = s(1 � x))have been introduced in chapter 2.The e�ciency of the selection is not independent of x, and in fact its dependenceis far from being trivial. This is due to the cut on the angular acceptance (cos � <0:9), and the cuts on the reconstructed photon in the detector.The di�erent shape in both hemispheres can be explained as a kinematic e�ect,due to the fact that events are produced asymmetrically, (ÂFB 6= 0 when x 6= 0),and therefore the acceptance cut is less e�ective in one hemisphere or the otherdepending on the sign of the asymmetry. Moreover, events produced at low anglesthat would have been accepted in the CM system, can be lost due to the e�ect ofthe boost, because one of the two tracks lies outside the acceptance.There is a common characteristic in the qualitative behaviour at the di�erentnominal centre-of-mass energies, that is a sizable drop in the e�ciency after the�rst bin. This can be traced back to the cuts on the number of photons detected
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0.05 0.1 0.15 0.2 0.25 0.3Figure 4.6: �F;B(x) at di�erent nominal centre-of-mass energies.and the cuts on the consistency of the computed energy radiated with the radiativedimuon hypothesis. It is clear that when x � 0, the e�ect of these cuts on theradiated photon is much lower, essentially because there are no photons detectedin most of these events.The relative change of �F (B) from bin to bin computed from the numbers intable C.1, will be used in the next section to correct the probability density ofequation 2.17.



4.4 The loglikelihood function 754.4 The loglikelihood functionAs we have explained in section 2.17, the process e+e� ! �+�� in a wide rangeof energies can be parameterized in the S-matrix language as a function of sixparameters, MZ ;�Z; rtot� ; jtot� ; rfb� ; jfb�In principle, we could use directly formula 2.17 corrected for the experimentale�ciency to built a loglikelihood function and extract the S-matrix parameters fromthe measured cos � and x in an event-by-event basis.However, as we have explained in section 2.1.1, the probability density of e-quation 2.17 is well de�ned only when j Âfb j< 3=4. This implies that when onetries to extract the forward-backward asymmetry from a loglikelihood �t using e-quation 2.17, one is \condemned" to get a value lower than this limit, because theprobability to have a higher value is strictly zero if there are events found in all theangular range.In fact, there are two regions in energy, (ps � 80 GeV and ps � 113 GeV),where the SM predictions for the forward-backward asymmetry is very close 1 toj Âfb j� 3=4. This implies that the parameter-space of the S-matrix parameters isheavily reduced at these energies, and they will be strongly correlated. To be moreprecise, if we consider that rtot� and rfb� are determined by the measurements takenat x � 0, the forward-backward asymmetry at an e�ective centre-of-mass energyaround 80 GeV will be given by,Âfb((80 GeV)2) � 34 24 ((80 GeV)2 �M2Z)JfbC + ((80 GeV)2 �M2Z)Jtot35with a \constant" contribution from the Z0 and 
 interchange to the total cross-section at the level of C � (39:5 GeV)2. In this case the ratio between brackets isvery close to one, and we can write for a small variation in the forward-backwardasymmetry �Âfb � 34Jfb (�Jfb +�Jtot)1j Âfb j is slightly lower than 3/4 due to the inclusion of non-photonic radiative corrections.



76 Data analysisIt is clear from the above expression that Jfb and Jtot are not independent fromeach other due to the limit j Âfb j< 3=4. In this way any 
uctuation in Jfb upwardswill necessary be compensated by a 
uctuation downwards, and in fact, they arealmost 100% anticorrelated.Strictly speaking, this is not a problem. The correlation is what it is, and it justcomplicates the interpretation of the extracted electroweak parameters. However,there is an alternative way in which these correlations are removed. The limit onj Âfb j is a consequence of the angular distribution imposed, but it is not present ifwe come back to the \original" de�nition of the forward-backward asymmetry,Âfb = �̂f � �̂b�̂f + �̂b � NF �NBNF +NBcomputed from the di�erence in the number of events in the forward and backwardhemispheres. This also has the advantage of simplifying the corrections due tothe experimental cuts, and the loss of sensitivity in the electroweak parameters isnegligible small.In this case, the probability density for an event being in the interval xi � x <xi+1 will be given by:P 0(xi; cos � � 0; s) � 12�iF (s)(�̂i(s) + �̂ifb(s))P 0(xi; cos � < 0; s) � 12�iB(s)(�̂i(s)� �̂ifb(s)) (4.9)and �̂i(s) � Z xi+1xi dxH(s; x)�̂(s; x)�̂ifb(s) � Z xi+1xi dx ~H(s; x)�̂fb(s; x)where the radiator functions H(s; x) and ~H(s; x), the total cross section �̂(s0 =s(1 � x)) and �̂fb(s0 = s(1 � x)) have been introduced in chapter 2, whereas thecorrection functions �iF (B)(s) have been introduced in the previous section.With this de�nition, the forward-backward asymmetry is just bounded to bej Âfb j< 1, and the probability density in equation 4.9 is well de�ned in a wideregion of the parameter space.On the other hand, as we have discussed in section 2.1.2, the e�ect of the I-F QED interference on �̂ is completely negligible for a convenient minimum size



4.4 The loglikelihood function 77of the binning as the one we have choose (�x � 0:04). But even with this binsize, the e�ect on �̂fb cannot be completely neglected, and we should not forgetthat this e�ect is not present in the Monte Carlo simulation, and therefore thecorrection functions �iF (B)(s) are not correcting the theoretical probability densityfor this e�ect.In order to take the I-F QED interference into account, equation 4.9 is modi�edwith �̂ifb(s) ! �̂ifb(s) + �iFB(s)where �iFB(s) is the contribution of the I-F QED interference to the antisymmetriccross section, in the angular acceptance j cos � j< 0:9 and in the interval xi � x <xi+1. This is computed from an analytical calculation up to O(�), integrating theexpression for the interference (�(�f � �b)) in cos � up to the limit in the angularacceptance (j cos � j< 0:9) and x between the corresponding limits (xi and xi+1).These corrections are essentially independent of the electroweak parameters we wantto measure, except from the Z0 width. But as we will show later, �Z is constrainedby the hadronic lineshape with high precision, so that the uncertainty in �iFB isnegligible.We have cross-checked the computed e�ect �iFB by generating and reconstruct-ing 3 � 105 MC events with KORALZ 4.0 [49], using the complete calculation toO(�) that includes I-F QED interference, (parameter KEYRAD set to 1). In thisconditions, the one dimensional probability density d�̂dx(s) is not well reproduced,due to the importance of higher order corrections, but the e�ect of including or notthe I-F QED interference is con�rmed to be negligible for �̂ and compatible withthe analytic calculation for �iFB, at least for the �rst bins where there is enoughstatistics to do these checks and where the corrections are non-negligible. Thesecorrections have been computed for each of the nominal LEP centre-of-mass ener-gies, and as an example of their size, table 4.4 shows the SM predictions for �̂ifb(corresponding to the central values quoted in table 2.1), and the computed �iFB atps � 91:2 GeV for the �rst four bins in x.In addition, since we are going to extract the electroweak parameters on anevent-by-event basis, we need to know the nominal centre-of-mass energy of eachindividual collision. We have already mentioned in section 3.1.1 that there is asizable beam energy spread between the individual electron and positron collisions



78 Data analysisxi � x < xi+1 �̂ifb �iFB �iFB(MC)0:00 � x < 0:04 0.00606 +0.00352 +0.0048 � 0.00310:04 � x < 0:08 -0.00271 +0.00012 �0:00047 � 0.000270:08 � x < 0:12 -0.00104 +0.00002 +0.00001 � 0.000010:12 � x < 0:16 -0.00057 +0.00001 +0.00001 � 0.00001Table 4.4: I-F QED interference corrections to the antisymmetric cross-section at ps �91:2 GeV, when j cos � j< 0:9 and xi � x < xi+1. The last column shows the results obtainedfrom the 3� 105 MC events.of about 55 MeV (depending on the year of data taking). This e�ect is taken intoaccount by convolving equation 4.9 with a gaussian probability densityP (xi; cos � � (<)0; s) � Z 1�1 ds00P 0(xi; cos � � (<)0; s00) exp(�(ps�ps00)22�2bs )where �bs is the centre-of-mass beam energy spread that is di�erent from yearto year. In practice, the numerical integration is only performed in the interval[�6�bs;+6�bs].The probability to �nd in the data sample an event with nominal centre-of-massenergy psj is proportional to the integrated luminosity taken at this energy, Lj .The �nal probability density to �nd an event with: centre-of-mass energy psj ,e�ective centre-of-mass energy psi = qsj(1� xi) and polar angle cos �i is given bythe product Lj � P (xi; cos �i; sj)In this way, we can �nd those S-matrix parameters that maximize the normalizedproduct of probabilities, (equivalently the normalized sum of the logarithms of theprobabilities), or introducing a negative sign those that minimize the loglikelihoodfunction �2Normal: 24 Xj=1;Np Xi=1;Nevt ln (LjP (xi; cos �i; sj))35 (4.10)where Np is the number of energy points to analyze, Nevt is the number of selectedevents at each energy point, and \Normal." is the sum of the probabilities for allthe possible values of psj, xi and cos �i. The factor two is introduced in order tohave the same de�nition of errors as if we were using a �2 minimization.



4.4 The loglikelihood function 79Total normalization constraint (�21)Note that in this process the S-matrix parameters are extracted from the \shape"of the loglikelihood function we have just introduced. This is the reason why wedon't need to know the total e�ciency of the selection, and we are only concernwith the relative changes as a function of the three quantities that enter in theloglikelihood function, namely: ps, x and cos �.In this way, one can introduce a constraint computed from the total cross sectionmeasurements [58] and [59] in ALEPH (�expj ),�21 = �Pj=1;Np Lj(�expj � �thj )�2�2 (4.11)where �thj is the total cross-section, (convolved with ISR), for each energy pointas a function of the S-matrix parameters. The error in the denominator, �2, iscomputed from the errors on the total cross-section (�expj ���statj ���systj ), andthe luminosity measurements (Lj ��Lstatj ��Lsystj ), with�2 = Xj=1;Np Xk=1;Np(Lj��j)2 + (�expj �Lj)2 + (�thj �Lj)2 +�jk�expj �expk �Lj�Lk + �jk�thj �thk �Lj�Lk +LjLk��systj ��systkwhere ��systj are considered to be 100% correlated between di�erent energy points,and �jk is the luminosity correlation matrix shown in table 4.5.90 data 91 data 92 data 92 (SI) 93 data 94 data 95 data 95 (HE)90 data 1.000 0.376 0.376 0.202 0.247 0.000 0.000 0.00091 data 1.000 0.629 0.269 0.331 0.000 0.000 0.00092 data 1.000 0.269 0.331 0.000 0.000 0.00092 (SI) 1.000 0.685 0.630 0.667 0.00093 data 1.000 0.764 0.810 0.00094 data 1.000 0.837 0.00095 data 1.000 0.00095 (HE) 1.000Table 4.5: Luminosity correlation matrix between di�erent years of data taking. 92(SI) corre-sponds to the data taken in 1992 after the installation of the SICAL luminosity detector.



80 Data analysisThe experimental measurements of �expj and the integrated luminosity at eachenergy point Lj are shown in table 4.6 from references [58] and [59].This constraint determines rtot� with high precision, and therefore this parameteris essentially uncorrelated with the others.Hadronic lineshape constraint (�22)The Z mass and the Z width are determined with high precision from theALEPH hadronic lineshape in reference [57], and therefore it does not make toomuch sense extracting these two parameters from the muon lineshape. So that,the ALEPH measurements of MZ and �Z in the S-matrix formalism, (M expZ =91:1978 � 0:0074 GeV and �expZ = 2:4928 � 0:0049 GeV) are used as a second con-straint with �22 = (MZ �M expZ )2(�MZ)2 + (�Z � �expZ )2(��Z)2 (4.12)In this way, the �nal function to be minimized is:l = �2Normal: 24 Xj=1;Np Xi=1;Nevt ln (LjP (xi; cos �i; sj))35+ �21 + �22 (4.13)



4.4 The loglikelihood function 81ps (GeV) L ��L (nb�1) � (nb) � stat. � syst. Nevt88.223 480.2 � 2.7 0.248 � 0.025 � 0.0012 9489.217 520.4 � 3.0 0.503 � 0.034 � 0.0025 19090.217 444.0 � 2.5 0.908 � 0.049 � 0.0045 30290 data 91.215 3632 � 21 1.429 � 0.022 � 0.0071 395092.207 553.9 � 3.2 1.006 � 0.047 � 0.0050 42693.209 594.2 � 3.4 0.638 � 0.036 � 0.0032 28294.202 641.7 � 3.7 0.437 � 0.029 � 0.0022 20888.464 670.6 � 2.9 0.262 � 0.022 � 0.0013 13789.455 798.4 � 3.4 0.542 � 0.029 � 0.0027 33590.212 748.2 � 3.2 0.926 � 0.039 � 0.0046 52691 data 91.207 2939 � 13 1.540 � 0.025 � 0.0077 365991.238 4608 � 20 1.479 � 0.020 � 0.0074 545891.952 693.8 � 3.0 1.212 � 0.047 � 0.0061 66292.952 679.6 � 2.9 0.665 � 0.035 � 0.0033 34293.701 764.6 � 3.3 0.517 � 0.029 � 0.0026 29592 data 91.270 8749 � 19 1.484 � 0.016 � 0.0074 1019291.276 13684 � 59 1.499 � 0.012 � 0.0075 1439089.430 8065 � 15 0.484 � 0.009 � 0.0011 305593 data 91.184 9131 � 17 1.480 � 0.015 � 0.0033 1071891.284 5331.9 � 9.7 1.471 � 0.019 � 0.0033 617693.012 8693 � 16 0.674 � 0.0099� 0.0015 453994 data 91.194 42704 � 75 1.4792� 0.0068� 0.0035 5007789.438 8295 � 16 0.491 � 0.0086� 0.0011 317891.280 4961.3 � 9.3 1.465 � 0.019 � 0.0033 575095 data 92.970 9355 � 17 0.7132� 0.0096� 0.0015 5174130.24 2877 � 23 0.0229� 0.0034� 0.0004 35136.21 2863 � 23 0.0206� 0.0032� 0.0003 28Table 4.6: Inclusive cross-section and luminosities used in the evaluation of the normalizationconstraint,�21. The total number of events selected are shown in the last column.



82
Chapter 5Results and systematic studiesIn the previous chapter we have described the experimental procedure to determinethe e�ective centre-of-mass energy, (ps0 = qs(1� x)), in an event-by-event basis.We have also built a loglikelihood function based on the probability that one selectedevent has a particular value for s,x and cos � as a function of the S-matrix parametersintroduced in chapter 2, (MZ , �Z , rtot� , jtot� , rfb� , jfb� ).In section 5.1 we present the speci�c results of this analysis in terms of the S-matrix electroweak parameters, and a speci�c study of the systematic uncertaintiesin the extraction of these parameters is shown in section 5.2.As we have mentioned before, the SM predicts a cancellation of some helicityamplitudes at ps0 � 80 GeV and ps0 � 113 GeV. This means that in these energyregions we have minimal \background" from the SM for the search of new physicse�ects. A speci�c study in terms of helicity cross sections is presented in section 5.3.Finally, once we have con�rmed the agreement of the observed energy depen-dence with the SM predictions, we can extract restrictions on new theories thatwould predict the existence of extra Z bosons. The last section is devoted to showthese limits for a speci�c set of theoretical models.5.1 Extraction of the S-matrix parametersThe data sample used was recorded in the years 1990 to 1995 at nominal centre-of-mass energies from 88.2 GeV up to 136.2 GeV, and corresponds to a total integrated



5.1 Extraction of the S-matrix parameters 83luminosity of 143.5 pb�1. A total of 130,178 events pass the selection cuts. Table 4.6shows the number of muon pair candidates selected at each energy point.Equation 4.13 is minimized with respect the S-matrix parameters and the resultsare shown in table 5.1.SM predictions Fit results Correlation matrixrtot� 0.14298 0.14186 � 0.00080 1:00 0:04 0:04 0:11jtot� 0.004 �0:033 � 0.022 1:00 �0:04 �0:34rfb� 0.00278 0.00273 � 0.00054 1:00 0:13jfb� 0.800 0.807 � 0.026 1:00Table 5.1: Results obtained for the electroweak parameters from a maximum log-likelihood �tto the events selected. The SM predictions are computed with MZ = 91:1863 GeV, ��1(M2Z ) =128:896,Mtop = 175 GeV and MH = 150 GeV.The results are in good agreement with the SM predictions, and the statisticalprecision of the measured jtot� and jfb� has improved by a factor 1p2 from the previousmeasurement in ALEPH [57] using the same data (jtot� = �0:011 � 0:033, jfb� =0:823 � 0:038), equivalently to have e�ectively doubled the statistics.In particular, the \apparent" problem that was observed in the past in ALEPHwith the energy dependence of the leptonic forward-backward asymmetries [60],where jfb� was higher than the SM predictions by more than two gaussian sigmaswith the data recorded up to 1993, (or almost four gaussian sigmas when combiningthe three leptonic species), seems to be compensated with the addition of 1995 dataand the new information added by our method.For instance, almost 50% of all the data taken at LEP was accumulated in 1994at a single centre-of-mass energyps = 91:194 GeV, so that there was no informationin this data for the parameters that describe the energy dependence: jtot� and jfb� .In table 5.2 one can see the results obtained for the S-matrix parameters whenonly 1994 data is used, and when the rest of the data is added in successive steps.Although it seems that the data taken before 1994 prefers a higher value for jfb� ,the di�erent measurements are statistically compatible with a �2 = 5:4 for thecombination of seven periods of data taking, and therefore one can conclude thatwe were victims of a statistical 
uctuation.One can compare directly the number of events observed in each bin of energy,



84 Results and systematic studiesrtot� jtot� rfb� jfb�94 data 0.14185 � 0.00100 -0.037 � 0.052 0.00227 � 0.00088 0.753 � 0.07493 ! 94 data 0.14132 � 0.00097 -0.065 � 0.033 0.00321 � 0.00073 0.820 � 0.04292 ! 94 data 0.14160 � 0.00086 -0.075 � 0.030 0.00313 � 0.00063 0.821 � 0.03791 ! 94 data 0.14176 � 0.00083 -0.075 � 0.029 0.00281 � 0.00059 0.830 � 0.03690 ! 94 data 0.14166 � 0.00083 -0.073 � 0.027 0.00277 � 0.00058 0.839 � 0.03490 ! 95 data 0.14188 � 0.00080 -0.036 � 0.023 0.00272 � 0.00055 0.808 � 0.02890 ! 95 (+HE) 0.14186 � 0.00080 -0.033 � 0.022 0.00273 � 0.00054 0.807 � 0.026Table 5.2: Results obtained for the electroweak parameters for di�erent samples of data as afunction of the running period.with the predictions of the �t results. The results of this direct comparison areshown in table 5.3 where we have accumulated events coming from di�erent nominalcentre-of-mass energies in single bins of ps0.ps0 GeV hps0i GeV NobsF NfitF Pull NobsB NfitB Pull55! 65 63.13 11 10.5 +0:1 17 19.9 �0:565! 75 72.18 22 16.9 +1:1 37 39.9 �0:575! 80 78.29 17 12.3 +1:2 35 38.0 �0:580! 84 82.50 26 23.2 +0:6 74 76.9 �0:384! 86 85.20 70 64.9 +0:6 169 168.1 +0:186:! 87:8 87.49 160 153.2 +0:5 306 297.5 +0:587:8! 88:6 88.37 89 89.0 0:0 145 143.9 +0:188:6! 89:6 89.42 3336 3399.4 �1:1 4683 4562.9 +1:889:6! 90:3 90.21 376 378.7 �0:1 459 438.4 +1:090:3! 91:3 91.22 55258 54873.5 +1:6 53974 53778.6 +0:891:3! 92:3 92.05 619 609.8 +0:4 511 536.8 �1:192:3! 93:3 92.99 5268 5216.3 +0:7 4036 3985.3 +0:893:3! 100 93.96 239 228.0 +0:7 183 154.1 +2:3100! 127 110.25 7 6.1 +0:2 1 1.7 0:0127! 133 130.17 17 13.8 +0:7 3 2.4 +0:2133! 136 136.21 13 9.3 +1:0 3 1.8 +0:6Table 5.3: Number of observed events in the di�erent intervals ofps0 compared with the numberof events predicted from the �t results.From the loglikelihood �t we have obtained the most probable values for theS-matrix parameters, but we cannot say anything on the actual goodness of the



5.1 Extraction of the S-matrix parameters 85�t. In order to quantify the con�dence level of the �t, we have used a Poissondistribution to compute the probability, P (Nobsi ; Nfiti ), to see Nobsi events in theinterval qs0i+1 > ps0 � qs0i when the expected number is Nfiti . This probabilitycan be interpreted in terms of a \gaussian" error, which can be used to build a �2summing the square of the \pulls" (�i) de�ned with the implicit equation,P (Nobsi ; Nfiti ) = 2p2� Z �i0 exp "�x22 # dxand the contribution of the two constraints introduced in the previous chapter.�2 = Xi (�i)2 + �21 + �22The con�dence level of the results shown in table 5.1 is 35% with a �2d:o:f: = 193:7187 .We have checked that the parameters obtained from the loglikelihood �t and shownin table 5.1 minimize this �2 too.The statistical behaviour of the results shown in table 5.3 is quite reasonable.The number of measurements that is expected to be at more than one sigma is 10.1while we found 9, (1.4 expected to be at more than two sigmas and we found 1).The results shown in table 5.3 are the direct measurements of our analysis but,usually, one wants to give \universal" measurements which are deconvolved fromthe speci�c selection procedure and that can be compared directly with theory.With this philosophy, we can de�ne �̂ and Âfb as:�̂F (hps0i) � �̂fitF (hps0i) � NobsFNfitF (5.1)�̂B(hps0i) � �̂fitB (hps0i) � NobsBNfitB (5.2)�̂ = �̂F + �̂B�̂fb = �̂F � �̂BÂfb = �̂fb�̂where �̂fitF (B) is the predicted cross section from the �tted S-matrix parameters, inthe forward (backward) hemispheres at the mean centre-of-mass energy quoted intable 5.3.



86 Results and systematic studiesIn this way, we have a measurement of the deconvolved cross section and forward-backward asymmetry in a wide range of energies. The results are shown in table 5.4.In �g. 5.1 and �g. 5.2 one can compare also this measurements with previousmeasurements made at PEP [62], PETRA [63] and TRISTAN [64] at lower energies.These measurements were quoted with � evaluated at q2 = 0, i.e. correcting forthe running of the �ne structure \constant" �. In order to be consistent withthe S-matrix formulae introduced in chapter 2, which includes this running in thede�nition of r
, we have corrected them back.In these �gures, one can observe a nice agreement between the results of the �tin a wide region of energies, spanning from 20 GeV up to 136 GeV.hps0i GeV �0 (nb) �fit pull A0FB AfitFB pull63.12 0:0253 � 0:0085 0.0278 �0:3 �0:35+0:22�0:19 �0:435 +0:572.18 0:0263 � 0:0037 0.0263 0:0 �0:52+0:14�0:12 �0:637 +1:078.29 0:0325 � 0:0048 0.0330 �0:1 �0:60+0:14�0:11 �0:716 +1:082.50 0:0520 � 0:0053 0.0525 �0:1 �0:593+0:096�0:082 �0:641 +0:685.20 0:0956 � 0:0061 0.0934 +0:4 �0:472+0:063�0:059 �0:499 +0:587.49 0:219 � 0:010 0.2118 +0:7 �0:317+0:047�0:045 �0:324 +0:188.37 0:336 � 0:022 0.3341 +0:1 �0:250 � 0:067 �0:246 �0:189.42 0:6759 � 0:0075 0.6710 +0:6 �0:171 � 0:011 �0:149 �2:090.21 1:276 � 0:044 1.2487 +0:6 �0:101 � 0:036 �0:075 �0:791.23 2:0018 � 0:0060 1.9911 +1:8 0:0216 � 0:0030 0:0199 +0:692.05 1:322 � 0:040 1.3403 �0:5 0:128 � 0:030 0:096 +1:092.99 0:6570 � 0:0068 0.6498 +1:1 0:178 � 0:010 0:179 �0:194.03 0:381 � 0:018 0.3466 +1:9 0:201 � 0:049 0:260 �1:2110.46 0:019 � 0:010 0.0175 +0:1 0:75+0:21�0:46 0:788 �0:2130.20 0:0102 � 0:0028 0.0083 +0:7 0:73+0:16�0:25 0:736 0:0136.21 0:0104 � 0:0026 0.0072 +1:2 0:66+0:20�0:30 0:712 +0:2Table 5.4: Measured cross sections and asymmetries compared with those predicted from the �tresults.



5.1 Extraction of the S-matrix parameters 87
σ0

µ(nb) ALEPH

 √s,
(GeV)

 LEP (ALEPH)

 PEP

 PETRA

 TRISTAN

10
-2

10
-1

1

20 40 60 80 100 120 140

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

2

88 89 90 91 92 93 94

Figure 5.1: Measured cross sections of muon-pair production compared with the �t results. Forcomparison the measurements at lower energies from PEP, PETRA and TRISTAN are included.The region around the Z pole has been ampli�ed in the inserted box.
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5.2 Systematic studies 895.2 Systematic studiesIn this section we have evaluated the systematic uncertainties in the extraction ofthe S-matrix parameters. The main systematic errors are due to the limited MCstatistics used, and the uncertainty on the e�ect of the I-F QED interference.Monte Carlo statisticsOne obvious source of systematic errors on the �tted electroweak parameters, is thelimited MC statistics used to determine �iF (B). In order to evaluate this error, wehave generated di�erent samples of �iF (B) according to a multinomial distributionwith the generated statistics at each energy point in table 4.1. We have generated atotal of �fty di�erent samples of e�ciencies, and repeated the loglikelihood �t �ftytimes.The results of these �ts are distributed around the central values quoted intable 5.1 following a gaussian distribution. The R.M.S. of these distributions aretaken as a systematic error for each of the electroweak parameters, due to thestatistical uncertainty on �iF (B). Table 5.5 shows the speci�c values.Precision of the I-F QED interference correctionsWe have already mentioned that the analytic computation of �iFB in Eq. (4.10) hasbeen cross-checked with 3 � 105 MC events generated with KORALZ at O(�). Inany case, this is just a computation to O(�) and, likely, e�ects of higher orderscould a�ect sizably these corrections. In order to have an idea of how well they areknown, we can use the data itself.The trick is that this e�ect is more and more important when the asymmetry iscomputed with a decreasing value of xmax, (see �g. 2.9). So that, we can computethe forward-backward asymmetrywhen x < xmaxi , and when x < xmaxi+1 , and computethe relative change, Afb(x < xmaxi )�Afb(x < xmaxi+1 )�xiThis quantity is di�erent from zero due to the energy dependence of the forward-backward asymmetry, and if xmax is small enough due to the e�ect of the I-F QEDinterference corrections.
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0.1 0.2 0.3 0.4 0.5 0.6Figure 5.3: Relative change in the asymmetry as a function of xmax. The lines correspond tothe analytical calculation (ZFITTER 4.8) [61], and the points correspond to the MC predictionsin the upper �gure, and to real data at the Z peak in the lower �gure.In �g. (5.3) one can see how the analytic calculation of ZFITTER [61] agreesnicely with the MC, as we have already said. But, the lower �gure shows alsohow the data apparently is much less a�ected than the analytic O(�) predictions.The fact that the discrepancy is only observed at low values of xmax indicatesthat the problem is related with the e�ect of I-F QED interference, and not withthe data prefering a di�erent value for Jfb. It looks like higher order corrections(with opposite sign) decrease the size of these corrections, assuming that ISR iswell reproduced by the MC. As we don't know the origin of such discrepancies, weare forced to consider as systematic error these di�erences. This has been doneassuming that the corrections �iFB are not known better than a 60%, which is the



5.2 Systematic studies 91di�erence between the predicted shift when xmaxi = 0:04 by ZFITTER and theone observed in the data itself. The maximal deviation of the electroweak �ttedparameters is quoted in table 5.5.A similar conclusion on the size of these discrepancies between data and theO(�) I-F QED interference predictions can be found in ref. [17].Final State Radiation simulationWe have already mentioned that the MC used to compute the e�ciencies was gener-ated with KORALZ 4.0 with the option of single �nal state bremsstrahlung, (param-eter KEYRAD set to 112). We have applied the selection procedure described to asample of 105 MC events generated with exponentiated FSR, (parameter KEYRADset to 12), and the resulting �iF (B) are compared with the previous ones in �g. (5.4).Both samples of e�ciencies agree within the statistical errors and no systematice�ect is seen.As we have shown in �g. (4.5), the energy distribution of the detected photons,(mostly FSR), is well reproduced by the MC. The angular distribution of suchphotons, (that is the relevant information in our case), is well reproduced too,except in the case of hard photons (E
 > 2 GeV) that are emitted at large angles(cos(�13) > 0:2). This is shown in �g. (5.5), where we have plotted the angle betweenthe measured object in ECAL and the most energetic charged track, (cos(�13)). Thisis most probably due to the approximate treatment in the MC of this situation.In order to evaluate if there is a systematic bias due to this problem, we haveremoved those events where an ECAL object is detected with more than 2 GeV,and cos(�13) > 0:2. This cut is indicated with an arrow in �g. (5.5). The di�erenceon the �tted EW parameters obtained is perfectly compatible with zero, so to beconservative and, as we suspect that these events cannot be reproduced perfectlyby the MC simulation, we have taken as systematic errors the statistical errors ofthese di�erences. These are shown in table 5.5.BackgroundIn table 4.2 we have shown that the non �+�� background that survives the selectionprocedure is at the level of 0:1%, and completely dominated by electrons that leave
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0 1 2 3 4 5 6 7 8 9 10Figure 5.4: Comparison of the e�ciencies computed with KORALZ when FSR is exponentiated,(parameter KEYRAD set to 12), and when FSR is calculated to O(�), (parameter KEYRAD setto 112).enough signal in the last planes of HCAL.We can study the e�ect of this background cutting on the total energy left inECAL by the two charged tracks selected, requiring ECAL1 + ECAL2 < ps2 . Thisremoves most of the Bhabha events and not signal as can be seen in �gure (5.6),where we have separated both contributions.We have removed these events from the data sample, and re�ted again the S-matrix parameters. The di�erences are very small, and are considered as systematicerror. Table 5.5 shows the magnitude of this e�ect.
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5.3 Analysis of the helicity cross sections and new scalar interactions 955.3 Analysis of the helicity cross sections and newscalar interactionsAn alternative way of presenting the angular distribution information is in termsof helicity cross sections. Let's de�ne:�0LL � e�Le+R ! ��L�+R�0RR � e�Re+L ! ��R�+L�0LR � e�Le+R ! ��R�+L�0RL � e�Re+L ! ��L�+Rwhere the symbols L(R) stands for the left (right)-handed helicity. Then, we canwrite the total and antisymmetric cross sections as�0 = 12(�0LL + �0RR + �0LR + �0RL)�0fb = 38(�0LL + �0RR � �0LR � �0RL)the factor 1/2 corresponds to the spin averaging for unpolarized initial beams.In the context of the SM, the interference between the Z contribution (dominatedby the axial coupling) and the 
 contribution (that is only vector coupling) isdestructive or constructive as a function of ps0. One can compute the di�erent ps0that corresponds to the zeroes of �0ij. From reference [8], we have that at lowestorder �0RR(ps0) = 0 ) ps0 = 76:9 GeV�0LL(ps0) = 0 ) ps0 = 80:0 GeV�0RL(ps0) = 0 ) ps0 = 113:1 GeV�0LR(ps0) = 0 ) ps0 = 113:1 GeVand this is the reason of the two maxima seen in the forward-backward asymmetryin �gure 5.2. In fact, higher order corrections prevent to have exactly a zero for �0ij,but this is not relevant for the discussion here.We can take pro�t of the fact that the SM predicts nearly zeroes at ps0 �80(113) GeV, to search for scalar particles, which will not interfere with the gaugeboson contribution due to the conservation of helicity in the massless fermion limit.



96 Results and systematic studiesThe best place to look for such a signal is at the minimumof the gauge contribution,because there the \background" from the SM will be minimum, while at the Z peak(or at energies close to the photon peak at ps0 � 0) the potential signal will bediluted. Having this in mind, we can write,�0RR + �0LL = 13(7�0F � �0B)�0RL + �0LR = 13(7�0B � �0F )and therefore we can de�ne the ratio RH = (�0RR+ �0LL)=(�0RL + �0LR) as a functionof �̂F and �̂B de�ned in Eqs. (5.1) and (5.2) from the observed number of events. Atenergies greater than 100 GeV the ratio is inverted in order to have a �nite numberfor all the energy range studied.In �gure 5.7 we can see this ratio of helicity cross sections as a function of thee�ective centre-of-mass energy obtained with our analysis, together with the resultsobtained by previous experiments at PEP [62], PETRA [63] and TRISTAN [64].The continuous line corresponds to the SM predictions. Note, that this �gure is verysimilar to �gure 5.2 because, as we have already mentioned, it is another way to lookat the angular distribution information, but now we have much more sensitivity topotential new scalar interactions in a single observable.Although the SM describes well enough the data in all the energy range studied(�2 = 21:0 corresponding to 32 measurements, 16 from ALEPH (�2 = 13:3) and 16from the low energy experiments (�2 = 7:7)), it's somehow intriguing the apparentdisagreement that can be observed in the energy region where the sensitivity to newscalar particles is maximal. In order to quantify a little bit more this statement,we have considered the possibility to have a narrow scalar resonance with negligiblewidth, with mass (MSCAL) and dimensionless residua RSCAL. In this case,�̂SCAL(s) = 1G2F " RSCALs(s�M2SCAL)2# (5.3)�̂fb(SCAL)(s) = 0 (5.4)and therefore, the ratio RH would be modi�ed with,RH = 7�̂F � �̂B + 3�̂SCAL7�̂B � �̂F + 3�̂SCAL (5.5)�̂SCAL is normalized with the Fermi coupling constant that �xes the weak energyscale. In this way, the parameter RSCAL does not have dimensions.
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98 Results and systematic studiescontribution is constrained to be �̂SCAL < 0:0092 nb at ps0 = 78:3 GeV with 95%con�dence level.Note, that in fact the SM itself predicts a scalar interaction through the inter-change of a Higgs. However, in the hypothesis of massless fermions the SM Higgscontribution is zero, and even in the case of considering the mass of the fermionsRSCAL is suppressed with a factor (mem�)4G4F and therefore RSCAL � 10�31.

Figure 5.8: Contours of equal probability in the plane RSCAL vs MSCAL. At 95% con�dencelevel data is consistent with no new scalar interactions.



5.4 Limits on extra Z bosons 995.4 Limits on extra Z bosonsAs we have mentioned in section 2.3 the existence of a new neutral gauge boson Z 0will modify the predicted energy dependence of the total cross section, and speciallythe energy dependence of the forward-backward asymmetry. In this case, there'sno gain in the analysis in terms of helicity cross sections, but we can take pro�t ofthe measurement of the energy dependence to improve the limits on the mass ofnew gauge bosons from LEP.After specifying the model (and without any assumption on the structure ofthe Higgs sector), only two free parameters remain: the mixing angle �3 betweenZ �Z 0 and the mass of the heavier-mass eigenstate,MZ0 . If we want to test one ofthis particular models, and extract the corresponding limits on these parameters,we can replace the model independent parameterization of �̂tot(s0) and �̂fb(s0) inEq. 2.17 by the speci�c prediction of the model as a function of MZ0 and �3.This procedure takes into account all the possible information in an event-by-event analysis, but at the expenses of being extremely CPU demanding. We havechecked that one obtains identical results, if the �t is made, instead, directly to thecross section and asymmetries that appear in table 5.4. This procedure is muchfaster that the previous one, being the only approximation used that the crosssection and asymmetries behave like their SM expectation within the energy binsde�ned.We have considered four of the most popular models that introduce a new Zboson, which have been discussed in section 2.3. Three of them (�-model,  -modeland �-model) are superstring-inspired models based on the E6 symmetry group.The other one, is a left-right symmetric model that includes a right-handed SU(2)Rextension of the Standard Model gauge group SU(2)L 
U(1). This kind of modelsare characterized by the parameter �L�R that describes the coupling of the Z' tofermions, and it can be expressed in terms of the SU(2)L;R coupling constants andthe weak mixing angle. We have chosen the speci�c value �L�R = 1.The e�ects of the Z' for the L-R and E6 models on the cross sections and asym-metries were calculated using an addition to the ZFITTER program, called ZEFIT(vers. 3.1) [65], that provides radiatively corrected cross sections and asymmetriesfor the process e+e� ! �+��. As the standard Z mass changes due to the presence



100 Results and systematic studiesof a mixed Z 0, MZ was also �tted (using the direct MZ measurement constraint)along with the mixing angle �3 and the Z 0 mass.To obtain exclusion limits, we have computed a �2 comparing the values thatappear in table 5.4 with the di�erent theoretical models. The ALEPH measure-ments of the hadronic cross section reported in [59] and [58] are also included,but they only improve the sensitivity to the mixing angle. The region de�ned by�2 < �2min+5:99 correspond to 95% con�dence level for one sided exclusion boundsfor two parameters. This is plotted in �g. 5.9 for the models considered, and intable 5.6 the explicit limits are given. In �g. 5.9 the exclusion limits published byCDF [66] in a direct search for Z 0 bosons are shown.In order to asses the impact of the measurements obtained with the analysisof radiative events, we can compute these exclusion limits using only those eventsthat are in the �rst bin (x < 0.04), so that ps0 � ps. This is not exactly the samesituation that using the inclusive measurements at ps, that would have been evenless sensitive to the e�ects of new physics, but can give us an idea on the e�ect. Wehave done this exercise for the �-model as an example, and the limits in this caseare: MZ0 >222 GeV while the limits on �3 are exactly the same (�0:0016 < �3 <+0:0036). E6(�) E6( ) E6(�) LR(�LR = 1)MZ0 (GeV) > 236 160 173 190�3 (rads) > �0:0016 �0:0020 �0:021 �0:0017�3 (rads) < +0:0036 +0:0038 +0:012 +0:0035�2 / d.o.f 25:8=39 26:0=39 27:0=39 25:9=39Table 5.6: 95% con�dence level limits on MZ0 and �3 from �ts to the predictions of severalmodels.
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102
Chapter 6Summary and conclusionsThe actual scan due to initial state radiation in muonic events has been used toperform a precise measurement of the total cross section and the forward-backwardasymmetry in a range of energy still uncovered by present accelerators, spanningfrom 60 GeV to 136 GeV. These measurements are found to agree reasonable wellwith the Standard Model expectations.Our method uses the full statistical power of the event sample by reconstructing,for all events, the e�ective centre-of-mass energy ps0 in an event-by-event basis.This allows the precise analysis of the energy dependence and hence, as a result,the electroweak parameters that describe in a general way the energy dependenceof these observables are determined with an unprecedented precision equivalent tohave doubled the statistics in ALEPH using the standard analysis.The energy dependence of the total cross section and the forward-backwardasymmetry has been parameterized in a general way using the S-matrix formalism.The accuracy of such approach has been cross-checked with the most up to dateSM calculations, and found to cope with the experimental precision.The results obtained for the S-matrix electroweak parameters arertot� = 0:14186 � 0:00080 � 0:00004jtot� = �0:033 � 0:022 � 0:007rfb� = 0:00273 � 0:00054 � 0:00032jfb� = 0:807 � 0:026 � 0:013where the second error corresponds to the systematic uncertainty in the extraction



Summary and conclusions 103of these parameters.The precise measurements of the helicity cross sections at centre-of-mass ener-gies around 80 GeV, allows to search for new scalar interactions that are highlysuppressed at the Z peak. At 95% con�dence level, the data is consistent with theSM predictions.The improved precision on the measured energy dependence, especially the en-ergy dependence of the forward-backward asymmetry jfb� , allows the existing limitsfrom LEP on MZ0 to be improved. The sensitivity to the mixing angle �3 is com-pletely determined by the existing measurements at the Z peak, and does not bene�tfrom the inclusion of the radiative events.
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Appendix AWritting the helicity cross sectionsin the S-matrix language.As we have introduced in section 2.2.2, the helicity amplitude for the processe+e� ! �+�� is written in the S-matrix language asMij � R
s + RijZs� sZwhere i (j) stands for the polarization of the incoming e� (outgoing ��).Therefore, the helicity cross section �̂ij is�̂ij(s) � s2 j Mij j2 = j R
 j22s + s j RijZ j22 j s� sZ j2+2<(R�
RijZ )(s�M2Z) + 2=(R�
RijZ )MZ�Z2 j s� sZ j2= j R
 j22s+s �j RijZ j2 +2=(R�
RijZ ) �ZMZ �2 j s� sZ j2+(s�M 2Z) �2<(R�
RijZ )� 2=(R�
RijZ ) �ZMZ �2 j s� sZ j2where sZ is de�ned to be sZ �M2Z � i�ZMZ.



Writting the helicity cross sections in the S-matrix language. 105If we introduce now the notation,r
 = 34��2 j R
 j2rij = 34��2 "j RijZ j2 +2 �ZMZ=(R�
RijZ )#Jij = 34��2 "2<(R�
RijZ )� 2 �ZMZ=(R�
RijZ )#then it is obvious that�̂ij(s) = 23��2 24r
s + srij + (s�M 2Z)Jij(s�M 2Z)2 +M2Z�2Z 35From the de�nition of the total cross section and antisymmetric cross section,�̂ = 12(�̂LL + �̂RR + �̂LR + �̂RL)�̂fb = 38(�̂LL + �̂RR � �̂LR � �̂RL)we have, rtot = 12(rLL + rRR + rLR + rRL)Jtot = 12(JLL + JRR + JLR + JRL)rfb = 38(rLL + rRR � rLR � rRL)Jfb = 38(JLL + JRR � JLR � JRL)and therefore we have the expressions shown in equations 2.26 and 2.27�̂(s) = 43��2 24r
s + srtot + (s�M2Z)Jtot(s�M2Z)2 +M2Z�2Z 35�̂fb(s) = ��2 24 srfb + (s�M2Z)Jfb(s�M 2Z)2 +M2Z�2Z 35



106 Writting the helicity cross sections in the S-matrix language.If we neglect the small contribution from weak boxes diagrams in the SM, andwe neglect the energy dependence of the e�ective couplings that absorb higher ordercorrections, we can write the SM prediction for the complex helicity amplitudes R
and RijZ as, R
 = s4�3 ��(s)RLLZ = s4�3  GFM2Z2p2� ! (gV e + gAe)(gV � + gA�)RRRZ = s4�3  GFM2Z2p2� ! (gV e � gAe)(gV � � gA�)RLRZ = s4�3  GFM2Z2p2� ! (gV e + gAe)(gV � � gA�)RRLZ = s4�3  GFM2Z2p2� ! (gV e � gAe)(gV � + gA�)where the couplings gV and gA are complex quantities, and ��(s) is the e�ectivecomplex electromagnetic coupling constant, de�ned as:��(s) = �1 + �
(s)where �
(s) is the photon self energy.In this way, the SM predictions for the S-matrix parameters are approximatelyproportional to:rtot / ((<(gV e))2 + (<(gAe))2)((<(gV �))2 + (<(gA�))2)Jtot / <(gV e)<(gV �)rfb / <(gAe)<(gV e)<(gA�)<(gV �)Jfb / <(gAe)<(gA�)
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Appendix BRelativistic kinematics.B.1 E�ective centre-of-mass energy.

e� e+EISR
(ps2 � EISR
 ) (ps2 ) e� e+(ps02 ) (ps02 )�LAB system CM system



108 Relativistic kinematics.From the Lorentz equation that predicts the change in energy as,E 0 = E+ j � j Pzq1� j � j2one can compute the energy of the electron and positron in the CM system as,ps02 =  ps2 � EISR
 ! 1+ j � jq1� j � j2ps02 = ps2 1� j � jq1� j � j2Therefore, the radiated energy and the e�ective centre-of-mass energy can bewritten as a function of the magnitude of the boost with:EISR
 = j � j1+ j � jpss0 = s 1� j � j1+ j � j!B.2 Final State Radiation in the CM system.For three particles lying in a plane, their energies can be de�ned in terms of theirtotal energy (ps0) and the angles between them (�0ij). In particular, the energyof the photon (E 03) can be calculated in this way when the position of the objectin ECAL is known. Conservation of momentum in the CM system constrains thethree momentum vectors to form a closed triangle.The interior angles of this triangle (�ij) are related to the angles between thetrack vectors by �ij = � � �0ij. The conservation of energy constrains the sum ofthe magnitude of the momenta to be ps0, that is just the perimeter of this triangle.Now, applying the law of sines,sin(�12)E 03 = sin(�13)E02and the relation sin(�ij) = sin(�0ij) we have,E 03 = sin(�012)sin(�013)E 02



B.2 Final State Radiation in the CM system. 109= sin(�012)sin(�013)(ps0 � E 03 � E 01)= sin(�012)sin(�013)(ps0 � E 03(1 + sin(�023)sin(�012)))and solving the last equation we have,E 03 = ps0  sin(�012)sin(�012) + sin(�013) + sin(�023)!
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Appendix CE�ciencies computed from MonteCarlo simulation.The correction functions �iF (B)(s) are computed using Monte Carlo simulated events.These functions are de�ned from the e�ciency matrix �ijF (B)(s) trough,�iF (B)(s) � Xj=1;nbin �ijF (B)(s) �̂jF (B)(s)�̂iF (B)(s) (C.1)with �ijF (B)(s) = Nsel(s; xi � xrec < xi+1; cos �rec � (<)0)Ngen(s; xj � xgen < xj+1; cos �gen � (<)0)and �̂iF (B)(s) � Z xi+1xi dxH(s; x)�̂F (B)(s; x)where the radiator function H(s; x) and the total cross section �̂(s0 = s(1 � x))have been introduced in chapter 2.They are given in table C.1 as a function of the nominal centre-of-mass energy,and the percentage of radiated energy (x). The size of the bins correspond to theones choosed in the experimental analysis.



E�ciencies computed from Monte Carlo simulation. 111ps 0:00 � x < 0:04 0:04 � x < 0:08 0:08 � x < 0:12(GeV) �F (%) �B (%) �F (%) �B (%) �F (%) �B (%)91.2 80:904 � 0:073 81:051 � 0:073 64:29 � 0:82 61:71 � 0:66 72:7 � 1:9 61:9 � 1:390.2 81:71 � 0:21 80:91 � 0:19 61:0 � 3:6 60:3 � 2:8 68 � 10 66:7 � 5:492.0 80:16 � 0:20 81:60 � 0:22 63:7 � 2:1 58:0 � 1:7 64:4 � 6:3 59:3 � 3:989.4 82:28 � 0:16 80:44 � 0:13 66:6 � 2:4 62:5 � 1:7 70:0 � 5:6 60:9 � 2:893.0 81:64 � 0:20 84:14 � 0:25 58:43 � 0:95 58:74 � 0:88 60:6 � 2:8 56:6 � 2:488.4 82:48 � 0:25 80:46 � 0:18 64:6 � 3:0 63:4 � 2:0 63:6 � 6:1 56:6 � 2:893.7 84:35 � 0:28 88:86 � 0:41 57:42 � 0:88 58:74 � 0:89 55:1 � 2:3 55:9 � 2:1130.0 77:45 � 0:85 92:0� 1:9 68:4 � 4:4 88 � 13 55:0 � 5:2 59 � 14136.0 79:51 � 0:87 94:9� 1:6 57:9 � 3:9 89 � 12 58:3 � 5:0 71 � 13ps 0:12 � x < 0:16 0:16 � x < 0:24 0:24 � x < 0:32(GeV) �F (%) �B (%) �F (%) �B (%) �F (%) �B (%)91.2 87:3 � 2:9 65:2� 2:1 78:9 � 4:6 57:1 � 2:2 110:0 � 6:7 60:8 � 3:590.2 71 � 13 60:8� 7:1 50 � 18 68:7 � 7:5 150 � 61 54 � 1192.0 75 � 13 50:0� 6:3 85 � 25 50:0 � 7:9 120 � 58 56 � 1189.4 80:0 � 8:7 60:8� 4:1 90 � 12 53:6 � 4:0 89 � 13 49:0 � 5:493.0 60:2 � 6:8 50:2� 3:6 86 � 10 55:0 � 5:0 100 � 17 50:0 � 7:588.4 77 � 11 61:3� 4:6 81 � 11 54:7 � 4:1 100:0 � 8:8 60:2 � 5:693.7 59:8 � 6:1 50:2� 4:1 66:1 � 6:6 52:1 � 5:3 111 � 26 46:6 � 7:2130.0 55:6 � 5:4 62:1� 9:7 49:0 � 4:1 60 � 10 55:3 � 4:7 63 � 12136.0 59:7 � 5:2 63 � 11 53:5 � 4:2 53:1 � 8:8 55:0 � 4:5 93 � 19ps 0:32 � x < 0:40 0:40 � x < 0:48 0:48 � x < 0:56(GeV) �F (%) �B (%) �F (%) �B (%) �F (%) �B (%)91.2 97:7 � 7:0 60:2� 4:4 115 � 11 62:4 � 5:3 60 � 11 48:6 � 5:690.2 0+84�0 33 � 11 166 � 61 75 � 15 43 � 19 25 � 1392.0 67 � 47 60 � 18 80 � 47 70 � 28 100 � 50 30 � 1489.4 57 � 14 55:5� 7:3 79 � 19 58:9 � 7:6 16:7 � 9:4 30:3 � 8:393.0 67 � 60 34:5� 9:7 62 � 17 41 � 13 50 � 21 45 � 1088.4 74 � 14 50:0� 7:5 80 � 20 49:0 � 8:2 37 � 11 31:1 � 7:193.7 133 � 38 36:6� 8:8 67 � 60 50 � 13 14 � 13 45 � 11130.0 56:7 � 4:4 64:1� 9:6 59:8 � 2:8 76:4 � 5:5 36:5 � 1:0 39:3 � 1:0136.0 49:3 � 4:8 48 � 11 64:9 � 4:1 72:2 � 9:2 37:6 � 1:1 39:8 � 1:3ps 0:56 � x < 0:64(GeV) �F (%) �B (%)91.2 45 � 11 44:6� 7:090.2 100 � 28 9:0� 9:592.0 0+50�0 25+50�2589.4 46 � 16 24:3� 7:193.0 57 � 24 29 � 1288.4 25:0 � 9:6 28:1� 8:293.7 29 � 17 20 � 12130.0 22:6 � 5:9 33:3� 3:5136.0 27:6 � 2:0 30:3� 1:8Table C.1: Computed �F (B)(s; x) from Monte Carlo simulation at the di�erent LEP nominalenergies.
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