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AbstractThe W boson mass is measured directly from the reconstructed invariant massdistribution of the decay products in e+e�!W+W�!e��q�q and e+e�!W+W�!���q�qevents, recorded by the ALEPH detector at the LEP collider at centre-of-mass energies ofps = 172 GeV during 1996 and ps = 183 GeV during 1997. An e�cient, pure selectionand a new kinematic �t to treat the undetected neutrino correctly are developed. The Wboson mass is measured by a direct comparison of the data invariant mass distributionwith simulated distributions for various W mass values, which are obtained by using theCC03 matrix element to reweight a large sample fully simulated at one value for the Wmass.The result for the W boson mass from the direct reconstruction of 34 e��q�q and ���q�qcandidates at ps = 172 GeV is:MW = 80:54 � 0:47(stat :)� 0:11(syst :) GeV=c2With the higher statistics at ps = 183 GeV, the e��q�q and ���q�q channels are studiedseparately and the results for the W boson mass from the direct reconstruction of 94 e��q�qand 78 ���q�q candidates are:M e��q�qW = 80:428 � 0:269(stat :)� 0:043(syst :) GeV=c2M���q�qW = 80:370 � 0:287(stat :)� 0:039(syst :) GeV=c2The combination of results at ps = 172 GeV and ps = 183 GeV is:MW = 80:422 � 0:181(stat :)� 0:040(syst :) GeV=c2This is compared to other measurements and the Standard Model prediction for the Wboson mass of 80:365 � 0:030 GeV=c2.
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5PrefaceThe W boson mass is a fundamental parameter of the Standard Model of particlephysics. The interpretation of other experimental measurements in the context of theStandard Model gives a prediction for the W boson mass with a precision of 0.030 GeV=c2.This is three times smaller than the current experimental error from the direct determina-tion by experiments at the Tevatron. A more precise, direct measurement of the W bosonmass empowers a new, crucial test of the consistency of the Standard Model that is alsosensitive to the mass of the Higgs boson.This thesis presents the �rst measurements of the W boson mass by direct reconstruc-tion of the W decay products in the e+e�!W+W�!e��q�q and e+e�!W+W�!���q�qchannels, using data collected in 1996 and 1997 by the ALEPH detector at the LEPcollider. Chapter 1 introduces the theoretical and experimental context in which tointerpret a more precise measurement of the W boson mass from LEP. Chapter 2 describesthe LEP collider and the ALEPH detector. This analysis develops an e�cient selection,described in Chapter 3; a kinematic �t speci�c to the `��q�q channel that treats theunmeasured neutrino correctly, described in Chapter 4; an unbiased method to extractthe W boson mass from the data distribution, described in Chapter 5; and stability andsystematic checks, described in Chapters 6 and 7. The combination of results from thisthesis, which are also the o�cial ALEPH results, with other W mass measurements isdiscussed and interpreted as a test of the consistency of the Standard Model in Chapter 8.Conclusions are drawn in Chapter 9.
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Chapter 1
Introduction.
This chapter introduces the theoretical and experimental context in which to interpret aprecision measurement of the W boson mass. The interactions of three of the four knownfundamental forces in the universe are successfully explained by Quantum Field Theory.Section 1.1 brie
y describes the key features of this Standard Model and emphasisesthe rôle of the W boson. A more detailed description can be found in [1, 2, 3, 4, 5].Section 1.2 explores the experimental opportunities for the determination of the W bosonmass. Section 1.3 discusses how a more precise measurement of the W boson mass can testthe Standard Model further - there is no known experimental deviation from the StandardModel at this time.1.1 The Standard Model.1.1.1 Fundamental forces and particles.The universe appears to be governed by only four fundamental forces: strong, electro-magnetic, weak and gravitational. The strong force acts only at short distances (lessthan 10�15m) and binds quarks together to make nucleons (protons and neutrons) andbinds nucleons together to make nuclei. The electromagnetic force has in�nite range andprovides the attractions between electrons and nuclei that build atoms and molecules.The short-range weak force lies behind processes like beta decay, which allows protonsto transmute into neutrons, and is vital for the fusion power cycle of stars. Gravity, theweakest force by far, has in�nite range and is important for large composite bodies, butis negligible in the context of nuclear and sub-nuclear interactions.19



20 1. Introduction.The application of quantum mechanics by Dirac in 1927 [6] to Maxwell's electro-magnetic �eld led to the foundations for the original quantum �eld theory of QuantumElectrodynamics, or QED. In QED, the interactions of electrically charged particlesare mediated by a massless spin-1 particle, the photon, which is the quantum of theelectromagnetic �eld. These interactions can be represented by Feynman diagrams, likethose shown in Figure 1.1.
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Figure 1.1: Three Feynman diagrams that contribute to the Coulomb repulsion betweentwo electrons.The Feynman rules can be used to calculate the amplitude,M, of any such diagram, fromwhich the cross section for the interaction can be derived. A factor of p� is introducedinto M at every vertex where a charged particle interacts with a photon. � is called theelectromagnetic coupling constant.The contribution to the cross section from diagrams like 1.1a, which are of the lowestorder in terms of �, can be calculated exactly. The presence of an extra factor of � inthe contribution from higher-order diagrams like 1.1b and c suggests that all the Feynmandiagrams, which have to be summed to give the total amplitude for the interaction, canbe arranged to form a power series in �. If � is less than 1, as in QED, then each powerof � is smaller than the preceding one and each higher-order term can be considered as asmall correction to the series up to that point - the basis of perturbation theory.However, the contribution from some of the higher-order diagrams, like 1.1b and c,is in�nite! The problem of how to extract concrete numerical predictions from a theoryplagued with in�nities was �nally solved by Tomonaga [7], Schwinger [8] and Feynman [9]in 1949. They showed that the contribution from diagrams like 1.1b and c could be splitinto a �nite part and an in�nite part. The miracle is that the in�nite parts appear only ascorrections to the coupling constant � and the masses of the particles. So the troublesome



1.1. The Standard Model. 21in�nities can be absorbed into rede�nitions of the coupling constant and the masses. The�nite parts cause the e�ective coupling constant and masses to depend on the energy of theprocess considered. Since Nature sums all the diagrams automatically, these renormalisedparameters are the correct ones to compare with the experimental measurements.The success of QED, which has now been experimentally tested to within one partin 108, encouraged the development of quantum �eld theories for the other three forces.Progress was slow until 1971, when 't Hooft [10] proved that Yang-Mills gauge theory,a generalisation of the Maxwell theory of light but with a larger symmetry group, wasrenormalisable1. Solid numerical predictions could then be made from various gaugetheories and checked against the experimental data.The strong interaction is well described by the SU(3) colour symmetry group ofQuantum Chromodynamics, or QCD. Particles that experience the strong force are saidto have colour charge, of which there are three types. The interactions of colour chargedparticles are mediated by eight massless spin-1 gluons, which are the quanta of theeight gauge �elds of the SU(3) group. The gluons also carry colour charge and cantherefore interact with each other, unlike the electrically neutral photon. As a result,the e�ective strong coupling constant, �s, decreases with increasing energy, which leadsto asymptotic freedom (\free" coloured particles) at high energies and con�nement (onlycolourless combinations of particles) at low energies. Since �s exceeds unity at low energies,exact calculations by perturbation theory are no longer possible and phenomenologicalmodels [11] have to be used instead to describe the con�nement of coloured quarks tocolourless hadrons, a process which is called hadronisation or fragmentation.The weak and electromagnetic forces are combined in an electroweak theory, based onthe SU(2)xU(1) symmetry group, by Glashow [12], Salam [13] and Weinberg [14]. Theremarkable Higgs mechanism [15] spontaneously breaks the symmetry and gives masses tothe spin-1 W� and Z0 mediators while leaving the spin-1 photon massless and retainingrenormalisability. The need to produce a heavy W� or Z0 causes the apparent weaknessof the weak force at low energies - a universe with massless mediators for the weak forcewould be a very di�erent place [16]. The Higgs mechanism requires the existence of at1The renormalisability of QED can be traced to the fact that it is a local gauge theory and is invariantunder arbitrary phase, or gauge, ei�(x) transformations. The phase factors ei�(x) belong to the symmetrygroup U(1) of unitary 1x1 matrices.



22 1. Introduction.least one spin-0 Higgs particle, the search for which continues apace [17]. The electroweaktheory is discussed in more detail in the next section.Although the gravitational force was the �rst of the four fundamental forces to beinvestigated classically, a consistent quantum �eld theory of gravity does not yet exist.The long-range attractive nature of the force does imply that the mediators are masslessand have an even spin of at least two [18].The combination of QCD and the electroweak theory forms a �rst approximation,known as the Standard Model, to the ultimate theory of particle interactions. Thefundamental particles of this Standard Model are the spin-1 bosons that mediate thefundamental forces, the spin-0 Higgs boson from the mechanism for electroweak symmetrybreaking and spin-12 fermions, which make up matter.The fermions are shown in Table 1.1 and sub-divide into two groups: quarks, whichhave colour charge and interact via the strong force, and leptons, which do not. Bothgroups undergo electroweak interactions. The con�nement of the strong force means thatonly colourless combinations of three quarks (baryons) or of a quark and an anti-quark(mesons) are observed experimentally. The up and down quarks are the building blocksof the familiar proton (uud) and neutron (udd), which combine with electrons to makeup atoms. The ghostly electron neutrino interacts only via the weak force. These fourfermions form a generation of particles. Two further generations exist, identical exceptfor heavier masses and di�erent 
avours.In principle, the Higgs boson can also be used to give masses to the quarks and leptons.The quark mass eigenstates are not the same as the quark weak eigenstates, so the down-type quarks (d, s, b) are said to mix to give the weak eigenstates (d0, s0, b0). This mixingis described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [20]:0BBBB@ d0s0b0 1CCCCA = 0BBBB@ Vud Vus VubVcd Vcs VcbVtd Vts Vtb 1CCCCA0BBBB@ dsb 1CCCCAThe Standard Model cannot predict the values of the fermion masses, the couplingconstants, the four independent parameters of the CKM matrix, the mass of the Higgsboson or even the number of generations of particles. All of these quantities have to beexperimentally determined. The predictions of the Standard Model, with the experimentalvalues as input, can then be tested against further experimental measurements. At this



1.1. The Standard Model. 23Particle Symbol Charge (e) Mass (GeV=c2)First generationQuarks up u +23 0.0015-0.0050down d -13 0.0030-0.0090Leptons electron e -1 0.0005electron neutrino �e 0 0?Second generationQuarks charm c +23 1.1-1.4strange s -13 0.06-0.170Leptons muon � -1 0.106muon neutrino �� 0 0?Third generationQuarks top t +23 173.8 � 5.2bottom b -13 4.1-4.4Leptons tau � -1 1.7tau neutrino �� 0 0?Table 1.1: The fundamental fermions of the Standard Model [19]. Each particle has ananti-matter equivalent, with the same mass but with opposite quantum numbers.time, the predictions have been tested to the 0.1% level and no unexplainable discrepancyhas been found [21]. The Standard Model is a far cry from an ultimate theory with atmost one undetermined coupling constant, so it is important to test its predictions evenmore carefully in order to �nd the correct direction towards the ultimate theory.1.1.2 The electroweak model and the W boson mass.The electroweak model of Glashow, Salam and Weinberg is based on the symmetry groupSU(2)LxU(1)Y. The underlying gauge �elds are W �i (i = 1; 2; 3) for the SU(2)L group andB� for the U(1)Y group, with respective coupling constants g and g0. The subscript Lindicates that the SU(2)L �elds couple only to left-handed fermions, which transform asweak isospin doublets L, with a weak isospin quantum number of T = 12 . The right-handedfermions transform as weak isospin singlets R, with T = 0. The subscript Y denotes weakhypercharge, which is de�ned such that the electric charge Q = T3 + Y2 , where T3 is thethird component of weak isospin. For example, for the �rst generation:



24 1. Introduction.
L = 0B@ �ee� 1CAL ; 0B@ ud0 1CAL with T = 12 ; T3 = 8><>: +12�12R = e�R; uR; d0R with T = 0The �rst piece of the electroweak Lagrangian results from imposing SU(2)LxU(1)Yinvariance and has the form:L1 = �L
�(i@� � g 12�:W� � g0 Y2B�)L + �R
�(i@� � g0 Y2B�)R� 14W�� :W�� � 14B��B�� (1.1)where the � matrices are the Pauli spin matrices. The �rst line represents the lepton andquark kinetic energies and their interactions with the W � and B� �elds. The second linerepresents the kinetic energies and self-interactions of the W � and B� �elds themselves.The direct insertion of a mass term for the gauge �elds would destroy the invariance ofthe Lagrangian.In order to keep SU(2)LxU(1)Y invariance and introduce masses for three of the gauge�elds, the subtlety of the Higgs mechanism is required. This adds a term:L2 = ���(i@� � g 12�:W� � g0 Y2B�)����2 � V (�) (1.2)to the electroweak Lagrangian, where the �elds � must also belong to a SU(2)LxU(1)Ymultiplet and jxj2 = xyx. The minimal choice for � is to arrange four real scalar �elds �jin a weak isospin doublet with weak hypercharge Y = +1:� = 0B@ �+�0 1CA with �+ = (�1 + i�2)=p2�0 = (�3 + i�4)=p2The minimal choice for the Higgs potential is:V (�) = �2�y�+ �(�y�)2 (1.3)where �2 < 0 and � > 0. This has a minimum atj�j2 = ��22� 6= 0 (1.4)



1.1. The Standard Model. 25and this is the ground state of �. The ground state is degenerate - it has no preferreddirection in weak isospin space as a consequence of the SU(2)L symmetry. Since the physicscannot depend on the direction, or phase, of �, the ground state can be chosen to be:�0 = 1p2 0B@ 0� 1CA (1.5)where this choice deliberately leaves the U(1)em symmetry unbroken. That is, Q�0 = 0and the gauge boson of the electromagnetic force, the photon, remains massless. Afterexpanding about the ground state �0 and applying a suitable gauge transformation, � canbe written in terms of one remaining �eld - the Higgs �eld, H:� = 1p2 0B@ 0� + H 1CA (1.6)The substitution of this expression for � into L2 generates mass terms for the gaugebosons that do not break the invariance:(12�g)2W+� W�� + 18�2 �W 3� ; B��0B@ g2 �gg0�gg0 g02 1CA0B@ W 3�B� 1CA (1.7)where W� = 1p2(W 1� iW 2). The W boson mass is easily identi�ed by comparison of the�rst term with the expected mass term for a charged boson, M2WW+W�:MW = 12�g (1.8)The second term is o�-diagonal in the (W 3� ; B�) basis. Diagonalisation of the 2�2 massmatrix yields: 0�g0W 3� + gB��2 + 18�2 �gW 3� � g0B��2 (1.9)which are the two physical �elds, A� and Z�, with masses MA and MZ identi�ed bycomparison with the expected mass terms for neutral bosons, 12M2AA2 + 12M2ZZ2:A� = g0W 3� + gB� MA = 0pg2 + g02Z� = gW 3� � g0B� MZ = 12�pg2 + g02pg2 + g02 (1.10)



26 1. Introduction.Rewriting this in terms of the mixing angle between the W 3� and B� �elds, �W =tan�1(g0=g), gives: A� = cos �WB� + sin �WW 3�Z� = � sin �WB� + cos �WW 3� (1.11)and: MW = MZ cos �W (1.12)The inequality MW 6= MZ is due to the mixing between the W 3� and B� �elds. Thechoice of � and its groundstate automatically generates a massless photonA� and a massiveZ� �eld with MZ > MW . The relation between MW and MZ depends on the structureof the Higgs sector and thus forms an indirect probe of whether the assumed minimalscenario is correct.Rewriting L1 in terms of the physical �elds, Z� and A�, and comparing the result withthe QED Lagrangian of:LQED = � 
� (i@� � eQA�) � 14F��F �� (1.13)allows the identi�cation of the coupling constants g and g0 with the electric charge e =p4�� and the mixing angle �W :e = g sin �W = g0 cos �W (1.14)This relationship is a direct consequence of the SU(2)L symmetry of the electroweak model.1.1.3 Radiative corrections.The values of the three fundamental parameters of the electroweak theory, g, g0 and �, arenot predicted. The three related quantities that are experimentally determined with highprecision are [22]:� The �ne structure constant:�(0) = e24� = 1=137:035 989 5(61)



1.1. The Standard Model. 27� The muon decay (Fermi) constant:G� = g24p2M2W = 1p2�2 = 1:166 39(1) � 10�5 GeV�2� The Z0 boson mass: MZ = g�cos �W = 91:187(7) GeV=c2where the relations are valid at lowest order only. Here the relationship between the Wand Z0 boson masses can be written as:M2W = ��p2G� sin2 �W where sin2 �W = 1� M2WM2Z (1.15)Therefore, a direct measurement of the W boson mass over-constrains the model. The pre-diction for the W boson mass can be compared with the direct experimental measurementin order to test the consistency of the Standard Model.However, current measurements are su�ciently precise that radiative corrections fromhigher-order diagrams, like those in Figure 1.2, are required. The comparison of theelectroweak prediction and the direct measurement is then sensitive to the masses andcouplings of the particles propagating in the loops. Information on these particles canthus be obtained well below the energy threshold for their direct production.The relationship between the W and Z0 boson masses becomes:M2W = ��p2G� sin2 �W (1��r) (1.16)
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28 1. Introduction.where �r represents the radiative corrections. The largest contribution to �r is fromthe e�ect of running the coupling constant � to the W mass scale (�(M2W ) = 1=128). �ralso depends quadratically on the top quark mass and logarithmically on the Higgs bosonmass [23].1.2 Experimental measurements of MW .In 1983, the W� and Z0 bosons were observed directly for the �rst time in p�p collisions atthe Super Proton Synchrotron at CERN [24, 25, 26, 27]. The masses of the W� and Z0bosons were measured by the UA2 collaboration [28] to be MW = 80:8� 0:9 GeV=c2 andMZ = 91:7 � 1:0 GeV=c2, in excellent agreement with the Standard Model.Precision measurements of the Z0 boson mass now allow the mass of the W bosonto be predicted with a precision of around 0.030 GeV=c2 [21]. A major goal of currentexperimental programmes is to match this precision by direct measurement and thusprovide a new test of the Standard Model, which is also sensitive to the mass of the Higgsboson. This section describes the experimental opportunities for the determination of theW boson mass.1.2.1 Opportunities at LEP.The Large Electron Positron (LEP) collider at CERN was constructed to study theproperties of the Z0 and W� bosons in detail and to test the Standard Model to veryhigh precision. The operation of the LEP collider is divided into two phases:� LEP1 (1989-1995), designed for the study of the Z0 boson, with a centre-of-massenergy around 91 GeV.� LEP2 (1996-2000), designed for the study of W� pairs, with a centre-of-massenergy increasing in steps from threshold at 161 GeV to about 200 GeV in 1999.The analysis presented here uses the LEP2 data collected by the ALEPH detector during1996 at ps = 172 GeV and during 1997 at ps = 183 GeV. More information on the LEPcollider and the ALEPH detector can be found in Chapter 2W+W� pair production proceeds through s-channel Z=
 and t-channel neutrinoexchange at lowest order. These three charged current (CC03) diagrams are shown in



1.2. Experimental measurements of MW . 29Figure 1.3.
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W-Figure 1.3: The three lowest-order (CC03) Feynman diagrams through which W+W� pairproduction proceeds.Each W� swiftly decays into one of �ud0, �cs0, e���e, �����, ����� and each W+ into one ofu �d0, c�s0, e+�e, �+��, �+�� . This results in three characteristic �nal states:� Fully hadronic (q�qq�q), where both W bosons decay to quarks.� Semileptonic (`��q�q), where one W boson decays to leptons and one W boson decaysto quarks.� Fully leptonic (`�`�), where both W bosons decay to leptons.The StandardModel branching ratios forW+W�!q�qq�q,W+W�! `��q�q andW+W�!`�`�are 46%, 44% and 10% respectively. More information on the production and decay of Wbosons at LEP2 can be found elsewhere [29].Precise measurements of the W boson mass are possible at LEP2 by using either thesensitivity of the W+W� cross section to the W boson mass near threshold or by directlyreconstructing the invariant mass distribution of the W decay products above threshold.The shape of the lepton energy spectrum can also be used, albeit with less precision.Figure 1.4 shows the measurements of the W+W� cross section at LEP. Selections aredeveloped for all three characteristic �nal states. The W mass follows from a comparisonof the observed cross section with the theoretical prediction as a function of MW [30].The combined result of all four LEP experiments, which collected about 10 pb�1 each atps = 161 GeV [31], for the W boson mass is:MW = 80:40 � 0:22 GeV=c2where the error is statistically limited.



30 1. Introduction.At higher LEP energies, the cross section is much less sensitive to the W mass andthe better technique is to reconstruct the W mass directly from the invariant mass of thedecay products. Only the q�qq�q and `��q�q �nal states can be used as there is not enoughkinematic information in the `�`� channel due to the presence of two neutrinos. Kinematic�t techniques, imposing overall energy and momentum conservation and equality of thetwo W masses in each selected event, can be used to improve the mass resolution by afactor of four.The association of the experimentally observed jets of hadrons to the correct parent Wboson in the q�qq�q �nal state is ambiguous as there are three ways of assigning four jets totwo W bosons. This channel may also be a�ected by hadronic �nal state interactions,since the two W bosons typically decay so close together that their decay productscould interact. The phenomena of colour reconnection, in which coloured partons fromdi�erent W's can connect, and Bose-Einstein correlations, in which coherence e�ects may
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Figure 1.4: The W+W� cross section as a function of the centre-of-mass energy of theLEP collider. The data points are the LEP averages. Also shown is the Standard Modelprediction and for comparison the cross section if the ZWW coupling did not exist, or ifonly the t-channel �e exchange diagram existed [31].



1.2. Experimental measurements of MW . 31occur between identical low-momentum bosons from di�erent W's, are not completelyunderstood theoretically. The uncertainty in the modelling of these phenomena could biasthe W mass result from the q�qq�q channel by up to 100 MeV=c2 [32, 33].The `��q�q �nal state, which is studied in this thesis where `=e or �, is not liable tosuch complications. A comparison of the W mass result from this channel with that fromthe fully hadronic channel could investigate the magnitude of the e�ects from such �nalstate interactions. The semileptonic channel su�ers from less kinematic information dueto the unmeasured neutrino. The constraints from conservation of momentum have to beused to infer the neutrino momentum, which requires a kinematic �t speci�cally designedfor the `��q�q channel.The expected error on the W mass from four LEP experiments, with 500 pb�1 of dataeach, is shown in Table 1.2. If the e�ects from �nal state interactions are understood,then the results of equal precision from the q�qq�q and `��q�q channels can be combined togive an error of 34 MeV=c2 on the W mass.Source W+W�!q�qq�q W+W�!`��q�q CombinedStatistical 36 36 25Common systematic 25 23 23Uncorrelated systematic 9 9 6Total 45 44 34Table 1.2: Estimated total error on the W boson mass, in MeV=c2, by direct reconstruc-tion, after combining four experiments each with an integrated luminosity of 500 pb�1at ps=175 GeV. Colour reconnection and Bose-Einstein e�ects are not included in thesystematic error [30].1.2.2 Opportunities at the Tevatron.The Tevatron at Fermilab collides 0.9 TeV beams of protons and anti-protons. W bosonsare dominantly produced singly from q�q0 annihilation. The leptonic W decays, W ! `��with `=e or �, are used to defeat the enormous QCD background. The lepton momentumis measured and the transverse momentum of the neutrino is inferred from the missingmomentum, which also contains contributions from the W recoil, multiple interactions ateach beam crossing and the \pile-up" from the several beam crossings that occur duringthe readout of the detector. The longitudinal momentum of the W boson is not known.



32 1. Introduction.Therefore, the W boson mass is extracted from the transverse mass distribution:mT = q2pT̀ p�T (1� cos `�)where  `� is the angle between the lepton and the neutrino in the transverse plane. Thisdistribution, which is shown in Figure 1.5, exhibits a Jacobian edge that is characteristicof two-body decays and contains most of the mass information.The results from the D0 and CDF experiments, which accumulated about 110 pb�1 ofdata each during 1992-1995, are:D0 [34] MW = 80:43 � 0:11 GeV=c2 (preliminary)CDF [35] MW = 80:38 � 0:12 GeV=c2 (preliminary)The dominant systematic errors are from the absolute energy scale of the calorimeters,the modelling of the e�ects from recoil and pile-up and the parton distribution functionsfor the proton.The Tevatron collider is currently being upgraded in order to obtain much higherluminosities and is scheduled to restart in April 2000. The projected error on the W bosonmass is about 40 MeV=c2 per experiment for an integrated luminosity of 2 fb�1 [35].
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1.3 The W boson mass as a test of the Standard Model. 331.2.3 Opportunities at future colliders.The Large Hadron Collider (LHC) is expected to begin colliding 7 TeV beams of protonsin 2005. The two LHC experiments should be able to achieve a precision of 30 MeV=c2or better on the W mass, with 10 fb�1 of data in the �rst year at low luminosity, usingsimilar techniques to those of the Tevatron experiments [36].Experiments at a proposed linear e+e� collider, designed to reach a centre-of-massenergy of ps=500 GeV with an integrated luminosity of 50 fb�1 per year, could directlyreconstruct the W boson mass from the W decay products in a similar way to thoseat LEP. The estimated statistical error on the W boson mass with one year's data is0.020 GeV=c2 [37].A �+�� circular collider could use the threshold stratagem to measure the W bosonmass even more precisely to 0.006 GeV=c2 [38]. The advantage of a muon collider is thatthe larger muon mass reduces the beam energy spread from synchrotron radiation andbeamsstrahlung. However, there are some considerable technical disadvantages from theneed to produce large numbers of muons and to accelerate them swiftly to high energiesbefore they decay (the mean lifetime of a muon at rest is ��=2.2�s). Muon decays in thecollider itself result in high detector backgrounds and heating in superconducting bendingmagnets, so the design of a muon collider is a very challenging task [39].1.3 The W boson mass as a test of the Standard Model.The Standard Model of strong and electroweak interactions has been extremely successfulat providing the theoretical framework for the description of a very rich phenomenologyspanning a wide range of energies, from the atomic scale up to the Z boson mass. It isbeing tested at the level of 0.1% and correctly predicts the range of the top quark massfrom radiative corrections. However, the Standard Model has a number of shortcomings.In particular, it does not explain the origin of mass, the observed hierarchical pattern offermion masses and why there are three generations of quarks and leptons. It is widelybelieved that at high energies, or in very high precision measurements that are sensitiveto radiative corrections, deviations from the Standard Model will appear, signalling thepresence of new physics.The W boson mass is a fundamental parameter of the Standard Model. The inter-



34 1. Introduction.pretation of other experimental measurements in the context of the Standard Model givesa prediction for the W boson mass with a precision of 0.030 GeV=c2 [21]. This is threetimes smaller than the current experimental error from the direct determination of the Wboson mass by experiments at the Tevatron. Experiments at both LEP and the Tevatronhave the capability to make such a precise measurement over the next few years. Thecombination of these measurements will reduce the world average error even further asthe systematic uncertainties are very di�erent.A more precise, direct measurement of the W boson mass empowers a new, crucialtest of the consistency of the Standard Model: the comparision of the indirect predictionwith the direct measurement. Furthermore, this comparison is sensitive to the radiativecorrections of the Standard Model and thus to the top quark mass and the Higgs bosonmass. Comparison of the indirect predictions for the top quark mass and the W bosonmass with the direct measurements yields another test of the Standard Model and a looseconstraint on the mass of the Higgs boson.Extensions to the Standard Model, such as the Minimal Supersymmetric StandardModel (MSSM), have many theoretical advantages, but are not yet required to explainexperimental results. New particles may contribute to the radiative corrections to the Wboson mass and so the comparison of the direct measurement with the indirect predictionsof the MSSM can also constrain the allowed parameter space of such models.The current status of these tests will be discussed, including the results from thisthesis, in chapter 8.



Chapter 2
The ALEPH detector at LEP.
The analysis presented in this thesis was carried out at CERN, the European Laboratoryfor Particle Physics, using the data produced by the LEP collider and collected by theALEPH detector during the years 1996-1997. This chapter gives an overview of theLEP collider and the ALEPH detector. Emphasis is placed on the three most relevantpoints for the direct reconstruction of the W boson mass from e+e�!W+W�!e��q�q ande+e�!W+W�!���q�q events:� The measurement of the LEP beam energy.� The energy and angular reconstruction capabilities of ALEPH.� The identi�cation of electrons and muons in ALEPH.2.1 The LEP collider.The Large Electron Positron (LEP) collider [40] is a large circular ring, or more preciselyan octagonal polygon with eight straight sections, which are about 500 m long and containaccelerating cavities, and eight circular arcs, which have a radius of curvature of 3300 mand contain bending magnets. The ring has a circumference of 26.67 km and is in a tunnel50-150 m underground, as illustrated in Figure 2.1. During construction from 1983 to1988, LEP was the largest civil engineering project in Europe and was completed on timewith a precision of better than 1 cm in 26.67 km.Synchrotron radiation is the reason for the large scale, since a charged particle movingalong a curved path radiates photons. The energy loss per turn is proportional to E4m4� ,35



36 2. The ALEPH detector at LEP.

POINT 4.

Lac Léman Genève

CERN Prévessin

POINT 6.

POINT 8.

POINT 2.

CERN

SPS

ALEPH

DELPHI

OPAL

L3

LEP

e   Electron -

+e   Positron 

Figure 2.1: Schematic view of LEP and the surrounding area.where E is the energy, m is the mass of the particle and � is the bending radius. Each100 GeV electron at LEP loses approximately 3 GeV of energy per turn, which must bereplenished by the acceleration system. The maximum energy for electrons at LEP isabout 100 GeV as above this the power required to operate the acceleration system andremove the heat dissipated rapidly exceeds that a�ordable.The stages by which electrons and positrons are injected into LEP are shown inFigure 2.2. Electrons from a high-intensity electron gun accelerate to 200 MeV in a linearaccelerator, or LINAC, after which some of them pass through a tungsten converter toproduce positrons. Both electrons and positrons then accelerate to 600 MeV in a secondLINAC. The leptons accumulate into bunches in the Electron Positron Accumulator (EPA)before injection into the Proton Synchrotron (PS), where they accelerate to 3.5 GeV. Thenthe bunches move to the Super Proton Synchrotron (SPS) and accelerate to 22 GeV priorto injection into LEP and acceleration to the appropriate energy.The beams of electrons and positrons in LEP circulate at a frequency of 11,246 Hz andhave a typical lifetime of eight hours. The beams are grouped into bunches that are about1500 �m long, 250 �m wide in the horizontal direction and 10 �m wide in the vertical



2.1 The LEP collider. 37

Figure 2.2: The LEP injection system.direction of the plane transverse to the beam direction. In 1996 and 1997, four equallyspaced bunches per beam collide every 22 �s at the interaction points around the LEP ringsurrounded by the four LEP experiments, of which ALEPH is one. The maximum currentper bunch is 0.65 mA, which corresponds to about 3:6 � 1011 particles. The instantaneousrate of events from colliding beams is given by:dN = �Ldt (2.1)where � is the cross section of the process of interest and L is the luminosity, which atLEP is given by: L = N+N�kf4��x�y (2.2)whereNi are the number of electrons and positron in the colliding bunches, k is the numberof bunches, f is the revolution frequency and �x and �y are the transverse dimensions ofthe beam. The maximum luminosity from 1997 is 4:9 � 1031 cm�2s�1 [41]. The integratedluminosity delivered by LEP during 1996 at ps = 172 GeV is 11.5 pb�1 and during 1997at ps = 183 GeV is 63.5 pb�1.



38 2. The ALEPH detector at LEP.2.2 The measurement of the LEP energy.The LEP beam energy sets the absolute energy scale for the measurement of the W bosonmass, resulting in a relative uncertainty of �MW=MW � �Ebeam=Ebeam . The statisticaluncertainty on the W boson mass with the full LEP2 data sample is expected to bearound 25 MeV=c2, so �Ebeam should be less than about 15 MeV to avoid a signi�cantcontribution to the total error on the W boson mass.At LEP1 the average beam energy was measured directly at the physics energy with aprecision better than 1 MeV by resonant depolarisation [42]. Unfortunately, this techniquecannot be used at LEP2 since it is di�cult to obtain a useful level of polarisation witha beam energy above 55 GeV. Instead, the resonant depolarisation measurements areextrapolated to higher energies by the use of NMR probes, which continuously measurethe main dipole �eld seen by the circulating beams [43]. The probes are precisely calibratedusing resonant depolarisation at several beam energies between 41 and 55 GeV. Thecalibrations are then applied to the probe readings taken during physics in order to obtainthe average beam energy.Time dependent e�ects extensively studied at LEP1, like the stretching of the LEPring by the movement of the moon and leakage currents from the passage of the TGV ona nearby railway line, are taken into account in the calibration of the NMR probes andin deriving the centre-of-mass energy as a function of time. The �nal correction necessaryto �nd the exact beam energy at each interaction point is to account for the variation ofthe beam energy around the LEP ring, which is due to the loss of energy by synchrotronradiation in the arcs and the gain of energy in the straight sections with acceleratingcavities.The worry is that the NMR probes sample the magnetic �eld in only 16 out of 3200LEP dipoles, whilst the beam energy is proportional to the integrated vertical magnetic�eld along the entire beam trajectory. The validity of the extrapolation is therefore testedby 
ux loop experiments [44], where the 
ux loop measures 97% of the total bending �eldof LEP. The uncertainties on the LEP beam energy (�30 MeV for the ps = 172 GeVdata and �24 MeV for the ps = 183 GeV data) are dominated by the scatter betweenthe 
ux loop measurements and the extrapolation using the NMR probes.The construction of a spectrometer to measure the LEP energy directly and thedetermination of the LEP energy by the LEP experiments themselves should help to



2.3 The ALEPH detector. 39check the extrapolation and reduce the error on the LEP beam energy in future. Thespectrometer will measure the bend angle of the LEP beams before and after a specialLEP dipole, whose bending �eld has been surveyed to high precision [45]. With highstatistics, the LEP experiments can use radiative return e+e�!Z0
 !f �f
 events, wherethe Z boson is on-shell, and the precisely known Z boson mass from LEP1 to reconstructthe LEP energy [46].2.3 The ALEPH detector.The ALEPH (Apparatus for LEp PHysics) detector is designed to study all types ofStandard Model processes at LEP and to search for new phenomena. To meet thesegoals, ALEPH is designed to be hermetic and highly granular in order to gather as muchinformation as possible from each e+e� interaction. The sub-detectors that compriseALEPH are shown in the cut-away view in Figure 2.3 and are:

Figure 2.3: A cut-away view of the ALEPH detector with two people for scale. Thefollowing sub-detectors are indicated: (a) Vertex Detector, (b) Inner Tracking Chamber,(c) Time Projection Chamber, (d) Electromagnetic Calorimeter, (e) SuperconductingSolenoid, (f) Hadron Calorimeter, (g) Muon Chambers.



40 2. The ALEPH detector at LEP.� A Vertex Detector (VDET) to measure high precision coordinates for chargedparticles very close to the interaction point.� An Inner Tracking Chamber (ITC) to perform fast tracking for trigger information.� A Time Projection Chamber (TPC) to provide accurate three-dimensional trackingof charged particles and ionisation information for particle identi�cation.� A �nely-grained Electromagnetic Calorimeter (ECAL) to identify and measure theenergies of electrons and photons.� A Superconducting Solenoid to produce a uniform magnetic �eld of 1.5 T that isessential for the measurement of particle momenta.� A Hadron Calorimeter (HCAL) to determine the energies of hadrons and identifymuons.� Muon Chambers to assist in muon identi�cation.� Several luminosity calorimeters (LCAL, SICAL and BCAL) to measure theluminosity delivered by LEP.The entire detector is about 11 m long, 10 m in diameter and weighs about 2800 tonnes.The conventional coordinate system used by ALEPH is de�ned with the origin at thenominal interaction point. The z-axis points along the direction of travel of the electronbeam, the x-axis towards the centre of the LEP ring and the y-axis points almost verticallyupwards.The following sections brie
y describe the principles and performance of the sub-detectors. More details may be found in [47, 48, 49, 50].2.4 Tracking detectors.Charged particles can interact electromagnetically with atoms in their path. If atomicelectrons are released, then the application of an electric �eld can pull the electrons andions apart towards electrodes and create an electrical signal. Further information can bededuced from the size and arrival time of the signal. This technique of observing the



2.4 Tracking detectors. 41ionisation produced by charged particles in matter is used by gas detectors and solid-statedetectors.Gas detectors rely on avalanche ampli�cation, which occurs when the electric �eld isso strong that the electrons (ions are typically too heavy) are accelerated to high enoughvelocities to create further electron-ion pairs through ionisation. The new electrons arealso accelerated by the electric �eld, with the result that more and more atoms are ionisedand an avalanche of electrons and ions develops. The charge created can be much greaterthan (by a factor of 106) but is still proportional to the original charge. This leads to theclassic design for a gas detector - a gas-�lled cylinder whose surface forms the cathodeand with a central sense wire to form the anode. Note that most of the multiplicationtakes place in the regions of high electric �eld near the anode wire. A re�nement is themultiwire chamber, where many anode wires are sandwiched between two cathode platesto form a 
at chamber or cathode wires are arranged around each anode wire. In thesecon�gurations, the position of the charged particle is known from the position of the wireon which the signal pulse is detected.Solid-state detectors are essentially reverse biased p-n silicon diodes and are capable ofextremely good position resolution. The large number of electron-hole pairs from ionisationdrift apart in the strong, internal electric �eld and produce a detectable current.Once the trajectory of a charged particle is measured, the momentum can be deduced ifthe tracking detectors are inside a magnetic �eld. A charged particle moving in a magnetic�eld describes a helix whose radius is proportional to the component of the momentumperpendicular to the magnetic �eld and inversely proportional to the particle's charge.Since all the charged particles that are directly detectable with ALEPH have charge ofmagnitude 1, the size and sign of the radius of curvature is su�cient for the determinationof the transverse momentum and charge of the particle.The measurement of the direction and momentum of charged particles is performed inALEPH by three di�erent sub-detectors: the large-volume TPC, the fast ITC and the veryprecise solid-state VDET. These detectors are inside the superconducting solenoid, whichprovides a 1.5 T magnetic �eld parallel to the beam axis. The longitudinal component ofthis �eld has been measured to be uniform to within 0.2% in the tracking volume.



42 2. The ALEPH detector at LEP.2.4.1 The Time Projection Chamber.The TPC, shown in Figure 2.4, is the main tracking detector in ALEPH and provides three-dimensional tracking and good momentum resolution for charged particles. The axis ofthe chamber, which is 4.7 m long, is parallel to the magnetic �eld. The inner and outerradii are 0.31 m and 1.8 m, respectively, in order to obtain good momentum resolutionat the highest energies. The chamber is �lled with a mixture of argon (91%), which hasdesirable ionisation properties, and methane (9%), which prevents the avalanches fromgetting out of control, and is held at a slight over-pressure to prevent any contaminationfrom the atmosphere. The electric drift �eld extends from each end-plate towards thecentral membrane that divides the chamber in half and is held at a potential of -27 kV.This membrane and a set of annular electrodes, situated on the inner and outer cylinderwalls, create an extremely uniform electric �eld of 11 kV/m. Electrons from ionisationdrift in tight spirals to the end-plates where multiwire chambers measure their arrivalpositions and times.

Figure 2.4: A cut-away view of the Time Projection Chamber, with the wire chambers oneach end indicated, as well as the inner and outer �eld cages and the central membrane.The feet that attach the TPC to the Solenoid are also shown.



2.4 Tracking detectors. 43The structure of the multiwire chambers is shown in Figure 2.5. Cathode wires at0 V form the boundary of the drift volume and the anode sense wires at +1250 V collectelectrons from avalanches initiated nearby by the ionisation electrons. Cathode padsunderneath the sense wires collect an induced signal and an accurate measurement of ther� coordinate of the track is achieved by interpolation between the signal on di�erentpads. The z coordinate is deduced from the arrival time of the pulse and the knownelectron drift velocity. With 21 concentric rings of pads, the TPC can provide up to 21three-dimensional coordinates for charged particles.

Figure 2.5: A section through a TPC sector edge, showing the pad plane, the wire gridsand the potential strips.The r� coordinate resolution depends on the drift length and the angle of the tracksegment with respect to both the wires and the pads. The resolution on the z coordinatedepends on the polar angle. For isolated leptons from leptonic Z0 decays, the resolutionsare �r�=173 �m and �z=740 �m for tracks at angles greater than 80� with respect tothe beam axis. The measured dependence of the resolution has been parameterised andis used to calculate coordinate errors in the track helix �t.The purpose of the plane of gating wires is to prevent the positive ions, which areproduced in the avalanches close to the sense wires, from entering the main chamber anddistorting the electric drift �eld. In the `open' state, a potential of Vg � �67 V is placedon the gate wires so that the gate is transparent to the passage of charged particles. Inthe `closed' state, the potentials Vg ��Vg � �67 � 100 V are placed on alternate wiresof the grid, so that the resulting dipole �elds render the gate opaque to the passage ofcharged particles. The gate is opened 2 �s before a beam crossing is due and if a collision



44 2. The ALEPH detector at LEP.produced an interesting event (positive �rst level trigger after 5 �s - see Section 2.8) thenthe gate is held open for 45 �s to allow all the ionisation electrons to drift in and the TPCinformation to be collected. Otherwise, the gate is closed until the next beam crossing isdue.The TPC is equipped with a laser calibration system, shown in Figure 2.6. One Nd-YAG laser serves each half of the TPC, the output being divided into three equidistantbeams in � and then �ve beams in �. The straight tracks of ionisation produced by thebeams can be used to correct inhomogeneities in the electric and magnetic �elds and tomonitor the drift velocity.

Figure 2.6: The TPC laser beam transport system.The TPC can also separate particle species according to measurements of the energyloss by ionisation per unit distance, dE=dx, as the magnitude of the signals on the sensewires (up to 338 per track) is proportional to this quantity. Since the dE=dx dependsonly on the particle velocity for a given material, a combination of dE=dx and momentuminformation allows the mass and thus the identity of the charged particle to be deduced.Figure 2.7 shows the measured dE=dx for tracks from hadronic Z0 decays.
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Figure 2.7: The measured dE=dx of tracks from hadronic Z0 decays, with the �ttedBethe-Bloch curve for the di�erent mass hypotheses overlaid.2.4.2 The Inner Tracking Chamber.The ITC provides the only tracking information that is used by the �rst level trigger (seeSection 2.8) and up to 8 accurate coordinates in the r� plane. The ITC lies inside theTPC and is a cylindrical, multiwire drift chamber that is 2 m long and has inner and outerradii of 13 cm and 29 cm respectively. The chamber is �lled with a gas mixture of argon(80%), carbon dioxide (20%), which performs the same function as methane in the TPC,and a small amount of alcohol which has been found to retard the ageing process of thechamber.The ITC contains 960 sense wires, which run parallel to the beam direction. The sensewires are held at a potential of about 1.8 kV and are surrounded by six earthed wires toform a hexagonal drift cell, as shown in Figure 2.8. The cells are arranged in eight layers,the inner four contain 96 cells each and the outer four contain 144 cells each. The timetaken for the ionisation electrons to drift to the sense wire gives the r� coordinate, withan average precision of 150 �m. The z coordinate is measured with an accuracy of about5 cm by measuring the di�erence between the arrival times of pulses at the two ends ofeach sense wire.For the �rst level trigger, the ITC has two associated processors that �nd charged
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e calibration �eld wiree �eld wirex sense wire cell boundarycalibration feed wireFigure 2.8: Schematic diagram of ITC drift cells showing the arrangement of the wires.particle trajectories in two dimensions (the r� projection) and three dimensions. Theresult from the 2D trigger is available within 1 �s and that from the 3D trigger within3 �s of the beam crossing.2.4.3 The Silicon Vertex Detector.The VDET provides high precision measurements of charged particle trajectories close tothe interaction point, so that long-lived particles can be identi�ed by the displaced verticesof their decay products. A new VDET, shown in Figure 2.9, was installed at the end of1995 and consists of two concentric layers, at radii of 6.3 cm and 11.0 cm, of silicon waferswith double-sided readout. The new detector extends the angular coverage, halves thepassive material and is more radiation hard than the previous detector [51].The inner and outer layers contain 9 and 15 faces respectively, each of which liesparallel to the beam axis and consists of six 6.5 cm long, 300 �m thick silicon wafersjoined together. The angular acceptance is j cos �j � 0.95 for tracks required to passthrough at least one VDET layer. The wafers are divided into strips with a pitch of 25 �mand every strip acts like a reverse-biased p-n diode for detecting the passage of chargedparticles. The motion of the electron-hole pairs produced by the charged particle inducessignals over several strips by capacitative coupling. Therefore, only every second strip isequipped with readout electronics and the coordinate for the particle track is obtained byinterpolation with negligible loss in precision.
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Figure 2.9: The Silicon Vertex Detector.The strips lie parallel to the beam-axis on one side of the face, which provides a �coordinate, and perpendicular on the other side, which provides a z coordinate. Theknown radius of the face provides the r coordinate. The coordinate resolutions measuredfrom data are �r�=8 �m over the angular acceptance of the detector and �z=10 �m fortracks at angles greater than 80� to the beam axis [52].2.4.4 Track reconstruction and momentum determination.Using a combination of these three sub-detectors, the trajectory of each charged particlecan be traced by a string of up to 31 three-dimensional coordinates. Nearby points in theTPC are connected by requiring that they are consistent with a helix hypothesis, whichis then extrapolated to the ITC and the VDET and �tted to the points measured there.Figure 2.10 shows the parameters used to de�ne the track in the helix �t:� 1=R is the inverse of the radius of curvature of the particle trajectory in the xyplane. It is positive if the track bends counter-clockwise.� tan � is the tangent of the angle of the particle trajectory with respect to the xyplane: �=90�-�.
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Figure 2.10: De�nition of the helix parameters used to describe charged particle tracks.The quantity Sxy is the arc length traversed by the particle in the xy plane.� d0 is the distance of closest approach between the particle trajectory and the originin the xy plane. It is signed according to the particle's angular momentum aboutthe z axis at that point.� �0 is the angle in xy plane that the particle trajectory makes with respect to thex axis at the point of closest approach.� z0 is the z coordinate at the point of closest approach.The performance of the track reconstruction is studied using Z0 !�+�� events, whereat least 19 TPC, 6 ITC and 1 VDET coordinates are used in the track �t. With this sample,the transverse momentum resolution is measured to be [49]:�(pT )=pT = 0:6 � 10�3 � pT =GeV=cThe momentum resolution for the three tracking detectors is summarised in Table 2.1. Atlow momentum, multiple scattering adds a constant term of 0.005 to �(pT )=pT . Since theerror on the measurement of the polar angle is small, the relative error on the momentumcoincides with the relative error on the transverse momentum.Detector �(pT )=p2T (GeV=c)�1TPC 1.2 � 10�3TPC+ITC 0.8 � 10�3TPC+ITC+VDET 0.6 � 10�3Table 2.1: Momentum resolution of the ALEPH tracking detectors [49].



2.5 Calorimeters. 492.5 Calorimeters.A calorimeter is a block of matter that is of su�cient thickness to cause the primary particleto interact and deposit all of its energy in a subsequent `shower' of increasingly lower-energy particles. Calorimeters can measure the energy of photons, electrons, positronsand hadrons, but not neutrinos, which interact via the weak force only, or muons, whichare too heavy to rapidly lose su�cient energy by radiation.A high energy photon can interact with matter and convert to an e+e� pair, each ofwhich can then radiate Bremsstrahlung photons, which may themselves convert into e+e�pairs and so on, rapidly creating an electromagnetic shower of particles. This processobviously occurs for incident electrons and positrons as well. The radiation length of amaterial, X0, is the amount of material that reduces the mean energy of an electron bya factor of e and is given approximately in cm by 180A�Z2 , where A is the atomic weight,Z is the atomic number and � is the density of the material in gm=cm3. To contain98% of the energy of a 50 GeV electron requires 19 X0 of material. Therefore, high-Z, dense materials, like lead with X0=0.56 cm, are normally used to make a compactelectromagnetic calorimeter that stops photons, electrons and positrons. The transversesize of the electromagnetic shower is narrow and roughly 95% of the shower is containedin a cylinder with radius 3 cm in lead. In order to extract a signal, the material creatingthe electromagnetic shower can be interspersed with detectors that measure the ionisationfrom the charged particles in the shower, which is proportional to the energy of the incidentparticle.Hadrons can interact via the strong force with matter to produce more hadrons, mainlypions, protons and neutrons. These may themselves interact to produce yet more hadronsor if the hadron in question is a �0 decay to two photons and create an electromagneticshower. The characteristic distance of hadronic showers is the nuclear interaction length,�int , which is the mean distance between nuclear interactions and is given approximatelyin cm by 35A 13 =�. To contain 98% of the energy of a 50 GeV proton requires 8 �int . Sinceiron and lead both have �int=17 cm, iron is typically used to lessen the mechanical stressfrom supporting the weight of the large hadronic calorimeter. The transverse size of thehadronic shower is large and roughly 95% of the shower is contained in a cylinder withradius 17 cm in iron. Again, the material creating the hadronic shower can be interspersedwith detectors that measure the ionisation from the charged particles in the shower, though



50 2. The ALEPH detector at LEP.the resolution on the incident hadron energy is worse due to 
uctuations in the type ofparticles (pions, neutrons, protons, muons, neutrinos) in the hadronic shower and energylosses of the order of 20% from nuclear binding e�ects.The sampling of the energy deposited by a shower in a calorimeter is a statisticalprocess and the number of samples is proportional to energy, E, of the incident particle,which implies that the energy resolution is proportional to pE. Therefore, the relativeenergy resolution improves as the square root of the energy of the incident particle. Thisis to be contrasted with the relative momentum resolution from tracking detectors, whichworsens as the �rst power of the momentum of the charged particle.The ALEPH calorimeters are located in a barrel around the TPC and in two end-caps, as shown in Figure 2.11. The electromagnetic calorimeter is designed to stopphotons, electrons and positrons but not hadrons, which are stopped by the hadroniccalorimeter. The superconducting solenoid, which is 1.6 X0 and 0.4 �int thick, lies betweenthe electromagnetic and the hadronic calorimeters.

Figure 2.11: The Electromagnetic Calorimeter surrounded by the SuperconductingSolenoid and the Hadron Calorimeter.2.5.1 The Electromagnetic Calorimeter.The ECAL is a sampling calorimeter that is 22 X0 thick and comprises 45 layers of leadand gas-�lled proportional chambers. The barrel is a 4.8 m long cylinder with inner andouter radii of 1.85 m and 2.25 m respectively. The end-caps complete the solid angle



2.5 Calorimeters. 51coverage of 3.9�. The barrel and each end-cap consist of 12 modules, each subtending 30�in azimuth. The end-cap modules are o�set by 15� in � with respect to the barrel andall modules are rotated by 1.9� in � with respect to the hadron calorimeter in order tominimise the overlap of cracks, which represent 2% of the inner surface of the barrel and6% of the end-cap surface.The structure of one ECAL layer is shown in Figure 2.12. The proportional wirechambers contain a gas mixture of xenon (80%) and carbon dioxide (20%). The chargedparticles in the electromagnetic shower cause ionisation avalanches around the proportionalwire chambers. The total charge collected is proportional to the energy of the incidentparticle. The signals from the anode sense wires are used for triggering whilst energy andposition information is taken from the signals induced on pads, into which one cathodeplane of each wire chamber is segmented. Pads from consecutive layers are connected intotowers that point towards the interaction point, each with an angular coverage of about0.9�� 0.9�. Every tower is divided into three storeys in depth that cover four, nine andnine radiation lengths each.

Figure 2.12: Schematic of an ECAL layer.The �ne granularity of ECAL, which is very important for the identi�cation ofelectrons, photons and neutral pions, allows an angular resolution of [49]:�� = ��sin � = 0B@0:25 + 2:5pE=GeV 1CA mrad:



52 2. The ALEPH detector at LEP.The electron energy resolution is estimated by comparing the measured energy to the trackmomentum, in e+e�!Z0 !e+e�events, and is parameterised as [49]:�EE = 0:009 + 0:18pE=GeV2.5.2 The Hadronic Calorimeter and the Muon Chambers.The HCAL is also a sampling calorimeter that is 7.2 �int thick and comprises 23 layers ofiron and gas-�lled streamer tubes. The barrel section, which is 7.3 m long with inner andouter radii of 3 m and 4.7 m respectively, is outside the Superconducting Solenoid. Theiron thus provides a return path for the lines of magnetic 
ux as well as forming a passive�lter for muons. The barrel is made of 12 modules and the end-caps of 6 modules each.The streamer tubes are similar to proportional wire chambers, but operate at a highervoltage, which means that the size of the signal is independent of the particle energy.Therefore, the total charge collected is proportional to the number of charged particlesin the hadronic shower. Each streamer tube consists of eight 0.9�0.9 cm2 cells that are700 cm long in the barrel section. An anode wire runs along the middle of each cell andoperates at a potenial of 4250 V. The streamer tubes contain a gas mixture of argon (13%),carbon dioxide (57%) and butane (30%). As with ECAL, cathode pads are connected intoprojective towers that point towards the interaction point, each with an angular coverageof about 3.7�� 3.7�. The energy resolution for pions at normal incidence is [49]:�EE = 0:85pE=GeVOn the cathode plane opposite to the pads, a 4 mm wide strip runs parallel to eachwire and provides a digital signal if a streamer tube has �red at least once. This gives atwo-dimensional picture in the r� plane of the development of the shower and is useful foridentifying muons, which pass through the HCAL leaving only an ionisation trail.Muon identi�cation is completed by the muon chambers, which are two planes ofdouble-layer streamer tubes, one of which is shown in Figure 2.13, beyond the last layerof iron in HCAL and separated by 40-50 cm. The chambers do not provide an energymeasurement but give x and y coordinates for tracks by means of strips on the twocathode planes. The typical accuracy on the muon exit angle is 10 mrad.
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Figure 2.13: A Muon Chamber double layer.2.6 Lepton identi�cation.2.6.1 Electron identi�cation.Electron identi�cation is performed using two independent and complementary measure-ments: the dE=dx measurement from the TPC and the energy deposition in the ECAL,compared to the track momentum and the expected shape of the shower. Note that thedE=dx information is more discriminant at low momentum and the shape of the showers inthe ECAL at high momentum. The basic information is expressed in normally distributedestimators, which are described here. The approach chosen to select electrons in e��q�qevents is discussed in Section 3.1.4.The dE=dx estimator is: RI = I � < I >�Iwhere I is the measured dE=dx, < I > is the expected dE=dx for an electron and �I isthe resolution on dE=dx. Tracks are required to have at least 50 measurements of dE=dxin order to ensure a reliable calculation of RI .The RT estimator exploits the compactness of the electromagnetic energy depositiontransverse to the particle direction. RT is de�ned using the four towers in ECAL closestto the extrapolated track in each storey:RT = E4=p � < E4=p >�E4=pwhere E4 is the total energy deposited in the selected towers, p is the momentum of thecharged track measured by the tracking detectors, < E4=p > is the mean energy fraction



54 2. The ALEPH detector at LEP.deposited by an electron in the four central towers and �E4=p is the resolution expectedfor this ratio.The RL estimator measures the degree to which the observed longitudinal showerpro�le matches that expected for an electron. RL is based on the inverse of the meanposition of the longitudinal energy deposition in the shower:XL = E4P4i=1P3j=1EijSjwhere Eij is the energy deposited in selected tower i of storey j in depth of the calorimeterand Sj is the mean depth of energy deposition in that storey. The estimator RL is thende�ned by: RL = XL � < XL >�XLFigure 2.14 shows the distribution of RT versus RL for a sample of tracks enriched inphoton conversions. The electron and hadron contributions are clearly separated.
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Figure 2.14: Distribution of the electron estimators RT and RL for a sample of tracksenriched in photon conversions. The electron contribution is the upper concentration andthe hadron contribution is the lower concentration.2.6.2 Muon identi�cation.Muon identi�cation is performed using the tracking capabilities of the hadron calorimeterand the information from the muon chambers, which are described here. The approach



2.6 Lepton identi�cation. 55chosen to select muons in ���q�q events is discussed in Section 3.1.4.Charged particle tracks are extrapolated (as if they were a muon) through thecalorimeter material taking into account a detailed magnetic �eld map and estimatedenergy losses. A `road' is opened around the extrapolated track, with a width of threetimes the estimated extrapolation uncertainty due to multiple scattering. A calorimeterplane is said to be expected to �re if the extrapolated track intersects it within an activeregion and the plane is said to have �red if a digital hit lies within the multiple scatteringroad. For a hit to be counted, the number of adjacent �ring tubes must not be greaterthan three.The cuts used to de�ne a penetrating track are N�re=Nexp � 0.4, Nexp � 10 and N10 >4, where N�re , Nexp and N10 are, respectively, the number of actually �ring planes, thenumber of expected planes and the number of �ring planes within the last ten expected forthe track. Figure 2.15 shows the distributions of the above quantities for isolated muonsfrom Z0 ! �+�� events and pions from � decays. The variable Xmult, which representsthe average hit multiplicity per �red plane, enhances the discrimination for muons inhadronic jets and must be less than 1.5.

Figure 2.15: Distribution of (a) N�re=Nexp , (b) N10 and (c) Xmult, for muons (dots) andpions (solid line), with Nexp greater than 10. The plots have been normalised to equalareas and the vertical scale is arbitrary.In addition to the above, each muon chamber measures two orthogonal coordinates fora penetrating track. The track is said to hit a muon chamber if the distance between themuon chamber coordinate and the extrapolated track is less than four times the estimatedstandard deviation from multiple scattering.



56 2. The ALEPH detector at LEP.2.7 Luminosity determination.The luminosity is determined using elastic e+e� scattering at small angles (Bhabhascattering) since the cross section is known theoretically to high precision. The rateof Bhabha scattering is measured by the simultaneous detection of the e+ and the e� onopposite sides of the detector. The luminosity is given by the ratio of the measured rateto the cross section.ALEPH has three luminosity calorimeters, which are situated close to the beam-pipe at each end of the detector. The most accurate is a silicon tungsten calorimeter,SICAL, with a polar angle acceptance of 25-58 mrad. However, at LEP2 part of thisacceptance is obscured by a tungsten shield, which protects ALEPH from the increasedlevel of background from synchrotron radiation. Therefore the luminosity measurementsat LEP2 are provided by LCAL, which is a lead/proportional wire chamber device similarin design and operation to the ECAL. This detector lies behind SICAL at a distance of2.62 m from the interaction point and has a polar angle acceptance of 45-190 mrad. Theangular resolution of LCAL is worse than that of SICAL, which a�ects the luminositymeasurement since the Bhabha cross section is strongly dependent on the polar angle.The luminosity precision at LEP2 is thus �0.4% instead of �0.1%.The third luminosity calorimeter, BCAL++, is situated about 7.7 m on either sideof ALEPH beyond the LEP magnetic quadrupoles and covers a range in polar anglewhere the rate from Bhabha scattering is roughly twenty times higher than that for LCALand SICAL. The polar angles of the electrons and positrons are not precisely knownsince the �eld of the quadrupoles changes during LEP operation. Therefore, BCAL++is calibrated relative to LCAL and uses the higher rate of Bhabha scattering to provideonline monitoring of the relative LEP luminosity during data-taking.2.8 Data collection and reconstruction.In order to make use of the ALEPH detector, information from all of the sub-detectorsmust be collected, stored and then combined to make a complete picture of each event.Timing constraints dictate that not every collision can be recorded, so a trigger system isnecessary to select the most interesting events.The trigger design is in
uenced by two time scales: the interval between LEP bunch



2.8 Data collection and reconstruction. 57crossings (22 �s) and the time taken to read out the detector (45 �s), which is the timetaken for ionisation electrons in the TPC to drift from the centre to the end-plates. Itis important to keep the trigger rate from background (noise, cosmic rays and beam-gasinteractions) low both to minimise the dead time during which a new event cannot berecorded, because the detector is already being read out, and the time that the TPC gateis open, for the e�ective operation of the TPC.The ALEPH trigger is designed to operate on three levels to accept any genuine e+e�annihilation event and to reduce the rate of recorded background events to a manageablelevel of 1-2 Hz. At LEP2, the sub-detector thresholds are set low enough to trigger on theinteresting events but only cause �rst level triggers at a rate below 2 Hz. Therefore, thesecond and third level triggers only reject a small fraction of events.The �rst level trigger is based on information from the ITC, ECAL and HCAL sub-detectors and is available within 5 �s of the bunch crossing so that a �rst-level rejectiondoes not introduce any dead time. Acceptance at �rst-level prevents the TPC gate fromclosing so the ionisation electrons already drifting towards it still pass freely. SemileptonicWW decays, studied by the analysis presented in this thesis, are selected with an e�ciencyclose to 100% by one or more of the following triggers:� Total-energy trigger: energy deposits in ECAL greater than �6 GeV in the barrel,�3 GeV in either end-cap or �1.5 GeV in both end-caps.� Electron-track trigger: track segments in the ITC in coincidence with an energydeposit in the module of ECAL to which the track is pointing.� Muon-track trigger: track segments in the ITC in coincidence with an energydeposit in the module of HCAL to which the track is pointing.The second level trigger replaces the ITC track information with that from the TPC,analysing the signals during the drift time so that a decision is made within 50 �s of thebunch crossing. If the event is rejected, the detector is reset and ready to accept data twobunch crossings after the one that passed the �rst level trigger. If the event is accepted,then full readout of the detector is initiated.The ALEPH data acquisition system is designed to make each sub-detector au-tonomous during development and data-taking. A hierarchical structure means that



58 2. The ALEPH detector at LEP.information 
ows downstream or upstream from each readout component without com-munication between components at the same level. This system means that while a givenstage is analysing data from one event, the component downstream can readout the nextevent and the component upstream can �nish processing the previous event. The datafrom the sub-detector electronics 
ows to a sub-detector Event Builder and then to theMain Event Builder, or MEB. Each sub-detector reads out at a di�erent speed, so theMEB has to synchronise the information for each event and to check that it is complete.The data is then passed to the third level trigger, which checks the decision made at secondlevel and performs data reduction, and �nally to the main computer, where it is storedon magnetic tape and held available for online analysis and monitoring of the detectorperformance.The raw information collected by the data acquisition system has to be processed toprovide a picture of the tracks and energy depositions in each event. This task is performedon a dedicated computer system with the JULIA (Job to Understand Lep Interactions inALEPH) program, which:� Reconstructs charged tracks.� Calculates their dE=dx from the TPC wire information.� Reconstructs the primary vertex and V 0 candidates.� Clusters calorimeter energy deposits and performs an energy 
ow analysis.� Identi�es electrons, muons and photons.This event reconstruction takes place within a few hours of the time the event occurredin the ALEPH detector.2.9 Energy 
ow calculation.The aim of energy 
ow is to combine measurements of track momenta, calorimeter energydeposits and particle identi�cation to improve the resolution on the visible energy fromhadronic Z0 decays at LEP1. The energy 
ow algorithm builds a list of `energy 
owobjects' (electrons, muons, photons, charged and neutral hadrons), which should closelyresemble the stable particles actually produced in an e+e�collision, in a number of steps



2.10 Monte Carlo simulation. 59summarised below. A more detailed description of the algorithm and its performance atLEP1 can be found in [49].The �rst step rejects badly reconstructed charged tracks and calorimeter noise, beforeextrapolating the good quality charged particle tracks to the calorimeters in order to grouptopologically connected tracks and calorimeter energy deposits together into `calorimeterobjects'. These objects are classi�ed in the following steps:� The charged particle tracks identi�ed as electrons [49] and the associated energydeposit in ECAL are removed from the calorimeter object list. If the di�erencebetween the calorimeter energy and the track momentum is three times larger thanthe expected resolution, the excess is assumed to come from a Bremsstrahlung photonand is counted as neutral electromagnetic energy.� The charged particle tracks identi�ed as muons [49], a maximum of 1 GeV fromthe closest associated energy deposit in ECAL (if any) and a maximum of 0.4 GeVper �red plane around the extrapolated muon track from the corresponding HCALenergy deposit are removed from the calorimeter object list.� Identi�ed photons and �0's [49] are counted as neutral electromagnetic energy andremoved from the calorimeter object list.� The only particles left in the calorimeter object list should be charged and neutralhadrons. Charged hadrons are easily identi�ed with the remaining particle tracks,where the pion mass is assumed. Neutral hadrons are identi�ed as a signi�cant excessof calorimetric energy. The sum of the energy remaining in the calorimeters, after�rst scaling the ECAL contribution by the ratio of the response to electrons and pions(1.0:1.3:1.6 in the �rst, second and third storeys in order to account for unidenti�edlow-energy photons), is compared to the energy of the remaining charged particletracks. Any excess that is both larger than the expected calorimeter resolution and0.5 GeV is then counted as neutral hadronic energy.2.10 Monte Carlo simulation.The production of simulated Monte Carlo events is necessary for many analyses, includingthe one presented in this thesis. A brief description of the ALEPH simulation procedure



60 2. The ALEPH detector at LEP.is given here.Firstly, the physics process is generated using a speci�c program (see Section 3.1.1),which includes the production and decays of the short-lived particles involved. Forinstance, the various simulation stages are shown for a semileptonic WW decay inFigure 2.16:I represents the pair production of two resonant W bosons and their subsequent decayto quarks and leptons. This stage is well described by the electroweak theory.II represents the radiation of gluons by the quarks and is described by QCD.III represents the con�nement of coloured quarks and gluons to colourless hadrons.Since �s exceeds unity here, exact calculations by perturbation theory are no longerpossible and phenomenological models like JETSET [11] or HERWIG [53] have tobe used instead.IV represents the decay of unstable hadrons created during the fragmentation processinto the more stable hadrons that will actually be seen in the detector.
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2.11 Summary. 61of the particles with the detector material and accounts for the e�ects of detectorgeometries and magnetic �elds. The output from GALEPH has exactly the same formalstructure as that from the ALEPH detector for data events, so that simulated events canbe reconstructed in exactly the same way as the data. The responses and e�ciencies ofthe di�erent sub-detectors are carefully tuned to match the data. Since the LEP centre-of-mass energy and features of the detector change from year to year, new Monte Carlo isproduced each year.2.11 Summary.The LEP collider is designed to produce the electroweak bosons,W� and Z0, and ALEPHis one of four experiments at LEP constructed to study the properties of these bosons.The ALEPH data analysed in this thesis is collected at centre-of-mass energies of 172 GeVand 183 GeV, where W bosons are pair-produced. The current precision on the LEP beamenergy, which is vital to the W mass measurement, is �24 MeV.The ALEPH detector is designed to study e+e� collisions up to centre-of-mass energiesof 200 GeV. The main features are the accurate momentum and vertex resolution of thetracking chambers and the hermeticity and �ne granularity of the calorimeters. Thetracking system includes the world's largest time projection system and the �rst double-sided silicon vertex detector. The analysis presented in this thesis uses the excellenttracking system and the good calorimetry to directly reconstruct the W decay productsin semileptonic WW events. The lepton identi�cation information from the TPC, thecalorimeters and the muon chambers is used in the selection of semileptonic WW events.



Chapter 3
Semileptonic event selection.
This chapter covers the development of a selection for e+e�!W+W�!e��q�q and e+e� !W+W� ! ���q�q events, which are referred to as semileptonic WW events throughout thisthesis unless speci�cally stated otherwise, at ps = 172 GeV and the subsequent evolutionof the selection to ps = 183 GeV.3.1 Semileptonic event selection at ps = 172 GeV.The characteristic features of e+e�! W+W� ! e��q�q and e+e� ! W+W� ! ���q�qevents are a high energy, isolated lepton, two or more jets and a large amount ofmissing energy due to the neutrino, as shown in Figure 3.1. The branching ratio forsemileptonic WW decays is 29%, which implies that the cross section is approximately3.6 pb. This is over thirty times smaller than that for the main background process ofe+e�!Z=
!q�q(
). Therefore, a highly discriminant selection is required to obtain a puresample of semileptonic WW decays with a good e�ciency.The Monte Carlo and data samples are described brie
y in the next section. Theselection, which consists of a number of stages, is then discussed in the following sections.3.1.1 Monte Carlo and data samples.The KORALW, version 1.21 [55], event generator is used to produce the four-fermion (4-f)�nal states that can come from WW production and decay at a number of values for theW mass. The 4-f diagrams are computed by the GRACE [56] package with �xed W andZ widths. This program includes multi-photon initial state radiation (ISR) with �nite62
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Figure 3.1: Schematic of the topology of semileptonic WW decays.photon transverse momentum via Yennie-Frautschi-Suura exponentiation [57], �nal stateradiation (FSR) via PHOTOS [58] and the e�ect of the Coulomb attraction between theW bosons [59]. The JETSET [11] package takes care of gluon radiation and hadronisation.Colour 
ow reconnection is not included. Loose cuts are applied at the generation levelon the outgoing electron angle or the fermion-antifermion pair invariant masses to avoidregions of phase space with poles in the cross section. Events produced in these regionswould in any case be rejected by the selection cuts. The KORALW program can berestricted to the lowest-order CC03 processes and is used in this form to generate a sampleof events from which the selection e�ciency is determined, thus eliminating the dependenceon the particular generator cuts used for the 4-f simulation.Monte Carlo samples, with integrated luminosities corresponding to at least twentytimes that of the data, are fully simulated for all background reactions. Annihilationsinto quark pairs, e+e�!Z=
!q�q(
), are simulated with PYTHIA [11]. KORALZ [60]and UNIBAB [61] are used for dilepton �nal states. PYTHIA is also used to simulate thee+e�!ZZ, Ze+e�andWe�e processes, all of which lead to four fermions in the �nal state.Events with a 
avour content that could originate from WW production are speci�callyrejected from the ZZ sample. Two-photon (

) reactions into leptons and hadrons aresimulated with the PHOT02 [62] and PYTHIA generators. The minimum invariant massis 3.5 GeV=c2 and the minimum lepton transverse momentum is 0.15 GeV=c for leptonic�nal states. The minimum invariant mass is 30 GeV=c2 for hadronic �nal states. The crosssections and number of events simulated for all of the processes are given in Table 3.1.



64 3. Semileptonic event selection.Process Cross section Number of(pb) eventse+e�!W+W�4-f MW= 79.25 GeV=c2 13.27 120,0004-f MW= 79.75 GeV=c2 12.97 10,0004-f MW= 80.00 GeV=c2 12.81 10,0004-f MW= 80.25 GeV=c2 12.63 120,0004-f MW= 80.50 GeV=c2 12.46 10,0004-f MW= 80.75 GeV=c2 12.24 10,0004-f MW= 81.25 GeV=c2 11.80 120,000CC03 MW= 80.25 GeV=c2 12.38 10,000e+e�!Z=
!q�q(
) 121.1 75,000e+e�!Z=
!�+��(
) 10.8 5,000e+e�!Z=
!�+��(
) 11.1 5,000e+e�!e+e�(
) 1186. 300,000e+e�!ZZ 3.066 3,000e+e�!Ze+e� 6.520 7,000e+e�!We�e 0.483 1,000

!e+e� 1810. 300,000

!�+�� 1810. 300,000

!�+�� 1810. 100,000

!q�q 1600. 200,000Table 3.1: Generated cross sections and number of events for all signal and backgroundprocesses considered.The integrated luminosity of 10.65 � 0.08 pb�1 was collected by the ALEPH detectorat LEP in 1997 at a mean centre-of-mass energy of 172.09 � 0.06 GeV, with 1.11 pb�1at 170.28 GeV and 9.54 pb�1 at 172.30 GeV. The VDET, ITC, TPC, ECAL and HCALdetectors and the luminosity monitors must all be operational for this data set. Any eventswith data acquisition errors are also excluded.3.1.2 Preselection.The aim of the preselection is to reject as much background as possible and to retain morethan 99% of the signal semileptonic WW decays. This aim is achieved in two stages.The �rst stage is to require at least �ve charged tracks reconstructed in the TPC that



3.1 Semileptonic event selection at ps = 172 GeV. 65satisfy the following requirements:1� The �t to the track helix must use at least four three-dimensional points in theTPC. This eliminates most fake or badly-�tted tracks.� The track helix must pass through a cylinder centred around the �tted averageinteraction point, with a radius of 2 cm and a length of 20 cm. This rejects badly�tted tracks, particles originating far from the interaction point and cosmic raybackground.� The angle between the track and the beam axis must satisfy jcos � j < 0:95. Thisensures that at least six of the TPC pad rows are traversed by the track.In addition, the total energy of all the good charged tracks should be more than 10% of theLEP energy. This removes two-photon events and beam-gas interactions. The number ofgood charged tracks and their total energy is shown in Figure 3.2 after the above criteriahave been satis�ed.
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Figure 3.2: Number of good charged tracks and their total charged energy.The second stage uses the missing momentum and the missing energy to discriminatebetween signal and background events. The missing momentum, 6 p, is de�ned as thevector equal and opposite to the sum of the momenta of all the energy 
ow objects in eachevent. Likewise, the missing energy, 6E, is de�ned as the LEP energy minus the sum of the1The tracks that meet these requirements will be called good charged tracks throughout this thesis.



66 3. Semileptonic event selection.energies of all the objects in each event. Figure 3.3 shows the missing energy, the missingmomentum and the missing momentum components transverse and parallel to the beamaxis.
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Figure 3.3: Missing energy, missing momentum, and the missing momentum componentstransverse and parallel to the beam axis.In semileptonic WW decays, the neutrino has an energy in the range 20-70 GeV and isdistributed almost isotropically in the detector. Therefore the missing energy is large andthe missing momentum has no preferred direction as shown in Figure 3.3. This Figurealso shows that the background e+e�!Z=
!q�q(
) process has two distinct topologies,corresponding to the two peaks in the missing energy and momentum distributions, whichresults from the sharp drop in the cross section away from the Z resonance. This favoursthe radiation of energetic photons that boost the e�ective e+e� centre-of-mass energy



3.1 Semileptonic event selection at ps = 172 GeV. 67back to the Z mass. In order for such a radiative return to occur at ps = 172 GeV, thephoton has to carry o� an energy of approximately 62 GeV. Most radiative return photons,which are preferentially emitted at a small angle with respect to the beam direction, missthe detector. This results in large values for both the missing energy and the missingmomentum component parallel to the beam axis, which produces one peak in Figure 3.3.Non-radiative events and events that are completely within the detector acceptance shouldessentially have no missing energy or momentum and thus produce the second peak.The kinematics of radiative return events can be used to design a cut on the longitudinalmomentum that scales automatically to higher LEP energies [63]. Assuming the radiativereturn photon is collinear with the beam-axis, the four-vectors of the radiative returnphoton can be written as (0; 0; p3
 ; E
), the Z boson as (0; 0; p3Z ; EZ) and the originale+e� state as (0; 0; 0;ps). Then, by energy and momentum conservation:p23Z = p23
 = E2
 = (ps�EZ)2 (3.1)Using this to substitute for p3Z in: E2Z = p23Z +m2Z (3.2)and solving for EZ gives the expected values for EZ and E
 in a radiative return event:EZ = ps2 (1 + m2Zs ) (3.3)E
 = ps2 (1� m2Zs ) (3.4)The measured value for the missing energy, 6E, can be used as an approximation for E
and the measured value for the longitudinal missing momentum, 6p3, likewise for p3
 . Notethat the q�q system is strongly boosted in the opposite direction to the radiative returnphoton. So if the measurement of the q�q system energy is an underestimate, then 6E isan overestimate for E
 . However, as the missing momentum is just the vector equal andopposite to the visible momentum of the q�q system, 6 p3 is an underestimate for p
 . Thiscan be expressed in the form: 6p3 = p3
 � (6E �E
) (3.5)



68 3. Semileptonic event selection.Both E
 and p3
 can be replaced using equation 3.4 to give a relation between 6p3 and 6E:6p3 = ps(1� m2Zs )� 6E (3.6)In the more general case of non-zero transverse missing momentum, 6 pT , equation 3.6becomes: 6p3 = ps(1� m2Zs )�qj6E2� 6p2T j (3.7)Recall that 6pT is negligible for radiative return events, but is large for semileptonic WWdecays. So the value calculated for 6 p3 from equation 3.7, using the measured values for6E and 6pT , is low for radiative return events and high for semileptonic WW decays. Thismeans that equation 3.7 can be interpreted as an event-by-event upper bound for 6p3 andused to discriminate between semileptonic WW decays and radiative return events.From a Monte Carlo study [63], the criteria to select semileptonic WW decays are:6p3 < maximum0B@ ps(1� m2Zs )�qj6E2� 6p2T j � 6:0ps2 (1� m2Zs )� 27:5 1CA (3.8)where the second equation comes simply from the expression for the photon energy inequation 3.4. And in order to reduce the background from non-radiative events and eventsthat are completely contained within the detector:6E > 0:06p > 0:06p > 35:0� 6E (3.9)Figure 3.4 illustrates the e�ects of the missing momentum cuts on signal semileptonic WWdecays and on the Z=
!q�q(
) background process.Table 3.2 lists the e�ciencies of the various cuts for all the processes considered. Insubsequent tables of e�ciencies, only background processes with an expectation of at least0.5 events for the 10.65 pb�1 of data collected at ps = 172 GeV are shown.3.1.3 Lepton track selection.The high energy lepton in semileptonic WW decays is selected by taking advantage of thelarge angle between the lepton and the neutrino. At LEP energies just above the threshold
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Figure 3.4: Illustration of the e�ects of the missing momentum cuts on the signal(W+W�!`��q�q) and the main background (Z=
!q�q(
)) processes. The number of eventsis normalised to the data luminosity.for WW pair production, the W bosons have a small boost. A consequence of this is thatthe two fermions from each W decay are emitted almost back-to-back. Therefore, thelepton can be selected by �rst assuming that the neutrino direction is approximated bythe missing momentum direction and then �nding the good charged track with the highestmomentum component anti-parallel to this [64]. At ps = 172 GeV, this technique is 92%e�cient in the e��q�q channel and 97% e�cient in the ���q�q channel, considering only the95% of semileptonic WW events where the lepton is within the tracking acceptance ofj cos � j < 0:95. This method does not work for the � ��q�q channel due to the presence ofa second energetic neutrino from the � decay, which means that the missing momentumdirection is no longer a good approximation for the direction of the neutrino from the W



70 3. Semileptonic event selection.Process E�ciency (%)Nch and Ech 6E and 6p 6p3e+e�!W+W�!e��q�q 99.9 99.1 98.8e+e�!W+W�!���q�q 99.9 99.3 99.1e+e�!W+W�!� ��q�q 99.6 99.4 98.6e+e�!W+W�!q�qq�q 100.0 10.8 10.8e+e�!W+W�!`�`� 1.1 1.1 0.9e+e�!Z=
!q�q(
) 91.7 60.5 30.3e+e�!Z=
!�+��(
) 25.9 20.2 14.3e+e�!Z=
!�+��(
) 0.02 0.00 0.00e+e�!e+e�(
) 0.05 0.01 0.01e+e�!ZZ 61.4 34.6 29.9e+e�!Ze+e� 33.2 29.1 15.3e+e�!We�e 64.4 64.1 53.1

!e+e� 0.00 0.00 0.00

!�+�� 0.00 0.00 0.00

!�+�� 0.08 0.08 0.05

!q�q 1.00 1.00 0.91E�ciency (%) 99.9 99.2 98.9Purity (%) 2.5 3.6 5.9Predicted events 1569 1090 659Observed events 1640 1095 607Table 3.2: Preselection e�ciencies for all signal and background processes. The symbol `in `�`� represents an electron, muon or tau.decay, and the lower energy of the charged particle(s) from the � decay.At higher LEP energies, the boost of the W bosons increases and the angle betweenthe lepton and the neutrino, �`�, decreases. Table 3.3 shows that the e�ciency of thistechnique at �nding the lepton from the semileptonic W decay drops slowly as the LEPenergy rises. However, even at ps = 192 GeV, the technique is still very e�cient.The di�erence of 5% between the e�ciency for the e��q�q and the ���q�q channels is due tothe emission of Bremsstrahlung photons from the electron as it passes through the detectorand also to the increased incidence of �nal state radiation (FSR) from the W ! e�� decaydue to the lighter electron mass. Both of these processes distort the electron momentumand thus reduce the e�ciency.The advantage of only using kinematic information to select the lepton is the track



3.1 Semileptonic event selection at ps = 172 GeV. 71ps � (c�1) <�`�> (�) e��q�q E�. (%) ���q�q E�. (%)161 0.05 157 92.3 97.3172 0.36 146 91.7 97.0184 0.49 135 89.1 95.1192 0.55 129 87.0 92.3Table 3.3: The W boost, the mean lepton-neutrino angle and the lepton track identi�catione�ciency (corrected for the detector acceptance) for several LEP energies.chosen in background events tends to be a low energy track within a jet. Typically, thistrack is a pion (62%), a kaon (20%) or a proton (10%) for the Z=
!q�q(
) backgroundprocess. Therefore, energy, isolation and lepton identi�cation variables discriminatebetween signal and background events very powerfully. The alternative technique ofchoosing the identi�ed lepton with the highest energy [65] would �nd energetic electrons ormuons in background events, for example from heavy 
avour decays in Z=
!q�q(
) decays.This would make the discrimination necessary to obtain a pure sample of semileptonic WWdecays with high e�ciency more di�cult.3.1.4 Lepton identi�cation.Loose lepton identi�cation criteria [66] are applied to the selected track in order to separatethe e��q�q and ���q�q channels. The aim is to retain a very high e�ciency for semileptonicWW decays whilst reducing the background further. The lepton identi�cation estimatorsare shown in �gure 3.5 and the criteria for electron identi�cation are:� The momentum of the track must exceed 2 GeV=c. This ensures that there is areasonable energy deposit in the ECAL detector on which to base the calculation ofthe electromagnetic shower shape.� The allowed values for the RT, RL and RI estimators, where the calculations musthave converged with at least 50 independent values of dE=dx for RI, depend on theECAL geometry:In a good region, then RT > -3 and RL converged.In an overlap region, then fRT > -5 and RL convergedg or fRI > -0.5g.In a crack region, then fRT > -7 and RL convergedg or fRI > -0.5g.



72 3. Semileptonic event selection.The criteria for muon identi�cation are:� The momentum of the track must exceed 3 GeV=c. This ensures a muon wouldpenetrate through the ECAL and HCAL detectors to the muon chambers.� The QMUID0 [49] routine is used to analyse the response of the HCAL detectorand the muon chambers. The track is identi�ed as a muon if the identi�cation 
agis positive, which occurs if the hit pattern in HCAL is inconsistent with that from ahadron or if there is at least one hit in the muon chambers.
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Figure 3.5: The electron identi�cation estimators and the muon identi�cation 
ag.The identi�cation e�ciency is nearly 100% for the electrons and muons from semileptonicWW decays that are correctly selected by the missing momentum technique. Note thatin those semileptonic WW decay events where the lepton is not selected, the track chosen



3.1 Semileptonic event selection at ps = 172 GeV. 73usually fails the lepton identi�cation criteria. The selection e�ciencies for signal andbackground after lepton identi�cation are shown in Table 3.4. Due to the loose electronidenti�cation, 2% of the identi�ed leptons satisfy both sets of criteria. In this case, thetrack is taken to be a muon as the likelihood of a real electron penetrating the HCAL isvery small. Process E�ciency (%)e��q�q channel ���q�q channele+e�!W+W�!e��q�q 87.8 0.5e+e�!W+W�!���q�q 0.2 91.4e+e�!W+W�!� ��q�q 8.8 8.4e+e�!W+W�!q�qq�q 0.2 0.3e+e�!W+W�!`�`� 0.2 0.1e+e�!Z=
!q�q(
) 1.7 1.1e+e�!Z=
!�+��(
) 1.3 0.4e+e�!e+e�(
) 0.01 0.00e+e�!ZZ 2.7 2.0e+e�!Ze+e� 2.5 0.6e+e�!We�e 3.4 1.3

!�+�� 0.01 0.00

!q�q 0.04 0.01E�ciency (%) 87.8 91.4Purity (%) 30.8 48.3Predicted events 56.4 36.9Observed events 53 39Table 3.4: E�ciencies after lepton identi�cation for signal and background processes.3.1.5 Energy correction for Bremsstrahlung.The electron energy is an important quantity for both the determination of the W bosonmass and the discrimination between signal and background processes. However, in 40%of e��q�q events the electron radiates a Bremsstrahlung photon with an energy of at least0.5 GeV. This degrades the resolution on the original electron energy as shown in Figure 3.6and distorts the electron energy spectrum to lower energies as shown in Figure 3.7.The Bremsstrahlung photons are radiated when the electron interacts with materialin the detector. Most of the Bremsstrahlung photons are produced at radii of 12 cm and
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Figure 3.6: The resolution on the electron energy in (a) events without any Bremsstrahlungor FSR and (b) events with Bremsstrahlung only.
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Figure 3.7: Comparison of the electron and muon energy spectra, for correctly identi�edleptons from simulated W+W�!`��q�q decays.31 cm, which correspond to the concentrations of material found at the VDET/ITC andITC/TPC boundaries. The accuracy of the simulation of the material at these radii hasrecently been checked by a study of photon conversions [67]. The reasonable descriptionof the amount of detector material is improved for the ps = 183 GeV simulation.In order to recover some of the lost resolution, a search is made for energy deposits ina region nearby to the electron impact point on the ECAL [64, 68]. Figure 3.8 shows thatthis region is de�ned by:



3.1 Semileptonic event selection at ps = 172 GeV. 75� A cone of 2� around the impact point on ECAL of the electron track.� An ellipse that joins cones of 2� around the impact points on ECAL of twohypothetical photons, radiated from the electron at the VDET/ITC and ITC/TPCboundaries respectively.
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Search region for photons
from a low energy electron

Search region for photons
from a high energy electron

y

x
BFigure 3.8: Schematic of the region of ECAL that is checked for energy deposits.Any energy deposits, with an energy greater than 0.5 GeV, found in this region are thencombined in one of the following two ways with the measurement of the electron trackmomentum.If less energy is found in any overlap region between the cone and the ellipse thanin the rest of the ellipse, then the electron and Bremsstrahlung photon electromagneticshowers are separable. The photon energy is estimated by weighting the energy in theoverlap region by: Eellipse onlyEellipse only +Econe only (3.10)and adding that amount to the energy found only in the ellipse. The electron four-vectorfrom the tracking and the estimate for the photon four-vector are then simply added.However, for electrons with energies greater than about 6 GeV, the electron andBremsstrahlung photon electromagnetic showers in the ECAL are not usually separable.In this case, the total energy deposit in the ECAL and the electron track energy arecombined using weights wtrack and wcal to give a corrected energy and momentum:



76 3. Semileptonic event selection.Ecorr = wtrackEtrack + wcalEcalpcorr = wtrackptrack + wcalpcal (3.11)The weights are based on the signi�cance, x, of the di�erence between the calorimeter andthe tracking estimates for the electron energy:x = Ecal �Etrackq�2cal + �2track (3.12)The calorimeter and tracking energy resolutions, �cal and �track, are shown in Figure 3.9,where it is assumed that the track helix �t uses at least 19 TPC, 6 ITC and 1 VDETcoordinates [49]: �cal = 0:01Ecal + 0:18pEcal�track = 0:6 � 10�3E2track (3.13)An estimator R 2 [0,1] is constructed using the error function:R = 0:5(1 + erf (1:5 � x)) where erf (1:5 � x) = 2p� Z 1:5�x0 e�t 2dt (3.14)and then the weights are de�ned as:wcal = 1�R�2cal and wtrack = R�2track (3.15)
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3.1 Semileptonic event selection at ps = 172 GeV. 77such that if the calorimeter energy is more than three standard deviations above the track-ing energy, then the corrected energy is essentially the calorimeter energy as illustratedby Figure 3.10.
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Figure 3.10: The weights for a track with a momentum of 50 GeV are shown as a functionof the calorimeter energy in (a). The value for the corrected energy is shown in (b) as afunction of the calorimeter energy.In order to avoid introducing noise, the tracking measurement is kept if the correctionis less than 0.3 GeV [69]. The improved electron energy resolution is shown in Figure 3.11and the energy added by the correction in Figure 3.12. Table 3.5 lists the mean energyadded to the electron and the percentage of selected events to which the correction isapplied for W+W�!e��q�q decays and the main background of Z=
!q�q(
) decays. Thecorrection is applied to a large percentage of the background events because the track isnormally in a jet and so energy deposits from nearby particles are also added.
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Figure 3.12: The energy added by the Bremsstrahlung correction to electrons in simulationand data.3.1.6 Lepton energy.The energy distribution of the lepton, shown in Figure 3.13, a�ords powerful discriminationbetween signal and background. Imposing the requirement that the lepton energy shouldbe over 15 GeV keeps over 99% of the signal and rejects 50% and 75% of the Z=
!q�q(
)background for the e��q�q and ���q�q channels respectively. The lower rejection power for thee��q�q channel is a result of the Bremsstrahlung correction, which can increase the energyof the selected track in background events. Table 3.6 lists the e�ciencies for all the signal



3.1 Semileptonic event selection at ps = 172 GeV. 79Process Composition Percentage with Mean energyenergy added added (GeV)e+e�!W+W�!e��q�q 100 37 9.3No Brem. or FSR 40 14 1.6Brem. only 43 49 10.7EBrem >5 GeV 16 86 15.4FSR only 9 50 9.3EFSR >5 GeV 4 76 13.5e+e�!Z=
!q�q(
) 100 46 16.9Table 3.5: Mean energy added by the Bremsstrahlung correction to fully simulated,selected W+W�!e��q�q and e+e�!Z=
!q�q(
) events. The second column breaks thesample down into various components and the third column gives the percentage of thatcomponent to which energy is added.
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0 20 40 60Figure 3.13: The lepton energy distribution for the e��q�q and ���q�q channels.and background processes.3.1.7 Jet clustering.The hadronic W decay produces two or more jets of collimated particles. Two jets arereconstructed by the DURHAM [70, 71, 72] clustering algorithm. This is applied to allthe energy 
ow objects that are not used to construct the lepton, ie the energy 
ow copyof the lepton charged track and the energy 
ow object based on any ECAL energy depositassociated to the electron by the Bremsstrahlung correction are excluded.



80 3. Semileptonic event selection.Process E�ciency (%)e��q�q channel ���q�q channele+e�!W+W�!e��q�q 87.1 0.2e+e�!W+W�!���q�q 0.1 90.8e+e�!W+W�!� ��q�q 6.7 7.0e+e�!W+W�!q�qq�q 0.1 0.1e+e�!W+W�!`�`� 0.2 0.1e+e�!Z=
!q�q(
) 0.9 0.4e+e�!Z=
!�+��(
) 1.1 0.4e+e�!ZZ 1.7 1.3e+e�!Ze+e� 1.9 0.2e+e�!We�e 2.6 0.5E�ciency (%) 87.1 90.8Purity (%) 51.4 70.2Predicted events 33.5 25.2Observed events 35 25Table 3.6: E�ciencies after requiring that the lepton energy should be greater than 15GeV.The DURHAM algorithm de�nes the jet resolution variable y as:y = 2�min[E21 ; E22 ](1� cos �12) (3.16)where E1 and E2 are the energies of two particles that are separated by an angle �12. Thisvariable is calculated for every pair of energy 
ow objects. The pair with the smallestvalue for y are combined together into a new pseudo-particle, with four-momentum p12de�ned according to the massless P scheme described below. This procedure is repeateduntil there are exactly two objects left, which are called jets.In the P scheme, the momentum of the pseudo-particle (12) is the vector sum of themomenta of particles 1 and 2. The energy of the pseudo-particle (12) is rescaled so thatit has zero invariant mass: p12 = p1 + p2E12 = jp1 + p2 j (3.17)Monte Carlo studies show that this scheme gives the best energy and angular resolutionsfor the jets relative to the original quarks [73]. However, the studies also show that this



3.1 Semileptonic event selection at ps = 172 GeV. 81massless combination biases the invariant mass of the two jets away from the hadronic Wmass. Therefore, after the energy 
ow objects have been assigned to a jet by the P scheme,the four-vectors of all the energy 
ow objects belonging to each jet are simply added, sincethis is found to give the smallest bias between the reconstructed and the generated Wmasses. The energy and angular resolutions on the jets are shown in Figure 3.14.
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Figure 3.15: The lepton energy, the missing transverse momentum and the isolation of thelepton for the e��q�q and ���q�q channels.A three-dimensional space, constructed from the above variables, is populated withevents from simulation. Probability density functions (pdfs), represented by multiquadricradial basis functions [74], are evaluated separately for signal and background in both thee��q�q and ���q�q channels [75].In the e��q�q channel, the pdf g(Ee; 6 pT ; isoe j e��q�q) represents the hypothesis that anevent is from the W+W�!e��q�q process and the pdf g(Ee; 6pT ; isoe j bkg) the hypothesisthat the event is from background processes. Then the probability that an event withobserved values of Ee; 6 pT and isoe is from the W+W�!e��q�q process can be obtainedfrom the pdfs using Bayes' Theorem [76]:



3.1 Semileptonic event selection at ps = 172 GeV. 83
P (e��q�q j Ee; 6pT ; isoe) = �e��q�q�total g(Ee; 6pT ; isoe j e��q�q)�e��q�q�total g(Ee; 6pT ; isoe j e��q�q) + �bkg�total g(Ee; 6pT ; isoe j bkg)(3.19)where �e��q�q�total and �bkg�total are the prior probabilities for the hypotheses e��q�q and background.The total selected cross section, �total, is the sum of the cross sections for the signal, �e��q�q,and background, �bkg , processes. The probability that an event is from theW+W�!���q�qprocess is calculated in a similar way.Figure 3.16 shows the probabilities and the variation of the e�ciency, purity andquality factor (de�ned as the square root of the product of the e�ciency and the purity)with a lower bound on the probability for the e��q�q and the ���q�q channels. The optimumlower bound is de�ned to be that which maximises the quality factor, which leads to thesmallest statistical error on the cross section. The values for the lower bounds are:P (e��q�q j Ee; 6pT ; isoe) � 0:36P (���q�q j E�; 6pT ; iso�) � 0:70 (3.20)The e�ciencies after these requirements are shown in Table 3.7Process E�ciency (%)e��q�q channel ���q�q channele+e�!W+W�!e��q�q 83.1 0.1e+e�!W+W�!���q�q 0.1 88.8e+e�!W+W�!� ��q�q 4.8 5.1e+e�!W+W�!q�qq�q 0.0 0.0e+e�!W+W�!`�`� 0.2 0.0e+e�!Z=
!q�q(
) 0.01 0.01e+e�!Z=
!�+��(
) 0.10 0.02e+e�!ZZ 0.27 0.30e+e�!Ze+e� 0.23 0.00e+e�!We�e 1.60 0.20E�ciency (%) 83.1 88.8Purity (%) 91.4 93.4Predicted events 18.0 18.5Observed events 14 20Table 3.7: E�ciencies with the lower bounds on the probabilities.
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Figure 3.16: The e��q�q and ���q�q probabilities are shown in the upper plots, where the insetgraphs show the e��q�q or ���q�q fraction versus the e��q�q or ���q�q probability. The variationof the e�ciency, purity and quality factor with a lower bound on the probability is shownin the lower plots.3.1.9 Summary.The overall e�ciency and purity of the selection are high at 83.1% and 91.4% for the e��q�qchannel and 88.8% and 93.4% for the ���q�q channel. The expected and observed numberof events from the 10.65 pb�1 of data collected at ps = 172 GeV are in good agreement.Figure 3.17 shows a display of a data event that is selected as an e��q�q candidate andFigure 3.18 shows a data event that is selected as an ���q�q candidate. Note the large ECALenergy deposit for the electron in the e��q�q candidate and the hits in the muon chambersfor the muon in the ���q�q candidate. The line that traverses the detector indicates thedirection of the missing momentum vector.
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3.2 Semileptonic event selection at ps = 183 GeV. 873.2 Semileptonic event selection at ps = 183 GeV.At ps = 183 GeV, the cross section for e+e�!W+W�!e��q�q and e+e�!W+W� !���q�q events increases by 1 pb to 4.6 pb. The philosophy of the selection is the same as thatforps = 172 GeV. This section concentrates on improvements to the reconstruction of thelepton energy and comparisons of simulation with data for the selection variables. Severalimprovements to the simulation are discussed brie
y below. In addition, the reconstructionof charged particles in the tracking detectors is improved by a new program [77].3.2.1 Simulation improvements.Several problems with the simulation of the detector response have been resolved, includ-ing: � An error from 1996 in a VDET database, which shifted the alignment of the VDETin simulation by 8 �m in both the z and the r� planes. The z shift simply moves theposition of the primary vertex. The e�ect in r�, which is a translation in the planeof each VDET wafer, causes a change in the distance of closest approach of a trackto the primary vertex and a shift in the momentum for positive and negative tracksin opposite senses. The magnitude of the shift is � 2 GeV=c for a 90 GeV=c trackand � 0.1 GeV=c for a 20 GeV=c track, so it is a bias of approximately 0.5�track [78].This has a detrimental e�ect on the high-energy leptons from semileptonic WWdecays. The RT estimator, which compares the momentum of the track with theenergy deposit in ECAL, is also shifted and broadened in a momentum-dependentway from the normal distribution [79].� The electronic readout system for the ECAL was replaced in 1994. As a result,the electronic noise in the barrel decreased by a factor of two. In the simulation, itwas incorrectly assumed that this was also true in the endcap region [80]. Note thatelectronic channels with readings consistently above the noise threshold are not usedin the reconstruction of energy deposits in the ECAL, which causes the simulationto underestimate the ECAL energy.� The previously poor simulation of the HCAL response to single pions is muchimproved. This reverses the sign of the discrepancy in the HCAL energy between



88 3. Semileptonic event selection.data and simulation in Z=
!q�q(
) events [81]. Improvements to the geometricaldescription and modelling of the response of the HCAL will further reduce thisdiscrepancy in future [82].The ECAL problem is the main source of a large discrepancy between the simulatedjet energy and the measured jet energy in data discussed in 7.1.3. The new simulation atps = 183 GeV was made available in May 1998 and is used throughout the ps = 183 GeVanalysis.3.2.2 Monte Carlo and data samples.As at ps = 172 GeV, the KORALW, version 1.21, generator is used to simulate WWprocesses. Monte Carlo samples, with integrated luminosities corresponding to at leasteighty times that of the data, are fully simulated for all background reactions. The crosssection for the e+e�!Ze+e� process is much higher as the minimum invariant mass ofthe e+e� system is now 0.2 GeV=c2 instead of 12 GeV=c2. For two-photon reactions, theminimum invariant mass is 2.5 GeV=c2 and the minimum lepton transverse momentumis 0.15 GeV=c for leptonic �nal states. The minimum invariant mass is 40 GeV=c2 forhadronic �nal states. The cross sections and number of events simulated for all of theprocesses are given in Table 3.8.The integrated luminosity of 56.81 � 0.11 pb�1 was collected by the ALEPH detectorat LEP in 1997 at a mean centre-of-mass energy of 182.655 � 0.048 GeV, with 0.17 pb�1at 180.83 GeV, 3.92 pb�1 at 181.72 GeV, 50.79 pb�1 at 182.69 GeV and 1.93 pb�1 at183.81 GeV. The �nal alignment obtained in October 1998 for the ps = 183 GeV data isused in this analysis. The previous alignment su�ered from a deformation to the geometryof the VDET, due to an incorrect database entry from the 1997 alignment. This shifted themomentum of positive and negative tracks in opposite senses by over half the momentumresolution - the di�erence is 3 GeV=c for tracks with a nominal momentum 90 GeV=c.The overall VDET resolution in the r� plane improves from 10 to 8 �m on the realignmentof the undeformed VDET and the momentum resolution also improves signi�cantly. Thealignment of the ps = 183 GeV data was especially problematic due to �eld distortionsin the TPC, caused by the build-up of charge on the TPC laser mirrors after a beam lossoccurred in ALEPH [83].



3.2 Semileptonic event selection at ps = 183 GeV. 89Process Cross section Number of(pb) eventse+e�!W+W�4-f MW= 79.85 GeV=c2 16.04 50,0004-f MW= 80.10 GeV=c2 16.01 50,0004-f MW= 80.35 GeV=c2 16.01 400,0004-f MW= 80.60 GeV=c2 15.97 50,0004-f MW= 80.85 GeV=c2 15.69 50,000CC03 MW= 80.25 GeV=c2 15.71 400,000e+e�!Z=
!q�q(
) 107.6 500,000e+e�!Z=
!�+��(
) 8.3 350,000e+e�!Z=
!�+��(
) 8.9 600,000e+e�!e+e�(
) 1025. 300,000e+e�!ZZ 2.545 30,000e+e�!Ze+e� 97. 60,000e+e�!We�e 0.672 6,000

!e+e� 3760. 250,000

!�+�� 3420. 293,000

!�+�� 421. 389,000

!q�q 1100. 200,000Table 3.8: Generated cross sections and number of events for all signal and backgroundprocesses considered.3.2.3 Preselection and lepton identi�cation.The preselection scales automatically to higher LEP energies and is still over 99% e�cientfor signal semileptonic decays whilst rejecting 71% of the Z=
!q�q(
) process. Figure 3.19shows the number of good charged tracks and the charged energy and Figure 3.20 showsthe missing energy, missing momentum and the missing momentum component parallelto the beam axis. The apparent discrepancy between data and simulation, which appearsfor example at the low end of the charged energy distribution, is due to the too highvalue for the invariant mass cut in the simulation of hadronic �nal states from two-photonreactions. The e�ciencies are shown in Table 3.9.The lepton track is identi�ed as the good charged track with the highest momentumcomponent anti-parallel to the missing momentum. The e�ciency for identifying thelepton is 89% in the e��q�q channel and 95% in the ���q�q channel, considering only the 95%
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Figure 3.20: Missing energy, missing momentum and the component of the missingmomentum parallel to the beam axis.



3.2 Semileptonic event selection at ps = 183 GeV. 91Process E�ciency (%)Nch and Ech 6E and 6p 6p3e+e�!W+W�!e��q�q 99.8 98.3 98.3e+e�!W+W�!���q�q 99.6 98.4 98.2e+e�!W+W�!� ��q�q 99.6 99.1 98.8e+e�!W+W�!q�qq�q 100.0 11.4 11.4e+e�!W+W�!`�`� 1.2 1.2 1.1e+e�!Z=
!q�q(
) 90.0 56.7 29.4e+e�!Z=
!�+��(
) 5.4 4.8 3.8e+e�!Z=
!�+��(
) 0.00 0.00 0.00e+e�!e+e�(
) 0.11 0.02 0.01e+e�!ZZ 62.3 33.5 30.1e+e�!Ze+e� 2.5 2.2 1.1e+e�!We�e 64.7 64.6 57.5

!e+e� 0.00 0.00 0.00

!�+�� 0.00 0.00 0.00

!�+�� 0.06 0.06 0.04

!q�q 0.93 0.93 0.87E�ciency (%) 99.7 98.4 98.2Purity (%) 3.6 5.4 8.7Predicted events 7243 4721 2939Observed events 7799 5280 3166Table 3.9: Preselection e�ciencies for all signal and background processes. The symbol `in `�`� represents an electron, muon or tau.of semileptonic WW events where the lepton is within the tracking acceptance of jcos � j<0.95. The drop of about 3% in e�ciency from ps = 172 GeV is due to the higher boostof the W decay products, as discussed in Section 3.1.3.The lepton identi�cation criteria are the same as at ps = 172 GeV and the estimatorsare shown in Figure 3.21. The selection e�ciencies for signal and background after leptonidenti�cation are given in Table 3.10.
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Figure 3.21: The electron identi�cation estimators and the muon identi�cation 
ag.
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Process E�ciency (%)e��q�q channel ���q�q channele+e�!W+W�!e��q�q 85.3 0.3e+e�!W+W�!���q�q 0.47 86.5e+e�!W+W�!� ��q�q 7.7 6.6e+e�!W+W�!q�qq�q 0.35 0.27e+e�!W+W�!`�`� 0.26 0.17e+e�!Z=
!q�q(
) 1.7 1.0e+e�!Z=
!�+��(
) 0.56 0.12e+e�!e+e�(
) 0.01 0.00e+e�!ZZ 2.5 2.0e+e�!Ze+e� 0.24 0.02e+e�!We�e 4.0 1.4

!�+�� 0.01 0.00

!q�q 0.05 0.01E�ciency (%) 85.3 86.5Purity (%) 38.9 57.2Predicted events 286 197Observed events 330 213Table 3.10: E�ciencies after lepton identi�cation for signal and background processes.



94 3. Semileptonic event selection.3.2.4 Energy correction for Bremsstrahlung.At ps = 172 GeV, the search for energy deposits from Bremsstrahlung photons uses acone, with an opening angle of 2�, around the electron impact point on ECAL. No checkis made on the isolation of the electron, with the result that a lot of energy is added tothe electron candidate track in background events.In order to investigate whether an opening angle of 2� is the optimal choice, the bias andresolution on the electron energy are studied for several opening angles. Figure 3.22 showsthe bias and resolution, which are de�ned to be the mean and RMS of the distribution ofthe reconstructed electron energy minus the true electron energy, known from simulation.Only events in which the electron in e��q�q events is correctly identi�ed by the missingmomentum technique are studied here. The results are separated into four classes:� e��q�q events with neither Bremsstrahlung nor Final State Radiation (FSR) fromthe electron.� e��q�q events with Bremsstrahlung but without FSR from the electron.� e��q�q events without Bremsstrahlung but with FSR from the electron.� e��q�q events with Bremsstrahlung and with FSR from the electron (not shown).With no correction at all, ie an opening angle of 0�, the electron energy is underestimatedby over 5 GeV on average for events with Bremsstrahlung and the resolution on the electronenergy is 9 GeV instead of 1.6 GeV. As the opening angle is increased, the average biasgoes down to -0.7 GeV and the resolution improves to just under 3 GeV. The optimalchoice for the opening angle is in the range 2�- 3�. In order to improve the resolutionslightly for events with FSR, the opening angle is chosen to be 2.5�.In order to reduce the amount of energy added to the electron candidate track inbackground events, the amount of charged energy within 6� of the electron track is requiredto be less than 5 GeV. This is designed to keep the Bremsstrahlung correction for 99%of the signal W+W�!e��q�q events and to reduce the percentage of Z=
!q�q(
) events towhich the correction is applied, in this case to 53%.During the development of the ps = 183 GeV analysis, the simple weighting of thetracking and calorimeter estimates for the electron four-vector was found to bias thedirection of the electron. The tracking actually gives the best estimate for the original
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0 2 4 6 8 10Figure 3.22: The variation of the bias (top) and resolution (bottom) on the electron energyfor several values of the opening angle.electron direction due to the importance of the high precision coordinates from the VDETin the track helix �t. As the majority of the Bremsstrahlung radiation occurs afterthe electron has passed through the VDET, the VDET coordinates are on the originaltrajectory of the electron. Therefore, the electron energy is corrected as before, but thetracking estimate for the direction is kept and the electron track momentum is simplyscaled in order to set the electron mass:Ecorr = wtrackEtrack + wcalEcalpcorr = pE2corr�m2ejptrackj ptrack (3.21)



96 3. Semileptonic event selection.3.2.5 Search for Final State Radiation.Final State Radiation occurs as a result of the acceleration of a charge during the decay ofthe W boson. In the KORALW program, FSR is modelled by PHOTOS [58]. FSR, of upto two photons, happens in 18% of all simulated W !e�� decays and 10% of all simulatedW !��� decays, with a mean photon energy of 8 GeV. The photons may be radiated atlarge angles with respect to the lepton, though 90% are within 30� of the lepton. Someof the photons are recovered by the Bremsstrahlung correction, but the remainder aremistakenly included in the jet clustering. This can seriously bias the jet direction andenergy and can give an equal mass constraint kinematic �t severe problems.In order to improve the event reconstruction, a search is made for FSR [84]. Figure 3.23shows a display of a simulated ���q�q event with FSR. The energy deposit in ECAL from thephoton is clearly visible and is easily identi�ed as a photon by the GAMPEX program [85].Therefore, the closest GAMPEX photon to the lepton that meets the following criteria isconsidered as an FSR candidate:� Energy greater than 0.5 GeV.� Inconsistent with a �0 ! 

 hypothesis from QPI0DO [86].� Not associated to any object found by the Bremsstrahlung correction.In order to avoid photons that are from the hadronic jets or from ISR, the following threerequirements, illustrated in Figure 3.24, must be satis�ed:� The photon must be more than 40� away from the nearest good charged track thatis not the lepton. In simulated events, 95% of the photons from the hadronic jetsare within 40� of a good charged track that is not the lepton.� The photon must be closer to the lepton than to the beam axis. In simulatedevents, 70% of all ISR photons are within 20� of the beam axis. Note also thatphoton identi�cation extends down to 12� from the beam axis and that the leptonmust be at least 18� away from the beam axis.� The photon must be closer to the lepton than to any other charged track.The four-vector of the FSR candidate is then added to the tracking estimate of the leptonfour-vector. This is di�erent to the Bremsstrahlung case as FSR occurs essentially at the
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Figure 3.24: Schematic of photons in a W+W�!e��q�q decay.interaction point and may subtend a wide angle with respect to the lepton. Therefore, thetracking estimate of the lepton direction does not, in general, closely correspond to theoriginal lepton direction.As photons are not identi�ed close to charged tracks with high e�ciency, any energydeposit over 2 GeV that is found in the Bremsstrahlung region is added to the muon trackenergy in order to improve the reconstruction of the muon energy. The isolation checkdescribed in the previous section is also made for the muon.The performance of the combined Bremsstrahlung correction and FSR search is shownin Table 3.11. The correction is applied to 39% and 9% of simulated e��q�q and ���q�q events,respectively. After subtracting the percentage of events without any photon radiationbut to which the correction is mistakenly applied, about 45% of all FSR photons arerecovered, increasing to 60% for FSR photon energies above 5 GeV. Around 32% of theBremsstrahlung photons are found, which increases to 71% for Bremsstrahlung photonenergies over 5 GeV. Energy is mistakenly added to the lepton in 18% and 4% of e��q�qand ���q�q events, respectively, but the average energy added is much less at 2 GeV. Thecorrection is applied to 18% of the simulated Z=
!q�q(
) events selected in the e��q�qchannel and only 9% of those selected in the ���q�q channel.Figures 3.25 and 3.26 show the resolution on the lepton energy before and after theBremsstrahlung correction and FSR search for leptons with and without energy lost tophoton radiation. The resolution on the lepton energy, in those events that do not have any



3.2 Semileptonic event selection at ps = 183 GeV. 99Process Composition Percentage with Mean energyenergy added added (GeV)e+e�!W+W�!e��q�q 100 39 9.4No Brem. or FSR 40 18 1.6Brem. only 44 50 10.8EBrem >5 GeV 14 89 16.8FSR only 9 59 10.8EFSR >5 GeV 4 78 17.1e+e�!Z=
!q�q(
) 100 18 15.7e+e�!W+W�!���q�q 100 8 5.1No FSR 91 4 2.3FSR 9 54 7.1EFSR >5 GeV 3 65 13.6e+e�!Z=
!q�q(
) 100 9 10.6Table 3.11: Mean energy added by the combined Bremsstrahlung correction and FSRsearch to fully simulated, selected W+W�!e��q�q and e+e�!Z=
!q�q(
) events. Thesecond column breaks the sample down into various components and the third columngives the percentage of that component to which energy is added.energy lost to photon radiation, is not signi�cantly worsened by the corrections, althoughthe energy is biased upwards by 0.2 GeV on average for electrons. The overall resolutionon the electron energy improves to 4.2 GeV from 8.7 GeV and the bias decreases to-0.8 GeV from -4.3 GeV. The overall resolution on the muon energy also improves to3.1 GeV from 3.8 GeV and the bias decreases to -0.2 GeV from -0.6 GeV. The energyadded by the Bremsstrahlung correction and FSR search is shown in Figure 3.27 for dataand simulation. The agreement between them is good.
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Figure 3.26: The resolution on the muon energy, in fully simulated and selected ���q�qevents, before the FSR search for (a) events without any energy lost to photon radiationand (b) events with some energy lost to photon radiation. The corresponding resolutionsafter the FSR search are shown in (c) and (d).
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0 10 20 30 40 50Figure 3.27: The energy added by the Bremsstrahlung correction and FSR search to (left)electrons and (right) muons for simulation and data.3.2.6 Lepton energy.The discriminating power between signal and background that is obtained from the leptonenergy distribution, which is shown in Figure 3.28, is maximised by requiring the leptonenergy to be at least 21 GeV. This keeps 99% of the signal semileptonic WW decays andrejects 73% of the Z=
!q�q(
) background in both the e��q�q and ���q�q channels. Theincreased rejection power for the e��q�q channel with respect to the ps = 172 GeV analysisis due to the requirement that the electron should be isolated for the Bremsstrahlungcorrection to be applied. Table 3.12 lists the e�ciencies for all the signal and backgroundprocesses.3.2.7 Association of energy 
ow objects to the lepton.In order to correctly reconstruct the two jets from the hadronic W decay, all objectsassociated to the lepton must be identi�ed and removed from the list of energy 
ow objectsused by the jet clustering algorithm. At ps = 172 GeV, the lepton charged track and anyECAL energy deposit associated by the Bremsstrahlung correction are excluded. However,the electron energy deposit may be partially in the HCAL, which creates a di�erent kindof energy 
ow object, or the muon may deposit more energy in the calorimeters thanexpected, which creates an additional energy 
ow object. These energy 
ow objects shouldalso be excluded.
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Figure 3.28: The lepton energy distribution for the e��q�q and ���q�q channels.Process E�ciency (%)e��q�q channel ���q�q channele+e�!W+W�!e��q�q 84.2 0.07e+e�!W+W�!���q�q 0.18 86.0e+e�!W+W�!� ��q�q 4.3 4.1e+e�!W+W�!q�qq�q 0.08 0.07e+e�!W+W�!`�`� 0.24 0.17e+e�!Z=
!q�q(
) 0.48 0.26e+e�!Z=
!�+��(
) 0.35 0.09e+e�!e+e�(
) 0.00 0.00e+e�!ZZ 1.23 1.04e+e�!Ze+e� 0.17 0.02e+e�!We�e 1.95 0.30

!�+�� 0.00 0.00

!q�q 0.00 0.00E�ciency (%) 84.2 86.0Purity (%) 68.4 81.6Predicted events 161 137Observed events 181 130Table 3.12: E�ciencies after requiring that the lepton energy should be greater than 21GeV.



104 3. Semileptonic event selection.Therefore, the lepton charged track, any energy deposits in ECAL or HCAL associatedto the lepton by the Bremsstrahlung routine and any FSR photons associated to the leptonare all identi�ed and removed from the energy 
ow list. Any remaining energy depositsin ECAL within 1.5� or in HCAL within 2.0� of the lepton track, after extrapolation tothe relevant calorimeter, are also removed [87], provided that the lepton track passes theisolation check. The remaining energy 
ow objects are then clustered into jets using thesame algorithm as at ps = 172 GeV.3.2.8 Multidimensional discrimination.The probability density functions, which describe the three-dimensional space formed bythe lepton energy, the missing transverse momentum and the lepton isolation variablesshown in Figure 3.29, are re-parameterised at ps = 183 GeV and used to calculate the
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Figure 3.29: The lepton energy, the missing transverse momentum and the isolation of thelepton for the e��q�q and ���q�q channels.



3.2 Semileptonic event selection at ps = 183 GeV. 105probabilities as before. Figure 3.30 shows the probabilities and the variation of thee�ciency, purity and quality factor with a lower bound on the probability for the e��q�qand the ���q�q channels. The optimum values for the lower bounds are:P (e��q�q j Ee; 6pT ; isoe) � 0:40P (���q�q j E�; 6pT ; iso�) � 0:40 (3.22)The e�ciencies after these requirements are shown in Table 3.13
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Figure 3.30: The e��q�q and ���q�q probabilities are shown in the upper plots, where the insetgraphs show the e��q�q or ���q�q fraction versus the e��q�q or ���q�q probability. The variationof the e�ciency, purity and quality factor with a lower bound on the probability is shownin the right-hand plots.



106 3. Semileptonic event selection.Process E�ciency (%)e��q�q channel ���q�q channele+e�!W+W�!e��q�q 82.4 0.05e+e�!W+W�!���q�q 0.15 84.9e+e�!W+W�!� ��q�q 3.1 3.2e+e�!W+W�!q�qq�q 0.01 0.01e+e�!W+W�!`�`� 0.17 0.11e+e�!Z=
!q�q(
) 0.04 0.01e+e�!Z=
!�+��(
) 0.11 0.05e+e�!ZZ 0.37 0.46e+e�!Ze+e� 0.06 0.00e+e�!We�e 1.53 0.10E�ciency (%) 82.4 84.9Purity (%) 89.8 94.9Predicted events 119.6 116.4Observed events 130 105Table 3.13: E�ciencies with the lower bounds on the probabilities.3.2.9 Summary.The overall e�ciency and purity of the selection are high at 82.4% and 89.9% for the e��q�qchannel and 84.9% and 95.0% for the ���q�q channel. The expected and observed numberof events from the 56.81 pb�1 of data collected at ps = 183 GeV are in good agreement.



Chapter 4
Kinematic �tting.

\It is a capital mistake to theorise before one has data. Insensibly onebegins to twist facts to suit theories, instead of theories to suit facts", saidSherlock Holmes in A Scandal in Bohemia by Sir Arthur Conan Doyle.The reconstruction of the energies and directions of the two jets and the lepton can beenhanced in order to build a more sensitive estimator for the W mass. The �rst step isto correct the measurements for any biases introduced by the �nite detector acceptance.The second step is to vary the corrected measurements in order to satisfy:� Conservation of momentum (3 constraints)� Conservation of energy (1 constraint)� Hadronic W mass = Leptonic W mass (1 constraint)This gives values for the energies and directions that are more accurate than those fromthe measurements alone and which are also physically consistent with the conservationequations.The most e�ective way to use all the information from the measurements and theconstraints is a kinematic �t. Here, the corrected measurements are allowed to vary,according to their experimental resolutions, until a solution is found that both satis�esthe constraints and minimises the di�erence between the �tted and corrected quantities.The problems posed by the kinematic �t strategy adopted for the ps = 172 GeVanalysis are discussed in Section 4.1. In order to solve these problems, a new kinematic �tis developed for the ps = 183 GeV analysis and this is described in detail in Section 4.2.107



108 4. Kinematic �tting.4.1 First kinematic �t at ps = 172 GeV.The kinematic �t for semileptonic WW decays at ps = 172 GeV is adapted from thatfor the fully hadronic WW decay channel [65]. A discussion of the minimisation strategy,parameterisation, performance and problems of this approach follow. In order to decidewhether to use the equal mass constraint, a study of the relative precision of estimatorsde�ned with or without this constraint is performed.4.1.1 Minimisation strategy.The kinematic �t package MATHKINE [88] performs a least squares minimisation anduses Lagrange multipliers [89] to impose constraints. The function to be minimised is:S = (y � y0)TV �1(y � y0) + 2�f(y) (4.1)where y is the vector of �tted correction factors;y0 is the vector of expected correction factors;V is the error matrix;� is the vector of Lagrange multipliers;f(y) is the vector of constraint functions.Note well that a diagonal approximation for the error matrix is used, so all correlationsbetween the variables are neglected.The conditions that must be satis�ed for S to be a minimum are that the derivativeof S with respect to all the variables and the Lagrange multipliers must be zero:@S@y = 2V �1(y � y0) + 2�@f(y)@y = 0@S@� = 2f(y) = 0 (4.2)The starting values for y are the expected correction factors, y0, which are calculatedfrom the measured momenta and corrected for detector e�ects as discussed in the nextsection. In general, the starting values do not satisfy the constraint conditions. Animproved set of values, yl+1 with l = 0; 1; 2; : : :, can be calculated by performing a Taylorseries expansion on f(yl+1):f(yl+1) � f(yl) + @f(y)@y ����y=yl (yl+1 � yl) (4.3)



4.1 First kinematic �t at ps = 172 GeV. 109Note that the constraint equations are actually non-linear in y, so it is necessary to assumethat the correct solution is close enough for a Taylor series expansion to be applicable.On replacing @f(y)@y ���y=yl with a matrix B and manipulating 4.2, the conditions become:V �1yl+1 � V �1y0 + BT� = 0Byl+1 � Byl + f(yl) = 0 (4.4)and can be written more neatly in matrix form as:0B@ V �1 BTB 0 1CA0B@ yl+1� 1CA = 0B@ V �1y0Byl � f(yl) 1CA (4.5)This matrix equation can be solved for yl+1 by multiplying through by the inverse of0B@ V �1 BTB 0 1CA. The recursive relation obtained is:yl+1 = y0 + V BT (BV BT )�1 hB(yl � y0)� f(yl)i (4.6)which is used to �nd better approximations for y, until the change in S with each iterationfalls below some minimum value.4.1.2 Parameterisation of jet and lepton corrections.As in [65, 88], the variables are three correction factors, (ai; bi; ci), for each of the two jets,lepton and neutrino. The correction factors transform the measured momenta, pmeasi , intothe �tted momenta, p�ti , as: p�ti = aipmeasi + biu�i + ciu�i (4.7)where ai are scale factors applied to the measured momenta;bi are scale factors applied to the transverse momentum component in the� direction, ie in the plane de�ned by the measured momentum and thebeam axis;ci are scale factors applied to the transverse momentum component in the� direction, ie in the plane perpendicular to that containing the measuredmomentum and the beam axis.



110 4. Kinematic �tting.The ratio of the momentum to the energy of the jet, ie the jet velocity, is usually verywell measured as systematic e�ects due to particle mis-assignment or loss tend to cancelin the ratio. Therefore, the jet velocity is assumed to be perfectly measured and the �ttedjet energy is de�ned as: E�ti = Emeasi ���p�ti ���jpmeasi j (4.8)The expected values and expected resolutions for the correction factors are pa-rameterised from simulation as functions of the measured energy and polar angle foreach type of particle [65]. When the variables y are distributed as Gaussians withmean y0(Emeas ; cos �meas) and variance �2y0(Emeas ; cos �meas), then the value of S at theminimum is distributed as a �2. A �2 distribution is characterised by the number ofdegrees of freedom, �, which is de�ned as the number of measured quantities minus thenumber of independent �tted parameters.Here the number of measured quantities is twelve (the expected correction factorsfor the jets, lepton and neutrino), the number of �tted parameters is twelve (the �ttedcorrection factors for the jets, lepton and neutrino) and the number of constraints is �ve.This leaves seven independent �tted parameters and implies that the �t has �ve degrees offreedom. However, even ALEPH cannot measure neutrinos so the real number of measuredquantities is nine and the number of degrees of freedom is two. If the optional equal massconstraint is not used, then the number of degrees of freedom decreases to one. Theproblem of how to deal with an unmeasured particle in a kinematic �t will be discussedfurther in Section 4.1.4.4.1.3 Performance of MATHKINE.TheW mass distributions for selected, simulated semileptonic WW decays before and aftera kinematic �t with only the energy and momentum conservation constraints (� = 1) orwith the additional equal mass constraint (� = 2) are shown in Figure 4.1. The resonanceis much sharper for the �t with the equal mass constraint. Rescaling the hadronic andleptonic masses by EbeamEhad and EbeamElept , respectively, is similar to an equal mass constraint.The resolutions on the W mass before and after kinematic �ts with � = 1, � = 1 withrescaling and � = 2 are shown in Figure 4.2. After a kinematic �t with � = 2, the event-by-event bias between the �tted mass and the generated mass is over 0.650 GeV=c2 for
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Figure 4.1: W mass distributions before and after a MATHKINE �t with 1 or 2 degreesof freedom.
all semileptonic WW events, 0.280 GeV=c2 of which is due to events with over 0.5 GeV ofenergy lost to ISR. The positive shift from ISR can be easily understood as the radiationof an energetic ISR photon lowers the e�ective centre-of-mass energy for WW production.However, the conservation of energy constraint ignores the energy lost to the ISR photonand scales the energy of the jets, lepton and neutrino so that the sum is equal to the fullLEP energy. As MW � p2E1E2(1� cos �12), this biases the �tted W mass upwards. Theremainder of the bias arises from the e�ects discussed in the next section.
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Figure 4.2: Resolution on the hadronic and leptonic W masses for fully simulatedand selected semileptonic WW events: (a) hadronic and (b) leptonic resolution beforekinematic �t; (c) hadronic and (d) leptonic resolution with � = 1 kinematic �t; (e) hadronicand (f) leptonic resolution with � = 1 kinematic �t and rescaling (labelled R); (g) includingand (h) excluding events with more than 0.5 GeV of energy lost to ISR using a � = 2kinematic �t, where the true W mass is taken to be the average of the two generated Wmasses.



4.1 First kinematic �t at ps = 172 GeV. 1134.1.4 Problems.There are several problems associated with applying a kinematic �t developed for the fullyhadronic channel directly to the semileptonic channel.The �rst problem is obvious and serious - the strategy described above assumes thatall of the �tted variables that appear in the constraint equations f(y) are independentlymeasured. However, this is not true as the neutrino is not detected by ALEPH and thethree constraints from conservation of momentum have to be used to infer the neutrinomomentum from the measured momenta of the jets and the lepton. This implies that theneutrino variables are completely anti-correlated with those for the jets and the lepton.Therefore, the neutrino variables should only appear in the constraint equations andnot in the vector of �tted variables [89, 90]. If one still insists on �tting for the neutrinovariables, then the error matrix must contain o�-diagonal elements in order to accountfor the anti-correlation and to properly reduce the number of degrees of freedom to twoor one. The approximation used is to parameterise the expected correction factors andresolutions for the neutrino as a function of those for the jets and the lepton [91].The second problem is that the parameterisation for the jet correction factors is takendirectly from that for the fully hadronic WW decay channel [65]. In the fully hadronicchannel, there are four jets in the �nal state and a jet from one W can be close toa jet from the other W. This promotes mixing and degrades the energy and angularresolution of the jets with respect to the original fermions from the W decays [92]. Inthe semileptonic channel, there are only two jets in the �nal state and the absence of thesecond di-jet suppresses the mixing e�ect. The application of the jet correction factorsfrom the fully hadronic channel to the semileptonic channel results in an over-estimate ofthe jet measurement errors by a factor of 1.3 and a concomitant reduction in the sensitivityof the �t.The third problem is that the correction factor parameterisation is identical forelectrons and muons and is only a function of polar angle. The loss of energy in theform of Bremsstrahlung radiation from the electron and the use of the calorimeter energymeasurement by the Bremsstrahlung correction creates di�erences between the recon-struction of electrons and muons. The correction factors should depend on momentum aswell, since the momentum resolution from the tracking detectors for a charged particle isdirectly proportional to the momentum of the particle.



114 4. Kinematic �tting.The e�ect of these approximations is shown in Figure 4.3, where the Smin distributionis compared to a true �2 with two degrees of freedom. The agreement is only reasonablebelow 4, even when discounting those events with ISR photons above 0.5 GeV. As aconsequence, the P (�2 > Smin) distribution is only 
at when the probability to obtain aworse kinematic �t result exceeds 20%. The lack of uniformity implies that the assumedcorrection factors and resolutions are incorrect for over a quarter of semileptonic WWevents without ISR.
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Figure 4.3: The MATHKINE Smin distribution, which is compared to a true �2 distri-bution with two degrees of freedom, and the MATHKINE P (�2 > Smin) distribution forfully simulated and selected semileptonic WW events.The fourth problem is more subtle and concerns both the parameterisation and the�t strategies. The parameterisations for the expected correction factors, y0, are functionsof the measured energy and measured polar angle. However, the underlying true energyspectrum (prior to the simulation of the detector response) is not uniform and is in factcompletely contained within the allowed kinematic region, as shown in Figure 4.4. Theresult is correction factors that depend strongly on the measured energy: the jet energyis reduced when above average and increased when below average.As a case in point, consider an event that contains a jet with a measured energy of60 GeV and a measured cos � of 0.9. The parameterisation for the correction factor a,shown in Figure 4.5 (a) and derived for the relevant bin from Figure 4.4 (b), corrects thejet energy down to 57 GeV. However, the low polar angle of the jet suggests that severalparticles in the jet may be nearly collinear with the beam axis and thus go undetected. This
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Figure 4.5: The parameterisation for the MATHKINE correction factor a for jets insimulated semileptonic WW decays when (a) the measured jet energy and measured polarangle are used to de�ne the binning and (b) the true jet energy and true polar angle areused to de�ne the binning.to be applicable, then perhaps it is not too surprising to �nd that the convergence rate isover 99% for events from both WW and background processes.In addition, the sensitivity of the correction factors to the underlying energy spectrumimplies an extremely undesirable dependency on the W mass and LEP beam energyassumed by the simulation. In principle the correction factors should be re-evaluated foreach W mass and each LEP beam energy. Note that the two jets found by the clusteringalgorithm are ordered by momentum and thus have di�erent measured energy spectra.Therefore the jet corrections also have to be calculated separately for the �rst and secondjet.



4.1 First kinematic �t at ps = 172 GeV. 117The solution to this problem is to parameterise the correction factors in terms of thetrue polar energy and true polar angle, which are known from simulation. Figure 4.5(b) illustrates this approach for the correction factor a. It is obvious that all jets withjcos � j> 0:8 are corrected up in energy by between 3 and 8%.Consequently, the �t strategy must be rewritten so that the probability that a givenset of �tted parameters yields the measurements is maximised and not vice versa. Thisis equivalent to evaluating the expected correction factors and the error matrix at eachiteration of the �t. The best estimates for the true energy and true polar angle are takento be the �tted energies and �tted polar angles from the previous iteration.These problems were not realised immediately and were not solved for MATHKINEin time for the ps = 172 GeV and ps = 183 GeV W mass measurements. A newkinematic �t, described in Section 4.2, is developed to eliminate these problems forthe ps = 183 GeV measurement. Due to the low statistics at ps = 172 GeV, thismeasurement contributes negligibly to a weighted average of the two measurements.
4.1.5 Number of constraints.A kinematic �t using the equal mass constraint (� = 2) gives one W mass estimator perevent, whereas only using the conservation of energy and momentum constraints (� = 1)and then rescaling by EbeamEW would give two W mass estimators per event. The equalmass constraint is somewhat unphysical due to the �nite width of the W boson, �W �2 GeV=c2. However, this e�ect is mostly obscured as the experimental resolution on theW mass is about 6 GeV=c2 and only improves to 4 GeV=c2 with the use of the constraintsfrom conservation of energy and momentum.To investigate which option gives the smallest statistical error on the W mass measure-ment, approximately 140 independent samples from simulation are �tted using the massextraction technique described in Section 5.1. The �tted values for the mean rescaledhadronic and leptonic masses are combined, taking into account the 71% correlationbetween the subsamples. Table 4.1 shows that the estimator from the combined rescaledhadronic and leptonic W masses gives the same precision as the estimator with the equalmass constraint. For simplicity, the estimator with the equal mass constraint is chosen.



118 4. Kinematic �tting.De�nition of W mass Mean mass RMS �(RMS)estimator (GeV=c2) (GeV=c2) (GeV=c2)� = 1 rescaled hadronic 80.202 0.418 0.036� = 1 rescaled leptonic 80.248 0.487 0.042� = 1 rescaled combined 80.214 0.409 0.040� = 2 80.256 0.408 0.034Table 4.1: Statistical precision on the W mass from an estimator with � = 1 andrescaling versus an estimator with � = 2. The W mass assumed in the simulation is80.25 GeV=c2 [93].4.1.6 Summary.The kinematic �t for semileptonic WW decays at ps = 172 GeV is adapted directly fromthat for the hadronic channel. The constraints of conservation of energy, conservation ofmomentum and equal W masses are used by the �t to improve the resolution on the Wmass by a factor of four to 1.4 GeV=c2. This �t is only a �rst approximation to a propertreatment of the semileptonic channel, which possesses an unmeasured neutrino and hassuperior jet resolution.There is a serious problem with the de�nition of the correction factors for non-Gaussiandetector e�ects, which a�ects the minimisation and the parameterisation strategies for allWW decay channels. The correction factors are parameterised in terms of the measuredenergies and angles. As the underlying jet energy spectrum is completely contained withinthe range of measured energies, the correction factors depend strongly on the measuredenergy and alter the particle momenta over and above the real e�ects from detectorresponse. This implies an extremely undesirable dependence on the W mass and theLEP beam energy assumed in the simulation.4.2 New kinematic �t at ps = 183 GeV.This section describes the adaptation of a new kinematic �t to the semileptonic channel.This �t solves the problems that a�icted the �t used for the ps = 172 GeV measurement:the unmeasured neutrino is treated correctly; the jet corrections and resolutions areparameterised speci�cally for the semileptonic channel; the electron and muon correctionsand resolutions are parameterised separately; and the parameterisation and �t strategy



4.2 New kinematic �t at ps = 183 GeV. 119operate in terms of the �tted energies and angles rather than the measured energies andangles in order to avoid nasty dependencies on the measured energies and the assumed Wmass and LEP beam energy in the simulation.The KINFIT package was originally developed for the e+e�!W+W�!q�qq�q chan-nel [94]. The adaptation of the minimisation strategy to the semileptonic channel and theconvergence problems, parameterisation and performance of the �t are discussed below.4.2.1 Minimisation strategy.The KINFIT minimisation strategy is outlined in Figure 4.6. KINFIT imposes constraintsby switching to a smaller, independent set of variables. In order to fully describe ae+e�!W+W�!`��q�q event, sixteen parameters are required. These are simply the four-vectors of the four �nal state fermions. Constraints can be used to reduce the numberof independent parameters to nine, which are chosen in the following way so that theirphysical limits are also independent.A WW event can be viewed as three separate two-body decays:1. e+e� system !W+W�2. W+ !q�q3. W� !`��Each two-body decay is completely de�ned by eight parameters, which are the four-vectorsof the two decay products. Consider the decay of the W+ in the rest frame of the W+where the z-axis is parallel to the 
ight direction of the W+ in the laboratory frame, asshown in Figure 4.7. The four-vectors of the W+ and the two decay products are:W+: (MW ; 0; 0; 0)q1: (E1; px1; py1; pz1)�q2: (E2; px2; py2; pz2)and the masses of the two decay products are m1 and m2. By momentum conservationp2 = �p1 and by energy conservation E2 = MW � E1. This leaves four independentparameters (E1; px1; py1; pz1), but the physical bounds that the constraints of energy and



120 4. Kinematic �tting.
Reconstruct four-vectors for jets and lepton from ALEPH measurements

Use Conservation of Momentum to infer neutrino four-vector

Transform to KINFIT variables (MW1, MW2, θ, φ, m1, m2, m3, m4, θ
✭
1 , φ✭

1 , θ✭
2 , φ✭

2 )

(should be easy to impose independent limits)

Impose Equal Mass constraint

Impose Conservation of Energy

Transform back to fitted four-vectors, which satisfy physical

conservation laws and the equal mass constraint

Transform to χ2 variables (∆β1, ∆E1, pTθ1, pTφ1, ∆β2, ∆E2, pTθ2, pTφ2, ∆1/r, ∆tanλ, ∆φ0)

(should be uncorrelated and close to measured quantities

 so that errors are Gaussian)

Evaluate χ2: minimised?

Covariance matrix positive definite?

Evaluate error on MW (MINOS)

No

Pick new values for

KINFIT variables

(MINUIT)

Yes

No
Failed

Yes

Figure 4.6: Schematic of the KINFIT minimisation strategy.momentum conservation place on the range of values for these parameters cannot bede�ned independently. However, substituting for E2 and p2 in E22 � p22�m22 = 0 and thensolving for E1 gives: E1 = M2W +m21 �m222MW (4.9)and p1 can be written in spherical polar coordinates as (p1; �?1; �?1) where p1 = qE21 �m21.The four independent parameters (m1+m2MW ; m1�m2m1+m2 ; �?1; �?1) also describe the two-body decaycompletely, with the advantage that the physical bounds that the constraints of energyand momentum conservation place on the range of values can be de�ned independentlyand easily.
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Figure 4.7: W+ !q�q decay viewed in the rest frame of the W+.All three two-body decays can be described in this way by two masses and two angles,which are shown in Figure 4.8 and are listed below:� MW1 and MW2, the invariant masses of the W bosons. More generally, these arethe invariant masses of the di-jet system and the lepton-missing momentum system.� � and �, the polar and azimuthal production angles of W1, ie the angles describingthe 
ight direction of W1, which is opposite to that of W2, in the laboratory frame.� m1, m2, m3 and m4, the masses of the two jets, the lepton and the neutrino.� �?1 and �?1, the polar and azimuthal angles of a jet from the decay of W1, in therest frame of W1 and with respect to the direction of 
ight of W1 in the laboratoryframe.� �?2 and �?2, the polar and azimuthal angles of the lepton from the decay of W2,in the rest frame of W2 and with respect to the direction of 
ight of W2 in thelaboratory frame.Since the lepton mass is �xed to the electron or muon mass and the neutrino is assumedto be massless, the number of independent parameters decreases to ten. The equal mass
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4.2 New kinematic �t at ps = 183 GeV. 123lepton that satisfy all the constraints. The �tted four-vectors determine the value of a �2function (described in 4.2.3), which measures the distance between the �tted and measuredfour-vectors.The MIGRAD program from the MINUIT package [95] is used to minimise this �2function. At each iteration of the minimisation, new values are chosen for the masses andangles, which are transformed into an improved set of �tted four-vectors, ie a set that stillsatis�es all the constraints but is closer to the measured four-vectors. The minimisationstops when the change in the value for the �2 function falls below 0.0001.At each iteration, the MIGRAD program uses its current estimate of the covariancematrix to determine the current search direction for the minimum, as this is the optimalstrategy for quadratic functions and \physical" functions should be quadratic in theneighbourhood of the minimum. If and only if the covariance matrix is positive-de�nite isthe search direction guaranteed to be towards the minimum. If MIGRAD reports that ithas found a non-positive de�nite covariance matrix, the error matrix is unreliable and theminimum is suspicious. Therefore, in this analysis, the minimisation is de�ned to haveconverged successfully only if the covariance matrix from MIGRAD is positive-de�nite atthe minimum.Note that the occurrence of a non-positive de�nite covariance matrix may actuallyindicate that either the starting point is too far away from the minimum for a quadraticapproximation to be appropriate or that the problem is ill-de�ned due to high correlationsbetween the �tted parameters.The original parameterisation for KINFIT, as described above, creates severe problemsfor the semileptonic channel. Extremely large numbers of �2 evaluations (circa 15,000)are necessary to obtain convergence rates of around 80%. This makes the kinematic �tso computer intensive as to be impractical. Even when the �t does converge, the correctminimum is not necessarily the one found.The asymmetric nature of a reconstructed e+e�!W+W�!`��q�q decay is the sourceof these problems. On average, the lepton energy is measured four times more preciselythan the jets and the typical resolution on the lepton energy from the tracking detectorsis 1.5 GeV. Five (MW1 + MW2, �, �, �?2 and �?2) of the nine variable parameters arerequired to de�ne the lepton momentum. So any changes to any of these parametersresults in a change to the tightly constrained lepton momentum and therefore to a large



124 4. Kinematic �tting.increase in the �2 value. The minimisation program quickly learns that changes must beapplied to these �ve parameters in a correlated manner. The high correlations severelydegrade the performance of the minimisation program as many iterations are then neededto �nd the correct error matrix and search direction. The other two decay channels,e+e�!W+W�!� ��q�q and e+e�!W+W�!q�qq�q, do not have such high correlations asthe individual jets and the tau lepton are measured with similar resolutions.The solution is to replace the variables �, �, �?2 and �?2 with the momentum componentsof the lepton (px3; py3; pz3) and an angle �, which is de�ned in Figure 4.9 as the azimuthalangle that the component of the W momentum perpendicular to the lepton makes withrespect to the �̂ direction of the lepton. The high correlations disappear as the leptonmomentum is now varied explicitly by MIGRAD. The number of �2 evaluations requiredto obtain a successful minimisation is now drastically lower at around 200 and the correctminimum is generally found.This KINFIT parameterisation allows the lepton momentum, the best known quantityin the event, to be �xed to the measured value while the constraints are imposed and the�2 is minimised with respect to the other measurements. This simpli�es the minimisationas the number of variable parameters is then reduced to six in a �t with two degreesof freedom. Subsequently, the lepton momentum is also allowed to vary and the initialminimisation is improved upon.At this point, the kinematic �t is accomplished. However, to obtain an error onthe �tted W mass, a few further steps are necessary. The MW1 +MW2 and MW1�MW2MW1+MW2parameters are replaced by MW1 and MW2. Then the error(s) on the W mass(es) canbe found directly by the MINOS program from MINUIT. It is important to note thatthe error parameterisation for the measured quantities in the �2 function should be asgood as possible so that the error on the W mass is reliable. This is because an errorparameterisation that overestimates the errors on the measurements will result in an erroron the �tted W mass that is itself an overestimate.4.2.2 Convergence problems.Although changing the KINFIT parameterisation to include the lepton momentum bothspeeds up the �t and vastly improves the resolution on the W mass, the convergence rateis low at 78%. Several reasons for this have been found and are discussed in this section.



4.2 New kinematic �t at ps = 183 GeV. 125
(a)

z

y

x

pW

pl

pν
pWl

pWt

θWlθl

φl

pW = pWl + pWt
= |pW| cosθWl p̂Wl + |pW| sinθWl p̂Wt

(b)
z

y

x

pWl

p̂Wt

θl

φl θ̂l

φ̂lα

p̂Wt = cosα θ̂l + sinα φ̂l
= cosα (cosθlcosφl, cosθlsinφl, -sinθl)
+ sinα (-sinφl, cosφl, 0)

Figure 4.9: De�nition of the angle �. (a) shows the components of the W momentumparallel and perpendicular to the lepton momentum. (b) shows the components of theW momentum perpendicular to the lepton with respect to the �̂ and �̂ directions of thelepton.



126 4. Kinematic �tting.The most vulnerable part of the �t is the calculation of the starting values for themasses, angles and �tted four-vectors from the measured four-vectors. If the event isbadly reconstructed, then it may be impossible to satisfy all the constraints at once. Themost obvious manifestation of this is when the W momentum, as calculated by the energyconservation constraint, does not complete the vector triangle formed by the lepton andneutrino four-vectors, as illustrated in Figure 4.10.
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Figure 4.10: Physical and unphysical values for pW , p` and p� .This situation typically occurs when the value obtained for pW from the conservationof energy constraint is too low. This implies that the reconstructed hadronic and leptonicinvariant masses are too high, the causes of which include:� The inclusion of energy deposits from the lepton in the jets.� The inclusion of a FSR photon from the lepton in the jets.� The loss of particles from the jets due to the �nite detector acceptance.� Resolution 
uctuations on the jet measurements.The �rst two sources are the motivation for the optimisation of the Bremsstrahlungcorrection routine for the electron (3.2.4), the search for FSR photons from the lepton(3.2.5) and the extended association of energy 
ow objects from the calorimeters to thelepton (3.2.7). The convergence rate increases by 6% on the implementation of thesechanges.The third source suggests that corrections for particle losses for jets near the beamaxis (developed in 4.2.3) should be applied to the measured jets before the starting values



4.2 New kinematic �t at ps = 183 GeV. 127for the masses, angles and �tted four-vectors are calculated. This is done by assumingthat any expected energy loss occurs entirely in the direction parallel to the beam axis.So, the z-component of the jet momentum and the jet energy are always increased by theexpected energy loss. This recovers another 4%, giving a convergence rate of 88%.The fourth source is tackled by �rst �nding a solution to an analytical �t that appliesthe constraints of energy and momentum conservation and zero neutrino mass [96]. The�t operates by rescaling the four-momentum of the jets by factors �1 and �2. As thereis only one constraint for two free parameters, there is an in�nity of solutions, which issampled by �xing the ratio t = �2=�1 and trying 89 values for t = tan� from � = 1�, 2�,. . . , 89�. For each value of t, the equation of zero neutrino mass is a second order equationin �1 and a �2ana is calculated for both solutions. If the solutions are unphysical, ie thesquare root of a negative number is required, then the lepton momentum is rescaled untilthe solutions are physical. The �2ana function contains contributions from:� The di�erence between the rescaled and measured jet energies, where the jet energymeasurement error is assumed to be 100%pE.� The di�erence between the rescaled and measured lepton energy, where the leptonenergy measurement error is assumed to be 0.0006E2.� The Breit-Wigner probabilities for the two W resonances, including a phase spacefactor:PBW = M2W1rM2W2r(E2W1r �M2W1r) M2W1r �M2W + �M2W1r�WMW �2! M2W2r �M2W + �M2W2r�WMW �2! (4.11)No arbitrary reference mass, which could lead to possible biases, is required as themass of resonance, MW , is taken to be the average of the rescaled masses MW1r andMW2r of the di-jet and the lepton-missing momentum systems respectively. Thewidth of the Breit-Wigner is �xed and a value of 10 GeV is found to give goodresults.Therefore, the �2ana is:�2ana = �2 lnPBW +E1(�1 � 1)2 +E2(�2 � 1)2 + (�` � 1)20:0006E2̀ (4.12)



128 4. Kinematic �tting.and the solution with the minimum value for the �2ana is kept. This �t always �nds asolution. If the starting point is still unphysical after applying the energy loss correction,then the �tted four-vectors from this analytical �t are used to calculate an improvedstarting point. This approach recovers an additional 4%, which raises the convergencerate to 92% for �ts with one or two degrees of freedom.The remaining 8% of events for which the �t does not converge successfully is due toproblems that occur as the �t iterates towards a solution. For example, the �t variable �,which is the azimuthal angle that the component of the W momentum perpendicular tothe lepton, pWt, makes with respect to the �̂ direction of the lepton, means that the �tis sensitive to events in which the lepton and the W are almost parallel or anti-parallel,ie to the endpoints of the lepton energy spectrum. In this case, � is poorly de�ned aspWt is not signi�cantly di�erent from zero. Mathematically, this means that the �rstand second derivatives of the �2 with respect to � are very close to zero, which causesproblems for MIGRAD as a zero �rst derivative is also the de�nition of a minimum anda zero second derivative creates problems in covariance matrix, which MIGRAD uses to�nd the direction to the minimum. A more careful treatment of the angle � when pWt issmall could recover these events.Figure 4.11 shows the measured muon energy spectrum and the �tted invariant massdistribution, for fully simulated, selected W+W�!���q�q decays, after a kinematic �t withtwo degrees of freedom. The shading indicates the fraction of �ts that have convergedsuccessfully with a positive-de�nite covariance matrix and the fractions that have a forcedpositive-de�nite covariance matrix or only a diagonal approximation to the covariancematrix. As expected, the successful convergence rate is clearly lower for those events nearthe endpoints of the lepton energy spectrum, where the angle � is not well-de�ned. The �tdoes return a value for the W mass for over 99% of the events, but the level of con�dencethat should be placed in this number varies with the status of the covariance matrix.The resolution on the W mass a�orded by those events that do not have positive-de�nitecovariance matrices is correspondingly poorer.The reason that the �t apparently fails completely for some events is due to a similarproblem with the angles �?1 and �?1. If �?1 is not signi�cantly di�erent from 0� or 180�,then the angle �?1 is not well-de�ned. As �?1 is unbounded and the �2 may well beslightly periodic in �?1, MIGRAD may increase the value of �?1 beyond the memory limit



4.2 New kinematic �t at ps = 183 GeV. 129

0

100

200

300

400

500

600

40 60 80

0

500

1000

1500

2000

2500

3000

0 20 40 60 80

Muon energy (GeV)

E
ve

nt
s 

pe
r 

G
eV

Converged
Forced + def.
Diagonal
Failed

KINFIT ν=2 W mass (GeV/c2)

E
ve

nt
s 

pe
r 

G
eV

/c
2

Converged
Forced + def.
Diagonal
Failed

Figure 4.11: The measured muon energy spectrum and the �tted invariant mass distri-bution, for fully simulated, selected W+W�!���q�q decays, after a �t with two degrees offreedomfor double precision numbers. In order to avoid this, the kinematic �t is halted if �?1becomes larger than 1000 radians [97]. A more careful treatment of these events, eitherby rede�ning the direction of the z-axis or using transverse momentum components ratherthan spherical polar angles, could recover these events. This problem also a�ects thee+e�!W+W�!� ��q�q and e+e�!W+W�!q�qq�q channels.Figure 4.12 shows the shape of the �2 function near the minimum for all nine variableparameters, where only one parameter is varied at a time, for a kinematic �t with twodegrees of freedom to a simulated e��q�q event. Note well that the variable parametersdo not correspond directly to the �2 variables. The shape of the �2 function is not veryparabolic for the m1 and m2 parameters, indicating that these parameters are correlated



130 4. Kinematic �tting.with the other parameters. The shallowness of the minimum for these two parametersis also problematic for the minimisation. A better choice for these two parameters couldhelp to improve the convergence rate.
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4.2 New kinematic �t at ps = 183 GeV. 131the kinematic �t and thus the �tted W mass and error.The function to be minimised is:S = �0TV �1�0 � ��� < � >�� �T V �1 ��� < � >�� � (4.13)The variables � = xmeas � xfit describe the distance between the measured, xmeas, andthe �tted, xfit, four-vectors of the particles. The expected biases, < � >, and expectedresolutions, ��, are mapped from simulation and used to transform the variables � tovariables �0 = ��<�>�� that are distributed as Gaussians. Then a di�erence of onestandard deviation of the �tted from the measured value, minus any expected bias, carriesthe same weight for each variable. This allows the value of S at the minimum to beinterpreted as if from a �2 distribution with the requisite number of degrees of freedom.V is the full, average, correlation matrix for the �0 variables.The variables x are chosen such that they are minimally correlated and are close tothe quantities that are actually measured in order to have Gaussian-like properties. Asthe jet velocity is not assumed to be perfectly measured in this kinematic �t, the jets aredescribed by four variables: ��;�E; pT� and pT� (4.14)which represent the di�erence between the measured and �tted jet velocities and energiesrespectively as well as the transverse momentum of the measured jet relative to the �ttedjet in both � and �. The exact de�nition of pT� and pT� is given in Appendix B. Thesevariables, with �� set to zero, are also used to describe the lepton in events wherecalorimetric energy is added to the track measurement of the lepton energy. Otherwise,the lepton is described by: �1=r;�tan � and ��0 (4.15)which represent the di�erence between the measured and �tted lepton inverse radius ofcurvature, dip angle and azimuthal direction at the event vertex, as used in the track helix�t. The expected bias, < � >, and expected resolution, ��, on the variables areparameterised as functions of the true (before the simulation of detector e�ects) energy,



132 4. Kinematic �tting.ETrue , and the true polar angle, cos �True , of the particle concerned. Therefore, at eachiteration of the �t, the expected bias and expected resolution are recalculated, using the�tted energies and polar angles from the previous iteration as the best estimates for thetrue ones. This avoids the serious biases that can arise from a parameterisation in termsof the measured energies and measured polar angles, as discussed in 4.1.4 for the �rstkinematic �t used in the ps = 172 GeV analysis.Studies of Z=
!q�q decays at ps = 91 GeV reveal discrepancies between the simulatedjet energy and the measured jet energy in data. However, thanks to improvements in thesimulation for the 1997 data, the largest discrepancy is 1.5% in the overlap between thebarrel and the end-cap segments of the calorimeters. This discrepancy is mainly the resultof the di�culty of accurately simulating the e�ects of the large amount of inactive material(cables, cooling pipes etc.) in this region [98].Contrary to the approach taken for the ps = 172 GeV W mass measurement (see7.1.3), the discrepancy is parameterised as a function of j cos � j and used to correct thesimulated jet energies so that the simulation and the data resemble each other more closely.The more appropriate ratio of the jet energies, rather than the hemisphere energies, de�nesthe discrepancy in order to model the j cos � j behaviour more accurately. The correctionis applied to the simulated jets before the kinematic �t and therefore the correction is alsoapplied to the simulated jets before the parameterisation of the �t variables is undertaken.The expected bias and expected resolution are parameterised for each variable using400,000 CC03 WW events fully simulated using KORALW. The lepton and jet variablesare parameterised separately for the e��q�q and ���q�q channels in case of any residual e�ectsfrom Bremsstrahlung or FSR photons. The leptons that are de�ned solely by the trackingdetectors are also parameterised separately from the leptons that have calorimetric energyadded. The parameterisation procedure for the variable �E for jets in e��q�q events istaken as an example.The �rst step is to histogram the value of �E for both jets in each selected e��q�q event.The allowed kinematic range in the true particle energy and polar angle is divided into 5and 20 bins respectively. This gives 100 one-dimensional histograms, some of which areshown in Figure 4.13. The bin ranges are chosen so that the histograms can be adequatelydescribed by a Gaussian distribution. Therefore, the binning is �ner near the beam-axis,where the biases and resolutions change rapidly. The bin edges are:



4.2 New kinematic �t at ps = 183 GeV. 133ETrue : 25; 34; 43; 52; 61; 70 GeV:cos �True : �1:00; �0:95; �0:90; �0:85; �0:80; �0:75; �0:70; �0:60;�0:40; �0:20; 0:00; 0:20; 0:40; 0:60; 0:70; 0:75;0:80; 0:85; 0:90; 0:95; 1:00:Each histogram is �tted with a Gaussian function. The mean and width of the �ttedGaussian are taken to be the expected bias and the expected resolution on �E for e��q�qjets with true energies and polar angles in the range covered by the bin.The next step is to �t the dependence of the expected bias of �E, and likewise theexpected resolution, as a function of the true energy and the true polar angle. For eachrange j in true energy, the dependence of the expected bias of �E on the true polar angleis �tted by the MIGRAD program using a power series of the form:qj(cos �True) = NaXi=0 aij cos �iTrue (4.16)Note that if the dependence on cos �True is symmetric (asymmetric), then only even (odd)powers of cos �True are used. Also note that the �tted function is compared with themeasured value at the mean cos �True of the bin contents rather than at the bin centre inorder to describe the variation correctly [99]. The energy dependence of the ith set of ai�coe�cients is then described similarly by:ri(ai�) = NbXk=0 bikEkTrue (4.17)where k may be a rational number. So, the dependence of the mean of �E on the trueenergy and polar angle may be written as:< �E > (ETrue ; cos �True) = NaXi=00@ NbXk=0 bikEkTrue1A cos �iTrue (4.18)The measured and the �tted values for the expected bias and expected resolution of�E are shown in the second row of Figures 4.14 and 4.15 for the whole range of trueenergy and true polar angle. The �tted functions follow the measured values well. The�rst, third and fourth rows show the measured and �tted values for the expected bias andexpected resolution on ��, pT� and pT�. The descriptions for �1=r, � tan� and ��0 forelectrons, which have no calorimetric energy added, are shown in Figures 4.16 and 4.17,
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4.2 New kinematic �t at ps = 183 GeV. 135while those for �E, pT� and pT� for electrons, to which calorimetric energy is added, areshown in Figures 4.18 and 4.19. In this case, the binning is much broader due to thesmaller amount of statistics available.The quality of the �ts is de�ned more quantitatively in Tables 4.2 and 4.3, which listthe coe�cients bik and the �2 for the expected biases and expected resolutions in the e��q�qchannel. The jets and the muon in the ���q�q channel are parameterised separately, withsimilar results.Note that the parameter pT� switches sign for positive and negative charges andthe forward and backward hemispheres. As negatively charged leptons are emittedpreferentially in the forward hemisphere and positively charged leptons in the backwardhemisphere, the expected bias and resolution are calculated for negative leptons only. Thisis in order to avoid �tting the bias multiplied by the di�erence in the number of positivelyand negatively charged leptons in each range in polar angle. The expected bias for positiveleptons is simply obtained by multiplying that for negative leptons by -1.The expected bias and expected resolution are used to transform the variables � intoGaussian-like variables �0 = ��<�>�� , which are shown in Figure 4.20 for the e��q�q channel.The distributions are also �tted to Gaussians in the range [-5,5] in order to evaluate thequality of the parameterisations for the expected bias and expected resolution. The �ttedmeans and widths of the Gaussians are compatible with zero and one respectively, sothe parameterisations are su�cient. The �2 values are quite high as the tails of thedistributions are above the �tted Gaussians due to poorer experimental resolution on asubset of events.The �nal step is to evaluate the correlation matrices between the �0 variables. Thecorrelations, which are averaged over all true polar angles and true energies are small bydesign and are shown in Table 4.4 for the e��q�q channel, where no calorimetric energy isadded to the electron. The only large correlation is that between �1=r and ��0.To understand the source of this correlation, consider a very high momentum particlethat produces a straight track. To simplify the argument, imagine that only threecoordinates are used to de�ne the track: one in the VDET, one in the innermost layer ofthe TPC and one in the outermost layer of the TPC. Now suppose that the coordinate inthe innermost TPC layer has a measured value for � that happens to be larger than thetrue value of � due to the �nite resolution of the tracking detectors. This has two e�ects:
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Figure 4.14: The measured and �tted values for the expected bias of ��, �E, pT� andpT� are shown in the �rst, second, third and fourth rows respectively, for jets in fullysimulated, selected e��q�q events. The binning corresponds to that given in the text.
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Figure 4.15: The measured and �tted values for the expected resolution of ��, �E, pT�and pT� are shown in the �rst, second, third and fourth rows respectively, for jets in fullysimulated, selected e��q�q events. The binning corresponds to that given in the text.
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Figure 4.16: The measured and �tted values for the expected bias of �1=r, � tan� and��0 are shown in the �rst, second and third rows respectively, for electrons, reconstructedusing information from the tracking detectors only, in fully simulated, selected e��q�q events.The binning corresponds to that given in the text, minus the cos �True bins between -1.00and -0.95 and 0.95 and 1.00.



4.2 New kinematic �t at ps = 183 GeV. 139

5 10 151
2

3
4

5
0

0.1

0.2

0.3

0.4

x 10
-4

5 10 151
2

3
4

5
0

0.1

0.2

0.3

0.4

x 10
-4

5 10 151
2

3
4

5
0

0.05

0.1

0.15

0.2

x 10
-2

5 10 151
2

3
4

5
0

0.05

0.1

0.15

0.2

x 10
-2

5 10 151
2

3
4

5
0

0.025
0.05

0.075
0.1

x 10
-2

5 10 151
2

3
4

5
0

0.025
0.05

0.075
0.1

x 10
-2

Electron - tracking

E
True

cosθTrue

σ(
∆1

/r
) 

(c
m

-1
)

Expected resolution

E
True

cosθTrue

σ(
∆1

/r
) 

(c
m

-1
)

Fitted surface

E
True

cosθTrue

σ(
∆t

an
λ)

Expected resolution

E
True

cosθTrue

σ(
∆t

an
λ)

Fitted surface

E
True

cosθTrue

σ(
∆φ

0)
 (

ra
d.

)

Expected resolution

E
True

cosθTrue

σ(
∆φ

0)
 (

ra
d)

Fitted surface

Figure 4.17: The measured and �tted values for the expected resolution of �1=r, � tan�and ��0 are shown in the �rst, second and third rows respectively, for electrons,reconstructed using information from the tracking detectors only, in fully simulated,selected e��q�q events. The binning corresponds to that given in the text, minus the cos �Truebins between -1.00 and -0.95 and 0.95 and 1.00.
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Figure 4.19: The measured and �tted values for the expected resolution of �E, pT� andpT� are shown in the �rst, second and third rows respectively, for electrons that havecalorimetric energy added in fully simulated, selected e��q�q events. Due to lower statistics,the bin ranges in ETrue are: 25, 40, 55, 70 GeV, and in cos �True are: -0.95, -0.7, -0.45,-0.2, 0.0, 0.2, 0.45, 0.7, 0.95.
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Variable Coe�cients of �t functioncos �0 cos �2 cos �3 cos �4 cos �5 cos �6 cos �8 cos �10E0 b00 b20 b30 b40 b50 b60 b80 b100E 12 b0 12 b2 12 b3 12 b4 12 b5 12 b6 12 b8 12 b10 12E1 b01 b21 b31 b41 b51 b61 b81 b101�2=ndf E2 b02 b22 b32 b42 b52 b62 b82 b102< �� > jet 0.2399E-1 - - - - - - --0.1039E-1 - - - - - - --0.1876E-1 - - - - - - -446/96 0.9019E-2 - - - - - - -< �E > jet 0.1573E+1 - - - - -0.7163E+1 0.2116E+2 -0.1614E+2- - - - - - - --0.1046E+1 - - - - -0.5273E+2 0.1397E+3 -0.9937E+2231/92 - - - - - - -< pT� > jet 0.2869E-1 - - - - -0.5300E+1 0.1187E+2 -0.7473E+1- - - - - - - -- - - - - - - -356/96 - - - - - - - -< pT� > jet 0.9160E-1 - - - - - - -- - - - - - - -- - - - - - - -188/99 - - - - - - - -< �1=r > e 0.7814E-7 - - - - - - -- - - - - - - -- - - - - - - -306/89 - - - - - - - -< �tan � > e -0.4349E-6 - 0.1249E-3 - -0.4987E-3 - - -- - - - - - - -- - - - - - - -176/87 - - - - - - - -< ��0 > e -0.5234E-5 - - - - - - -- - - - - - - -- - - - - - - -361/89 - - - - - - - -< �E > e 0.2925E-1 -0.3616E+0 - - - - - -- - - - - - - --0.2217E+0 0.2110E+0 - - - - - -306/20 - - - - - - - -< pT� > e 0.1169E-2 -0.1783E-1 - 0.1936E-1 - - - -- - - - - - - --0.1173E-2 0.9805E-2 - -0.1436E-1 - - - -176/18 - - - - - - - -< pT� > e -0.9244E-2 - - - - - - -- - - - - - - -- - - - - - - -361/23 - - - - - - - -Table 4.2: The coe�cients bik of the functions used to describe the expected biases ofthe variables in the e��q�q channel. The overall �2 is given for each variable, for the �ttedsurface with respect to the measured surface.



4.2 New kinematic �t at ps = 183 GeV. 143
Variable Coe�cients of �t functioncos �0 cos �2 cos �4 cos �6 cos �8 cos �10E0 b00 b20 b40 b60 b80 b100E 12 b0 12 b2 12 b4 12 b6 12 b8 12 b10 12E1 b01 b21 b41 b61 b81 b101�2=ndf E2 b02 b22 b42 b62 b82 b102�(��) jet 0.4634E-1 - - - - --0.1601E-1 - - - - --0.3219E-1 - - - - -289/96 0.1442E-1 - - - - -�(�E) jet -0.9604E+0 - - -0.3846E+2 0.1220E+3 -0.8288E+20.3172E+1 - - 0.3436E+2 -0.1047E+3 0.7143E+20.4328E+1 - - 0.5624E+2 -0.1748E+3 0.1206E+3199/84 -0.1343E+1 - - -0.3084E+2 -0.9295E+2 -0.6086E+2�(pT�) jet -0.1364E+1 - - - - -0.5246E+1 - - - - --0.3742E+1 - - - - -177/96 0.6657E+0 - - - - -�(pT�) jet -0.3368E+1 - - - - -0.1073E+2 - - - - --0.7817E+1 - - - - -381/96 0.1349E+1 - - - - -�(�1=r) e 0.2124E-4 - - 0.8084E-5 -0.7179E-3 --0.4518E-4 - - -0.1922E-4 0.1951E-2 -0.3208E-4 - - -0.1865E-4 -0.1408E-2 -171/78 -0.5109E-5 - - 0.1155E-4 0.2107E-3 -�(� tan�) e 0.1535E-2 - - 0.2874E-1 -0.1117E+0 0.1071E+0-0.3540E-2 - - -0.1499E-1 0.5940E-1 -0.5702E-10.2765E-2 - - -0.2436E-1 0.9491E-1 -0.9027E-198/74 -0.4905E-3 - - 0.1497E-1 -0.5658E-1 0.5241E-1�(��0) e 0.2625E-3 - - -0.1332E-1 0.4481E-1 -0.3414E-10.1464E-4 - - 0.8288E-2 -0.2954E-1 0.2405E-1-0.9088E-4 - - 0.1208E-1 -0.4113E-1 0.3209E-1111/74 0.1678E-4 - - -0.6880E-2 0.2400E-1 -0.1927E-1�(�E) e 0.7945E+0 0.1475E+1 -0.2455E+1 - - -- - - - - -0.8128E+0 -0.2325E+1 0.3907E+1 - - -171/18 - - - - - -�(pT�) e -0.1825E-5 -0.2082E-2 0.1277E-1 - - -- - - - - -0.1327E-1 -0.8743E-2 -0.6468E-2 - - -98/18 - - - - - -�(pT�) e 0.8194E-2 -0.7058E-2 0.9130E-3 - - -- - - - - -0.3066E-2 -0.6468E-3 0.7090E-2 - - -111/18 - - - - - -Table 4.3: The coe�cients bik of the functions used to describe the expected resolutions ofthe variables in the e��q�q channel. The overall �2 is given for each variable, for the �ttedsurface with respect to the measured surface.
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Figure 4.20: The pull distributions �0 for fully simulated, selected e��q�q events.� The reconstructed track is curved, having a measured radius of curvature that istoo low and therefore a value for 1=r that is too large and negative. Note that 1=r issigned negative if the track bends clockwise with respect to the z-axis in the ALEPHcoordinate system.� The measured azimuthal direction at the event vertex, �0, is given approximatelyby a line that points from the VDET coordinate to the innermost TPC coordinateand is therefore too large and positive.Hence a negative correlation between �1=r and ��0 is expected [100].



4.2 New kinematic �t at ps = 183 GeV. 145Particle jet 1 jet 2 electronVariable ��0 �E0 p0T� p0T� ��0 �E0 p0T� p0T� �1=r0 �tan �0 ��00��0 1.00 - -0.07 0.01 -0.24 0.05 0.02 - - 0.01 -jet 1 �E0 - 1.00 0.07 0.01 0.06 - -0.02 - - - -p0T� - - 1.00 - 0.01 0.01 - 0.01 - -0.01 -p0T� - - - 1.00 - - - -0.02 - - -0.02��0 - - - - 1.00 0.01 -0.10 - - - -jet 2 �E0 - - - - - 1.00 0.08 0.03 - - -p0T� - - - - - - 1.00 - 0.01 - -p0T� - - - - - - - 1.00 - 0.01 -�1=r0 - - - - - - - - 1.00 0.01 -0.69electron � tan�0 - - - - - - - - - 1.00 -0.01��00 - - - - - - - - - - 1.00Table 4.4: The expected correlations between the �0 variables in the e��q�q channel, whereno calorimetric energy is added to the electron.4.2.4 Performance of KINFIT.The performance of this kinematic �t is shown in Figures 4.21 and 4.22 for selected e��q�qand ���q�q events from simulation, in terms of the resolution on the average event-by-eventgenerated W mass and the pull, which is de�ned as the resolution divided by the event-by-event error. The � = 2 W mass estimator is required to be greater than 74 GeV=c2 inthe performance plots so that the long tail at low mass values does not obscure the resultsdiscussed in the following. The resolution on the W mass is 1.68 GeV=c2 and 1.64 GeV=c2in the e��q�q and ���q�q channels respectively. The contribution from events with energeticISR photons (de�ned as E
 � 500 MeV) is denoted by the cross-hatching. As the e�ectsof ISR are neglected by the �t, the W mass is biased upwards for these events, whichskews the pull distribution away from the ideal case of a Gaussian distribution with meanzero and width one. If the events with energetic ISR photons, which is known in thesimulation, are excluded, then the kinematic �t performs excellently, with a mean biasthat is close to zero and a pull distribution that is compatible with the ideal case for theW mass estimator in the ���q�q channel.
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Figure 4.21: The (a) invariant mass, (b) event-by-event error, (c) resolution on the averagegenerated W mass and (d) pull distributions for the �=2 W mass estimator for fullysimulated, selected e��q�q events. The contribution from events with more than 500 MeV ofof energy lost to ISR is shown by the hatching. The (e) resolution and (f) pull distributionsare also shown for events with less than 500 MeV of energy lost to ISR. Note that the� = 2 mass is required to be greater than 74 GeV=c2 in all cases.
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Figure 4.22: The (a) invariant mass, (b) event-by-event error, (c) resolution on the averagegenerated W mass and (d) pull distributions for the �=2 W mass estimator for fullysimulated, selected ���q�q events. The contribution from events with more than 500 MeV ofof energy lost to ISR is shown by the hatching. The (e) resolution and (f) pull distributionsare also shown for events with less than 500 MeV of energy lost to ISR. Note that the� = 2 mass is required to be greater than 74 GeV=c2 in all cases.



148 4. Kinematic �tting.However, Figure 4.22(e) shows that the W mass estimator in the e��q�q channel nowunderestimates the average generated W mass by 170 MeV=c2. Some further detectivework is required to understand the source of this bias. Figure 4.23 divides the selectede��q�q events, which have less than 500 MeV of energy lost to ISR, into three classes:(a) Events where the reconstructed lepton energy is within 1 GeV of the true leptonenergy, which is known from simulation and includes any energy lost to FSR.(b) Events where the reconstructed lepton energy underestimates the true lepton
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Figure 4.23: The resolution on the average generated W mass for fully simulated, selectede��q�q events where the reconstructed electron energy is (a) within 1 GeV of the true energy,(b) underestimated by at least 1 GeV, (c) overestimated by at least 1 GeV and (d) anyof the above. Events with more than 500 MeV of energy lost to ISR are excluded. Notethat the � = 2 mass is required to be greater than 74 GeV=c2 in all cases.



4.2 New kinematic �t at ps = 183 GeV. 149energy by more than 1 GeV.(c) Events where the reconstructed lepton energy overestimates the true leptonenergy by more than 1 GeV.It is clear that the negative bias on the W mass estimator comes from class (b), wherethe electron energy is underestimated due to Bremsstrahlung or FSR photons that arenot recovered by the correction routine. This implies that more e�ort is needed to recoverthese photons for future analyses.The �2 and P (�2 > Smin) for the kinematic �ts with two degrees of freedom are shownin Figure 4.24 for selected e��q�q and ���q�q events from simulation. The �2 closely resembles
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Figure 4.24: The KINFIT �2 and �2 probability distributions from a kinematic �ts withtwo degrees of freedom for fully simulated, selected e��q�q and ���q�q events. The contributionfrom events with more than 500 MeV of energy lost to ISR is indicated by the shading.



150 4. Kinematic �tting.the true �2 distribution below �2 values of 10. The excess at higher �2 values appears asa peak at the low end of the distribution of the probability to obtain a worse kinematic �tresult. This peak implies that the assumptions made by the kinematic �t are incorrect for5% of e��q�q and ���q�q events. In general, the main sources of a peak at low probabilitiesare: � Events that are measured with a lower accuracy than the majority. The peakregion of an experimental distribution may approximate to a Gaussian, but the tailsof the distribution tend to lie above the �tted Gaussian curve. So the probabilityfor a large deviation is underestimated when calculated from the Gaussian �tted tothe majority of the data. In reality, the event could correspond to a much moreprobable 
uctuation from a subset of data with a larger variance.� Semileptonic WW events that do not satisfy the assumed hypotheses, which comefrom several sources, listed below in order of decreasing importance, that include:(1) Events with a high energy photon from ISR, which lowers the e�ectivecentre-of-mass energy available for WW production and boosts the WW systemin a direction anti-parallel to that of the ISR photon. The current implementa-tion of the conservation of energy and momentum constraints ignores the e�ectsof ISR.(2) Gluon radiation is in direct disagreement with the treatment of the jets asindependent objects. Even rather soft gluon radiation leads to jet broadeningin a speci�c direction.(3) The optional equal mass constraint ignores the e�ect of the W width.� Contamination from background events.This excess of events with poor �ts can be removed by requiring P (�2 > Smin) toexceed some minimum value. The minimum value should be chosen carefully in order toavoid losing too many events that are compatible with the assumed hypotheses but toreject most of the events for which the assumed hypotheses or error parameterisations donot apply [89]. A minimum value of 0.02 for the kinematic �t with two degrees of freedomremoves most of the excess. This cut corresponds to rejecting events with a �2 � 7.8 for



4.2 New kinematic �t at ps = 183 GeV. 1512 degrees of freedom. Such events have very shallow minima and even small changes tothe measurements can drastically alter the values for the �tted parameters if a slightlydeeper minimum can be found as a result. The original motivation for studying the �tquality came from the observation that the systematic error from the detector calibrationwas dominated by such poorly �tted events.The e�ciencies for the successful convergence and the P (�2 > Smin) > 0.02 require-ments are shown in Table 4.5 for data and simulation. The e�ciencies are in goodagreement and, as expected, are much lower for background than for signal processes. Themass distributions for the main background processes are shown for the �=2 kinematic �tin Figures 4.25 and 4.26 for the e��q�q and ���q�q channels, respectively. The contributionremaining after the �2 probability cut is indicated by the cross-hatching.
Process E�ciency (%)e��q�q channel ���q�q channelV pos. def. P�2 > 0.02 V pos. def. P�2 > 0.02e+e�!W+W�!e��q�q 75.5 67.5 0.05 0.03e+e�!W+W�!���q�q 0.14 0.08 78.3 69.6e+e�!W+W�!� ��q�q 2.67 0.66 2.82 0.68e+e�!W+W�!q�qq�q 0.01 0.00 0.01 0.00e+e�!W+W�!`�`� 0.13 0.00 0.07 0.00e+e�!Z=
!q�q(
) 0.04 0.02 0.01 0.00e+e�!Z=
!�+��(
) 0.05 0.01 0.03 0.00e+e�!ZZ 0.26 0.15 0.33 0.14e+e�!Ze+e� 0.04 0.02 0.00 0.00e+e�!We�e 1.42 0.83 0.07 0.05E�ciency (%) 75.5 67.5 78.3 69.6Purity (%) 91.0 95.4 95.4 98.7Predicted events 108.3 92.4 106.7 91.7Observed events 118 97 98 81Table 4.5: E�ciencies for the requirements that the covariance matrix should be positive-de�nite at the minimum and that the probability to obtain a worse kinematic �t resultshould be greater than 0.02.
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Figure 4.25: The invariant mass distributions for the simulated backgrounds to the e��q�qchannel, after a kinematic �t with �=2. The number of events is normalised to theluminosity of the ps = 183 GeV data.4.2.5 Comparisons of data and simulation.The mass �t technique depends on the simulation being able to accurately reproducethe data distributions. Comparisons between data and simulation [101] for the measuredenergy, polar angle, azimuthal angle and mass of the jets and the measured energy, polarangle and azimuthal angle of the lepton are shown in Figures 4.27 and 4.28 after thee��q�q and ���q�q selections, respectively. The same distributions are shown for the �ttedquantities, after the kinematic �t with �=2 and successful convergence, in Figures 4.29and 4.30. The distributions of the �tted invariant mass, event-by-event error, �2 and �2
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160 4. Kinematic �tting.4.2.6 Summary.A new kinematic �t package is adapted to the semileptonic channel, with the advantagesthat the undetected neutrino is treated correctly and that the parameterisation of theexpected bias and expected resolution for the �t variables is in terms of the �tted energyand polar angle rather than the measured energy and polar angle. The latter technique canlead to serious biases as discussed in 4.1. The �t strategy is to impose all the constraintsand then �nd the set of �tted four-vectors that is closest (in the least squares sense) tothe measured set of four-vectors.The initial convergence rate of the �t was e�ectively 0%, due to high correlationsinduced among the �t variables by the well-measured lepton. These correlations areeliminated by using the lepton momentum explicitly as a �t variable and the convergencerate jumps to 78%. The �t does not converge successfully if the starting point is too farfrom the solution as then it is di�cult to impose all the constraints at once. Therefore,several strategies are used to improve the starting point. An increase of 6% is achieved byimproving the event reconstruction. The implementation of the energy loss correction forjets close to the beam axis recovers another 4%, as does the prior use of an analytical �twith the constraints of energy and momentum conservation and zero neutrino mass. Thisgives a �nal convergence rate of 92%, where this number represents the events that satisfythe mathematical de�nition of convergence, ie that have a positive-de�nite covariancematrix at the minimum. The remaining 8% is due to problems that occur as the �titerates towards a solution. One of the �t variables, the angle �, makes the �t verysensitive to events where the leptonic W and the lepton are nearly parallel or anti-parallel.The KINFIT �2 distributions agree well with the true �2 for �2 values below 10. Apeak at low values of the probability to obtain a worse kinematic �t result is observed,which is due to events that are incompatible with the assumed error parameterisation orthe hypotheses of WW kinematics and no ISR. These badly-�tted events are removed byrequiring that the probability to obtain a worse kinematic �t result should be larger than0.02.In the absence of ISR, there is no bias on the W mass from the �t and the pulldistribution is ideal, indicating that the �tted event-by-event errors and the expected biasand expected error parameterisations are correct. The resolution on the average W massfrom a kinematic �t with two degrees of freedom is 1.6 GeV=c2.



4.2 New kinematic �t at ps = 183 GeV. 161After the requirements that the �t converges successfully and that the �2 probabilityis larger than 0.02, the overall e�ciency of a kinematic �t with two degrees of freedom is83%. The e�ciencies of the convergence and probability cuts compare well between dataand simulation. Detailed comparisons of the distributions of the �tted variables reveal nosigni�cant discrepancies.



Chapter 5
Determination of the W bosonmass.
This chapter describes the extraction of the W boson mass from the reconstructed invariantmass distributions of the selected events in the ps = 172 GeV and ps = 183 GeV datasamples.
5.1 Mass �t technique.The mass �t technique compares the data invariant mass distribution directly with thatpredicted by simulation for various W mass values [93, 102]. The W mass value that givesthe best �t to the data distribution is then the result for the W mass. This approach hasthe advantage that the best description (ie the simulation) of all the e�ects that distortthe invariant mass distribution is used. The caveat to this is that the e�ects must beaccurately simulated.In principle, many large Monte Carlo samples could be generated at many di�erent Wmass values. However, this is unfeasible in practice due to the large amount of computationtime required for a complete simulation of each interaction and the detector response. Asolution to this problem is to generate a large Monte Carlo sample at one reference W mass,M refW . The ratio of the squared matrix elements, for the process e+e�!W+W�!f1 �f2f3 �f4,is used to reweight each event in the sample to a new W mass, MW :162



5.1 Mass �t technique. 163wi(MW ;�W ) = j M(MW ;�W ; p1i ; p2i ; p3i ; p4i ) j2j M(M refW ;�refW ; p1i ; p2i ; p3i ; p4i ) j2 (5.1)where pji denotes the four-momentum (before the simulation of the detector response) ofthe outgoing fermion j in event i. Note that any FSR radiation produced by PHOTOS isrecombined with the lepton four-momentum in order to de�ne the lepton four-momentumthat enters the matrix element. This is an event weight and can therefore be applied toany simulated distribution. The matrix element M is calculated for the CC03 diagrams,which are the lowest order diagrams for WW pair production [103]. The W width isassumed to vary with the W mass according to the Standard Model relation:�W = 3�` + �h�` = GFM3W6p2��h = 6�`(1 + �s� ) (5.2)Figure 5.1 compares the reconstructed invariant mass distribution from the samplegenerated with M refW = 80.25 GeV=c2 and reweighted to MW = 81.25 GeV=c2, with thatfrom the sample generated with MW = 81.25 GeV=c2. These two distributions agree welland are very di�erent from the unweighted distribution.Distributions of the weights are shown in Figure 5.2 for the reference Monte Carlosample upon reweighting to several di�erent W masses. The weights di�er increasinglyfrom unity as the di�erence between the new W mass and the reference W mass increases.This implies a fractional loss in statistical power of:ne�n = 1n (Pni=1wi)2�Pni=1w2i � (5.3)where n is the number of events in the reference sample and ne� is the e�ective numberafter reweighting to a new W mass value. As shown in Table 5.1, this loss is approximately45% for a new W mass value that is 1 GeV=c2 away from the reference W mass. Therefore,the reference Monte Carlo sample must be quite large in order to avoid detrimentalstatistical 
uctuations from the reweighting process, which would degrade the informationthat is to be extracted from the data.A binned, maximum likelihood method [76, 89] is used to determine the reweightedinvariant mass distribution from simulation that gives the best �t to the data distribution.
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166 5. Determination of the W boson mass.is reweighted: yi(mi jMW ) = �s(MW )N is(MW ) + �b(MW )N ib�miNTOT (5.5)�s(MW ) is the purity of the selection1 and so �b(MW ) = 1 � �s(MW ) is the backgroundfraction. The purities depend on the W mass because the total WW cross section, �s,is a function of the W mass. Denoting the e�ciency of the selection for WW events as�s and the e�ciency and cross section for non-WW background processes as �b and �brespectively, then: �s(MW ) = �s�s(MW )�s�s(MW ) + �b�b (5.6)The dependence of the WW cross section on the W mass is parameterised using GEN-TLE [104] as: �s(MW ) = �s(M refW ) h1� a(MW � 80:25) � b(MW � 80:25)2i (5.7)where a=0.06341 and b=0.008033.The weighted number of simulated WW events in the ith reconstructed mass bin isgiven by: N is(MW ) = NjsXj=1wj(MW ) (5.8)N ib is the total number of non-WW background events found in the same range. Thebackground does not depend on the W mass, so the background shape and absolutenormalisation are constant throughout the likelihood �t. NTOT is the weighted sum of allthe simulated events:NTOT = NbinXi=1 0@�s(MW ) NjsXj=1wj(MW ) + �b(MW )N ib1A (5.9)�mi is the size of the ith reconstructed invariant mass bin. The individual bins arethe same size for the simulation and for the data. The bin widths are computed fromthe amount of reference Monte Carlo available so that the statistical precision remainsapproximately constant over the range of the reconstructed invariant mass distribution.1All selected WW events must be reweighted and are hence treated as signal.



5.1 Mass �t technique. 167The bins are narrower near the peak (� 150 MeV=c2) and broader in the tails (�800 MeV=c2). The mass range used in the �t is from the kinematic limit of 86 GeV=c2down to 74 GeV=c2, since the information contained in the reduced statistics below thisis negligible. The �nal selected cross sections, the e�ciency, the purity and the expectedand observed number of events are shown in Table 5.2.Process �sel (pb)e��q�q channel ���q�q channele+e�!W+W�!e��q�q 1.478 0.001e+e�!W+W�!���q�q 0.001 1.569e+e�!W+W�!� ��q�q 0.042 0.043e+e�!W+W�!q�qq�q 0.000 0.000e+e�!W+W�!`�`� 0.000 0.000e+e�!Z=
!q�q(
) 0.013 0.006e+e�!Z=
!�+��(
) 0.007 0.000e+e�!ZZ 0.005 0.008e+e�!Ze+e� 0.000 0.000e+e�!We�e 0.004 0.000Total background 0.072 0.058E�ciency (%) 79.6 85.7Purity (%) 95.3 96.3Predicted events 16.5 17.4Observed events 14 20Table 5.2: Expected cross sections after requiring the reconstructed invariant mass to liein the range 74 to 86 GeV=c2.Computationally, it is more convenient to use the logarithm of the likelihood function:`(MW ) = �2 logL(MW ) = �2NevtXi=1 log yi(mi jMW ) (5.10)in order to avoid rounding errors from multiplying small values of y. The MIGRADprogram from MINUIT [95] is used to minimise the log-likelihood as a function of the Wmass.The need to calculate the CC03 matrix element ratio for each event at every chosenvalue of MW slows the minimisation down considerably. However, this lost speed can berecovered by building templates of the reconstructed mass distribution from reweightedWW events at many W mass values in advance [105]. At ps = 183 GeV, the templates



168 5. Determination of the W boson mass.are calculated at W mass intervals of 10 MeV=c2 from 76.00 to 84.00 GeV=c2. Alinear interpolation between neighbouring templates allows the rapid calculation of thereweighted WW mass distribution for any W mass value. This trick is very useful forsome of the consistency checks discussed in chapter 6.The MINOS program from MINUIT is used to calculate the error on the �tted W mass,M�tW . Any non-parabolic behaviour of the log-likelihood function is taken into account byMINOS, which �nds the change in MW required to increase ` by 1.0 from the minimumvalue, ie: `(M�tW � �neg) = `(M�tW + �pos ) = `(M�tW ) + 1:0 (5.11)The range M�tW � �neg �M�tW �M�tW + �pos has the property that the probability that itcontains the true value of the W mass is 68%.5.2 W boson mass result at ps = 172 GeV.The e��q�q and ���q�q events are �tted simultaneously at ps = 172 GeV. The reconstructedinvariant mass distribution for the selected events in the ps = 172 GeV data sample isshown in Figure 5.3, where the reference Monte Carlo sample is reweighted to the �t resultof: MW = 80:54 � 0:37 GeV=c2The error is the statistical error from a single �t to the ps = 172 GeV data sample. Theparabolic shape of the log-likelihood function near the minimum is shown in Figure 5.4.Note that a positive shift of 27 MeV=c2 is applied here to the W mass result so thatthe de�nitions of the W and Z boson masses are consistent. The inconsistency arisesfrom the fact that a Breit-Wigner propagator with a �xed width is used to simulate thee+e�! W+W� ! f1 �f2f3 �f4 process, in order to conserve gauge invariance and to avoiddramatically wrong cross sections in certain regions of phase space [29]. However, whenthe mass of the Z0 boson was measured at LEP1, a mass de�nition corresponding to apropagator with an energy dependent width was used.
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Figure 5.4: The shape of the minimum of the log-likelihood function for the ps = 172 GeVdata.5.3 Modi�cations to the mass �t technique at ps = 183 GeV.The technique to extract the W mass from the reconstructed invariant mass distributionof the ps = 183 GeV data is the same as that used for the ps = 172 GeV measurement,except for three changes:� The reconstructed mass range used to �t the W mass is expanded to 74.0-91.5 GeV=c2, ie up to the kinematic limit at ps = 183 GeV. The �nal selectedcross sections, the e�ciency, the purity and the expected and observed number ofevents are shown in Table 5.3.� A constant bin width of 0.5 GeV=c2 is used instead of a variable bin width.The reason is illustrated in Figure 5.5, which shows the reconstructed invariantmass distributions from simulation with assumed W masses of 79.85 GeV=c2and80.85 GeV=c2. The minimum number of events per bin is marked according tothe variable binning procedure used at ps = 172 GeV, scaled to a reference sampleof 50,000 events. This produces relatively broad bins in the peak region for theMW=79.85 GeV=c2 simulation and relatively narrow bins for theMW=80.85 GeV=c2simulation. The e�ect is to emphasise undesirable statistical 
uctuations in the



5.3 Modi�cations to the mass �t technique at ps = 183 GeV. 171MW=80.85 GeV=c2 simulation and thus reduce the reproducibility of the �t resultupon replacing the reference sample with one simulated with a di�erent value forthe W mass.Process �sel (pb)e��q�q channel ���q�q channele+e�!W+W�!e��q�q 1.506 0.001e+e�!W+W�!���q�q 0.002 1.549e+e�!W+W�!� ��q�q 0.013 0.013e+e�!W+W�!q�qq�q 0.000 0.000e+e�!W+W�!`�`� 0.000 0.000e+e�!Z=
!q�q(
) 0.018 0.001e+e�!Z=
!�+��(
) 0.001 0.000e+e�!ZZ 0.003 0.003e+e�!Ze+e� 0.000 0.000e+e�!We�e 0.005 0.000Total background 0.042 0.018E�ciency (%) 65.6 67.7Purity (%) 97.3 98.9Predicted events 87.9 89.0Observed events 93 78Table 5.3: Expected cross sections after requiring the reconstructed invariant mass to liein the range 74.0 to 91.5 GeV=c2.
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172 5. Determination of the W boson mass.� The dependence of the WW cross section at ps = 183 GeV on the W mass isparameterised from GENTLE as described in Equation 5.7 with a=0.007067 andb=0.002503.5.4 W boson mass results at ps = 183 GeV.The reconstructed invariant mass distributions for the selected events in theps= 183 GeVdata sample are shown in Figures 5.6 and 5.7 for the e��q�q and ���q�q channels respectively,where the reference Monte Carlo sample is reweighted to the �t results of:M e��q�qW = 80:410 � 0:272 GeV=c2M���q�qW = 80:364 � 0:289 GeV=c2and the statistical errors are from a single �t to the data samples. The parabolic shape ofthe log-likelihood functions near the minimum are shown in Figure 5.8. Again, note thata positive shift of 27 MeV=c2 is applied here to make the de�nition of the W and Z bosonmasses consistent.Due to a new data calibration for the GAMPEX program, which is used to �nd FSRphotons, the data reconstructed masses changed slightly and one additional event wasselected as an e��q�q candidate. The �nal �t results for the W mass at ps = 183 GeVare [106]: M e��q�qW = 80:428 � 0:269 GeV=c2M���q�qW = 80:370 � 0:287 GeV=c2The combination of theWmass results from the e��q�q and ���q�q channels atps = 183 GeVis: MW = 80:401 � 0:196 GeV=c2which is more precise than the combination of all the ALEPH W mass measurements atps = 172 GeV and at the threshold for WW pair production.
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Chapter 6
Reproducibility and stabilitychecks.
It is essential to test that the chosen �tting procedure gives results that are reproducibleand stable. These criteria are checked in this chapter for the Monte Carlo interpolationwith reweighting technique.6.1 Reproducibility checks at ps = 172 GeV.Any �tting procedure must ful�l the following two requirements when applied to anensemble of simulated experiments of the same sample size:� The mean �tted mass value must be consistent with the W mass assumed in thesimulation.� The RMS spread of the �tted masses must be consistent with the mean statisticalaccuracy of the �t.These criteria are checked as a function of the assumed W mass in the simulation.Seven ensembles of simulated events with W mass values of 79.25, 79.75, 80.00, 80.25,80.50, 80.75 and 81.25 GeV=c2 are used. A number of samples, Ns, each containing thenumber of events expected in the data sample, are �tted for each W mass value.Table 6.1 shows that the mean �tted mass,M�tW , is consistent with the W mass assumedin the simulation, M genW , over the range studied. The relationship is parameterised asshown in Figure 6.1: 176



6.1 Reproducibility checks at ps = 172 GeV. 177M�tW = (80:25 � 0:03) + (0:945 � 0:044) � (M genW � 80:25) (6.1)This is compatible with the ideal case of a linear relation with a gradient of one and ano�set of zero.
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Figure 6.1: The relationship between the �tted W mass and the W mass assumed in thesimulation [93].Table 6.1 also shows that the RMS spread on the �tted mass is compatible with themean �t error. The reliability of the �t error is further con�rmed by the fact that thewidth of the pull distribution, where the pull is de�ned as (M�tW�MgenW )��t , is consistent withunity as a function of the �t error [107].M genW Ns Mean M�tW RMS M�tW Mean ��t RMS ��t(GeV=c2) (GeV=c2) (GeV=c2) (GeV=c2) (GeV=c2)79.25 64 79.338 � 0.067 0.537 0.483 � 0.009 0.07179.75 141 79.843 � 0.037 0.439 0.457 � 0.005 0.06580.00 68 80.068 � 0.049 0.405 0.464 � 0.007 0.05880.25 503 80.237 � 0.022 0.488 0.470 � 0.003 0.07480.50 71 80.490 � 0.050 0.424 0.476 � 0.009 0.07380.75 137 80.723 � 0.041 0.480 0.457 � 0.006 0.07081.25 281 81.209 � 0.027 0.459 0.455 � 0.004 0.073Table 6.1: Results of the �ts to many samples of simulated events. The errors on themean values are also the errors on the RMS values [93].



178 6. Reproducibility and stability checks.Table 6.1 shows that the statistical �t error has a large uncertainty due to the smallsize of the data sample. Since the uncertainty on the mean �t error is considerably smallerthan the uncertainty on the RMS of the �tted mass, the mean �t error of 0.47 GeV=c2is taken as the expected statistical error and is quoted as the statistical error on the Wmass result from the ps = 172 GeV data.6.2 Stability checks at ps = 172 GeV.The stability of the �tted W mass from the data sample is checked with respect tovariations in:� The probability cuts used to identify semileptonic WW decays.� The reconstructed mass range used in the �t.� The bin size used to build the probability density function for the �t.In addition to verifying the �t procedure, the �rst two checks also test the event modellingand the background simulation. In order to test the stability of the �t in more detail,a high statistics sample, containing approximately 1,500 selected WW events simulatedwith a W mass of 80.50 GeV=c2, is also studied.The electron and muon probability cuts are independently varied over the entire range.Figure 6.2 shows the �tted W mass for the data and the Monte Carlo samples as a functionof the probability cut values. The �t result is clearly stable under these changes.The reconstructed mass range in the �t has a lower bound of 74 GeV=c2 and an upperbound, which is set by the kinematic limit, of 86 GeV=c2. The lower bound is varied from66 to 76 GeV=c2 and Figure 6.3 illustrates that the �t result is stable.The bin sizes used to build the probability density function for the �t are set such thateach bin contains a minimum number of events. This minimum number varies over thereconstructed mass range, where m refers to the � = 2 mass of a single event:Nmin � 200 events for m < 76 and m � 84 GeV=c2.Nmin � 400 events for m 2 [76; 78) and m 2 [82; 84) GeV=c2.Nmin � 800 events for m 2 [78; 82) GeV=c2.
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Figure 6.2: Stability of the �tted W mass as a function of the applied e��q�q and ���q�qprobability cut for the data and the Monte Carlo samples. The uncertainties on thedi�erent points are highly correlated [93].The above values for Nmin are multiplied by factors of 0.5, 2.0 and 3.0 in order to checkthe stability of the �t. No signi�cant variations are observed [93].6.3 Reproducibility checks at ps = 183 GeV.Several independent subsamples, which each contain the observed number of events in thedata sample, are �tted from �ve ensembles of simulated events with W mass values of79.85, 80.10, 80.35, 80.60 and 80.85 GeV=c2. Note that the reference must be much largerthan the total number of events in the �tted subsamples, otherwise statistical 
uctuationsin the reference sample will in
uence the mean of the �t results. The results for the e��q�qand ���q�q channels are shown in Tables 6.2 and 6.3 respectively.
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Figure 6.3: Stability of the �tted W mass for various lower mass window limits for thedata and the Monte Carlo sample. The uncertainties on the di�erent points are highlycorrelated [93].M genW Ns Mean M�tW RMS M�tW Mean ��t RMS ��t(GeV=c2) (GeV=c2) (GeV=c2) (GeV=c2) (GeV=c2)79.85 25 79.810 � 0.048 0.242 0.284 � 0.004 0.01980.10 25 80.198 � 0.054 0.272 0.287 � 0.004 0.01680.35 25 80.350 � 0.046 0.228 0.286 � 0.004 0.01980.60 25 80.698 � 0.061 0.305 0.285 � 0.005 0.02380.85 25 80.822 � 0.054 0.268 0.283 � 0.004 0.021Table 6.2: Results of the �ts to many samples of simulated events in the e��q�q channel.The errors on the mean values are also the errors on the RMS values.M genW Ns Mean M�tW RMS M�tW Mean ��t RMS ��t(GeV=c2) (GeV=c2) (GeV=c2) (GeV=c2) (GeV=c2)79.85 25 79.846 � 0.072 0.358 0.291 � 0.004 0.02280.10 25 80.066 � 0.065 0.326 0.290 � 0.004 0.02280.35 25 80.338 � 0.058 0.289 0.291 � 0.004 0.02080.60 25 80.618 � 0.056 0.278 0.287 � 0.003 0.01680.85 25 80.878 � 0.053 0.265 0.298 � 0.003 0.017Table 6.3: Results of the �ts to many samples of simulated events in the ���q�q channel.The errors on the mean values are also the errors on the RMS values.



6.3 Reproducibility checks at ps = 183 GeV. 181The mean �tted W mass, M�tW , is consistent with the W mass assumed in the simula-tion, M genW , over the range studied for both channels. The relationship is parameterisedas shown in Figure 6.4:e��q�q : M�tW = (80:368 � 0:023) + (1:014 � 0:066) � (M genW � 80:35) (6.2)���q�q : M�tW = (80:349 � 0:027) + (1:052 � 0:078) � (M genW � 80:35) (6.3)which are both compatible with the ideal case of a linear relation with a gradient of oneand a bias of zero from the reference mass of 80.35 GeV=c2..
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Figure 6.4: The relationship between the �tted W mass and the W mass assumed in thesimulation for (a) e��q�q events and (b) ���q�q events.The RMS spread on the �tted mass is also compatible with the mean �t error. Thereliability of the �t error is con�rmed by the fact that the width of the pull distribution,which is de�ned as (M�tW�MgenW )��t , is consistent with unity as a function of the �t error. Thisis illustrated in Figure 6.5, where 3200 subsamples of the same size of the data have beenrandomly chosen from the sample with a W mass of 80.35 GeV=c2. The agreement isgood considering that the large number of samples means that the results are sensitive tostatistical 
uctuations in the reference sample.The expected �t error in each channel is de�ned to be the mean �t error from Tables 6.2and 6.3, which is �0.285 GeV=c2 in the e��q�q channel and �0.291 GeV=c2 in the ���q�qchannel. Due to the increased size of the data sample, the uncertainty on the statistical �t
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188 6. Reproducibility and stability checks.6.5 Summary.TheW mass extraction technique chosen gives a result for the W mass that is reproducible,stable and does not require any bias correction. Due to the small size of the data sample atps = 172 GeV, the mean �t error of 0.47 GeV=c2 from an ensemble of simulated samplesis quoted as the statistical error on the W mass result. With the higher statistics atps = 183 GeV, the �t error from the data sample is quoted as the statistical error on theW mass result.



Chapter 7
Systematics.
This chapter describes all the systematic uncertainties considered for the W boson massmeasurements at ps = 172 GeV and ps = 183 GeV.7.1 Systematics at ps = 172 GeV.7.1.1 Monte Carlo fragmentation of the W !q�q decays.The systematic error from this source is taken to be 10 MeV=c2, where the mass is �ttedusing a Breit-Wigner function [65]. This error represents the shift in the �tted W masson varying the main fragmentation parameters in JETSET (� - the QCD scale parameterthat controls the parton shower, Mmin - the invariant mass cuto� of the hadronic shower,� - the Gaussian width of the transverse momentum distribution for the primary hadrons,B - the fragmentation parameters for light hadrons) to extreme values, which are typicallyfour standard deviations from the measured values [109].7.1.2 Calorimeter calibrations.The uncertainties on the global energy calibration of the ECAL and HCAL detectors areassessed to be 1.5% and 4% respectively for the ps = 172 GeV data [110]. The e�ectof a possible mis-calibration on the W mass is estimated by rescaling all ECAL andHCAL energy depositions by �1.5% and �4% respectively for the data sample only anddetermining the change that this produces in the �tted W mass. Using the biggest changein both cases, the ECAL and HCAL errors are combined in quadrature to give an errorof 47 MeV=c2. 189



190 7. Systematics.7.1.3 Jet corrections in the kinematic �t.The jet correction factors are calculated solely from simulation. Studies of hadronic Z0decays at ps � 91 GeV show that the jet energy corrections in data di�er from simulationby up to 30% in the region jcos �T j� 0.95 [111], where �T is the angle between the thrustaxis1 and the beam axis. This discrepancy is parameterised by the variable �:� = (Ebeam �Esimhemi )Ebeam � (Ebeam �Edatahemi )Ebeam (7.1)where Ehemi is the total energy of the particles in one hemisphere of a two jet Z0 event.Table 7.1 lists the values of � in di�erent jcos �T j ranges.jcos �T j �0.00-0.65 0.010.65-0.75 0.0150.75-0.80 0.010.80-0.90 0.040.90-0.95 0.040.95-1.00 0.09Table 7.1: Values of the discrepancy � observed between 1996 Z0 data and simulation.So the simulation underestimates the hemisphere energy and therefore overestimates thejet energy correction factor when the thrust axis is close to the beam axis. This discrepancyis not corrected for and so a systematic error must be estimated.Identifying the jet energy with the hemisphere energy, the jet polar angle with thethrust angle and the jet correction factor from simulation, ai, with EbeamEsimhemi , then equation 7.1can be solved for amodi = EbeamEdatahemi , where:amodi = ai(1� f�) (7.2)This modi�ed correction factor is applied to the jet energy in the data sample only. Thekinematic �t is re-applied and the W mass is then extracted from the modi�ed data massdistribution. This is done for f = 1.0, 0.5, 0.0, -0.5 and -1.0. A value of 1.0 for f \corrects"1The thrust axis is the direction along which the sum of the magnitudes of the projected momentumcomponents of all the particles in the event is a maximum. The plane perpendicular to the thrust axisdivides an event into two hemispheres.



7.1 Systematics at ps = 172 GeV. 191for the discrepancy, whereas a value of -1.0 makes the discrepancy two times worse. Inorder to avoid statistical 
uctuations from events moving above or below the lower limiton the �tted mass range, only data events common to all the variations are used. Table 7.2shows the �tted W masses relative to the result with f=0. The quoted systematic erroris 90 MeV=c2, which is the average of the shifts with f = � 0.5.f �MW (MeV=c2)+1.0 +154+0.5 +88-0.5 -97-1.0 -69Table 7.2: Mass shifts due to jet energy discrepancies observed between 1996 Z0 data andsimulation [93].7.1.4 Initial State Radiation.The KORALW event generator, which simulates the e+e�!W+W�! f1 �f2f3 �f4 process,features QED initial state radiation up to O(�2L2), ie up to second order in the leading-log approximation. The e�ect of the missing terms on the W mass measurement is studiedat generator level in [112] by degrading KORALW to O(�1L1) and checking the size ofthe pure O(�2L2) correction. A systematic error of 15 MeV=c2 is quoted.7.1.5 Reference Monte Carlo statistics.A �nite number of simulated events at the reference mass is used to de�ne the probabilitydensity function for the mass �t. The statistical 
uctuations present are exacerbated bythe reweighting procedure. In order to estimate the systematic error from this source,the reference sample of 100,000 KORALW 4-f events is divided into smaller, statisticallyindependent, samples of equal size. Each sample is used as the reference sample for a �t tothe data distribution. The RMS of the �tted masses scales as the square root of the numberof samples, Ns, that the original reference sample is divided into, ie RMS = cpNs. So thesystematic error from using the full reference sample is the factor c. From this method,the systematic error due to �nite reference Monte Carlo statistics is 35 MeV=c2.



192 7. Systematics.7.1.6 Background contamination.The error from this source is expected to be small because the background from otherphysics processes is only a small fraction of the selected semileptonic WW decays.Nevertheless, an error from a possible mismodelling of the shape of the reconstructedmass distribution of the background and an error from a wrong normalisation of thebackground cross section are estimated.Background shape.The small size of the data sample does not allow a detailed comparison of its propertieswith those predicted by simulation. To overcome this problem, the technique developedin [113] is used. This compares high statistics Z peak data taken during 1994 to Z0!q�q simulation in order to evaluate the e�ect of any discrepancies in the shape of thereconstructed mass distribution of the background.The semileptonic WW decay selection described in Section 3.1 is rescaled to the LEP1energy of ps = 91.2 GeV. The multidimensional discrimination and the kinematic �tare not used as they are tuned to the simulation of WW decays at ps = 172 GeV.A comparison between the shape of the di-jet mass distribution for the data and thesimulation is shown in Figure 7.1. The ratio of the data to the simulation is used tocorrect the shape of the reconstructed mass distribution used in the �t for the W mass.The systematic error from this source is found to be negligible.Background normalisation.The uncertainty in the background normalisation is estimated by comparing the numberof data and simulated events that have an e��q�q or ���q�q probability value of less than 0.1.This region is dominated by background and di�erences of the order of 30% are observedfor both channels. To estimate the size of the systematic error, the cross sections for allthe backgrounds are scaled by � 30% in the �t for the W mass. Again, the systematicerror is found to be negligible.7.1.7 CC03 matrix element.The KORALW generator produces all the four-fermion �nal states that can come fromWW production and decay. Therefore, there are no large errors due to the omission of



7.1 Systematics at ps = 172 GeV. 193

Di-jet Mass (GeV/c2)

E
ve

nt
s 

pe
r 

0.
5 

G
eV

/c
2

Figure 7.1: Comparison of the shapes of the di-jet mass spectra from LEP1 data andsimulation, using a rescaled version of the semileptonic WW selection. The crosses arethe data and the histogram is the simulation [93].relevant Feynman diagrams from the simulation [114].However, for simplicity, the matrix element used in the reweighting procedure corre-sponds only to the lowest order CC03 diagrams. The e�ect of this approximation is studiedby using the complete four-fermion matrix element [108] to reweight the simulated WWevents. The di�erence in the �tted W mass is 3 MeV=c2, which is quoted as a systematicerror.7.1.8 W boson width.The W boson width varies with the third power of the W boson mass in the �t accordingto Standard Model relation given in Equation 5.2. To investigate the e�ect of a systematicshift in the central value for the W width on the W mass, the width is varied about itscentral value by the known experimental error of 0.07 GeV=c2 [115]. The di�erence in the�tted mass is at most 10 MeV=c2 for all the WW decay channels and this is quoted as asystematic error.7.1.9 LEP energy.The relative uncertainty on the LEP beam energy, �EbeamEbeam , translates into the same relativeuncertainty on the �tted W mass, �MWMW , since the beam energy is used explicitly by theconservation of energy constraint in the kinematic �t. Therefore the systematic error on



194 7. Systematics.the W mass is given by: �MW = �Ebeam MWEbeam (7.3)The LEP beam energy uncertainty for the ps = 172 GeV data is 30 MeV [116], so aconservative systematic error of 30 MeV=c2 is quoted.7.1.10 Summary.The systematic errors from all the sources discussed above are summarised in Table 7.3.The total systematic error on the W mass result from the ps = 172 GeV data is113 MeV=c2 and is dominated by the systematics from the jet corrections and thecalorimeter calibration.Source �MW (MeVc2)MC fragmentation ? 10Calorimeter calibrations ? 47Jet corrections ? 90Initial State Radiation ? 15Reference MC statistics 35Background contamination -CC03 matrix element ? 3W width ? 10LEP energy ? 30Total 113Table 7.3: Summary of systematic errors on MW . ? denotes e�ects that are correlatedbetween the e(�)��q�q, � ��q�q and q�qq�q channels [93].
7.2 Systematics at ps = 183 GeV.7.2.1 Monte Carlo fragmentation of the W !q�q decays.A more signi�cant e�ect from Monte Carlo fragmentation is found on replacing JETSETwith HERWIG [53] for the hadronisation of the partons from an independent sample of400,000 WW events generated with KORALW. The HERWIG fragmentation parametersare optimised for hadronic Z decays. The detector response is simulated more rapidly andless completely by the QUFSIM program [117].



7.2 Systematics at ps = 183 GeV. 195The HERWIG and JETSET samples are used as reference samples to �t manysimulated samples, which are derived from the fully simulated sample of 400,000 WWevents with MW=80.35 GeV=c2 and each contain the number of events expected in thedata sample. The average of the di�erence between the �tted mass with the HERWIGsample as reference and the �tted mass with the JETSET sample as reference is +27 and-10 MeV=c2 for the e��q�q and ���q�q channels respectively. A systematic error of 25 MeV=c2is taken for both channels.Note that no allowances are made for any discrepancies between the LEP1 dataand the simulation of hadronic Z decays that result from the description of udsc-quarkfragmentation by HERWIG or JETSET. Therefore, the fragmentation systematic errorquoted should be considered as an upper limit.7.2.2 Calorimeter calibrations.The uncertainties on the global energy calibration of the ECAL and HCAL detectors areassessed to be 0.9% and 2% respectively for the ps = 183 GeV data [110]. One wayof estimating the e�ect of a possible mis-calibration on the W mass, which is used forthe ps = 172 GeV analysis, is to rescale all the ECAL and HCAL energy depositions by�0.9% and �2% respectively for the data sample only and then determine the change thatthis produces in the �tted W mass. The shifts are shown in Table 7.4, where commonevents (before and after the induced shift) are maintained throughout in order to suppressstatistical 
uctuations. This corresponds to neglecting at most 3/93 e��q�q events and 2/78���q�q events. The total systematic error is then calculated by combining in quadrature themaximum shifts in MW for each calorimeter energy scale adjustment. This would give asystematic error of 49 MeV=c2 and 36 MeV=c2 for the e��q�q and ���q�q channels respectively.This systematic is reduced by the complete removal from the jets of energy 
ow objectsfrom the lepton and the cut on the �2 probability from the kinematic �t. Table 7.5shows the size of the calorimeter calibration systematic error for several values of the �2probability cut. With no �2 probability cut, the systematic error in the e��q�q channel isdominated by one badly-�tted event that has a �2 of 60 for 9 degrees of freedom. Thereason for the large �2 for this event is that the measured energies of the two jets arevery low at 15 GeV and 20 GeV, while the conservation of energy and the equal massconstraints force the sum of the jet energies to equal the beam energy of 91.3 GeV. The



196 7. Systematics.Variation �MW (MeV=c2)e��q�q channel ���q�q channelECAL +0.9% +40 +26ECAL -0.9% -36 -8HCAL +2.0% -29 +25HCAL -2.0% +29 -25Total 49 36Table 7.4: Systematic shifts in the �tted W mass of the data sample from the calorimetercalibrations.kinematic �t scales the jet energies to 53.1 GeV and 38.2 GeV under the nominal ECALcalibration. However, the jet energies scale to 23.5 GeV and 67.8 GeV under the ECAL-0.9% calibration and the �tted mass is 9 GeV=c2 lower at 77 GeV=c2, which a�ects inturn the result of the log-likelihood �t to the mass distribution.Channel Variation �MW (MeV=c2)P�2 cut 0.00 0.005 0.01 0.02 0.03 0.05 0.10ECAL +0.9% +12 +27 +37 +40 +41 +40 +37ECAL -0.9% -72 -29 -32 -36 -34 -37 -40e��q�q HCAL +2.0% -29 -29 -27 -29 -29 -30 -31HCAL -2.0% +46 +29 +29 +29 +28 +25 +24Total 85 41 47 49 50 50 51ECAL +0.9% +27 +26 +26 +26 +26 +27 +31ECAL -0.9% -12 -10 -13 -8 -8 -8 -9���q�q HCAL +2.0% +36 +34 +28 +25 +22 +22 +18HCAL -2.0% -32 -25 -28 -25 -25 -27 -26Total 45 43 38 36 36 38 40Table 7.5: Systematic shifts in the �tted W mass from the calorimeter calibrations, as afunction of the �2 probability cut in the e��q�q and ���q�q channels.In order to estimate how likely the systematic shifts found in the data are, the studyis repeated using �fty simulated samples of the size of the data, which are taken fromthe ensemble of simulated events with a W mass value of 80.60 GeV=c2. The results areshown in Figures 7.2 and 7.3 for the e��q�q and ���q�q channels respectively and imply thatthe shifts observed in the data sample are quite reasonable.The shifts in the �tted mass of the samples are actually dominated by the appear-
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Figure 7.4: Shifts in the individual event-by-event KINFIT masses for fully simulated,selected WW events, when the ECAL and HCAL calibrations are scaled by their globaluncertainties.subsamples. Taking the largest shift for each energy scale adjustment and adding inquadrature as before gives a systematic of 20 MeV=c2 for the e��q�q channel and 11 MeV=c2for the ���q�q channel.7.2.3 Detector alignment.The alignment of the VDET, ITC and TPC tracking detectors strongly in
uences themomentum determination of high energy charged particles and thus the W boson massmeasurement in the semileptonic channel. As a case in point, the original alignment forthe ps = 183 GeV data su�ered from a deformation to the VDET. After the removalof this deformation and realignment of the detectors, the �tted W boson mass values



200 7. Systematics.Variation �MW (MeV=c2)e��q�q channel ���q�q channelECAL +0.9% +12 +9ECAL -0.9% -17 -2HCAL +2.0% -10 -2HCAL -2.0% +3 +7Total 20 11Table 7.6: The mean systematic shifts of the �tted W mass for �fty simulated samples, ofthe same size as the data, from the calorimeter calibrations.
changed by approximately -80 MeV=c2 and +30 MeV=c2 in the e��q�q and ���q�q channelsrespectively. Therefore, it is important to estimate a systematic error to account for anypossible misalignments that remain.The detector alignment �ts the charged particle tracks from Z=
!�+�� decays, whichare collected in a dedicated run at ps = 91 GeV before data-taking at high energiescommences, to a single helix. The aim is to make the �tted muon momentum equal thebeam energy by varying the alignment of the TPC, ITCand VDET. Any distortions left arethen corrected by equalising the measured momentum of the �+ and the ��. These sagittacorrections are parameterised as a function of cos � and momentum. The corrections arelargest at high cos � [120].The di�erence between the �tted W mass with and without the sagitta correction isused to estimate the systematic error from the detector alignment. Considering only thecommon events in the data samples with and without the sagitta correction, the �tted Wmass shifts by -24 MeV=c2 and -77 MeV=c2 in the e��q�q and ���q�q channels respectively.Considering all events, the changes are -71 MeV=c2 and -23 MeV=c2 in the e��q�q and ���q�qchannels respectively [121].In order to study the e�ect of the sagitta correction alone, the study is repeated using�fty simulated samples of the size of the data. Figure 7.5 shows the shifts in the �tted Wmass, where the RMS is about 7 MeV=c2 in the e��q�q and ���q�q channels. A systematicerror of 10 MeV=c2 is quoted for both channels.
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Figure 7.5: Shifts in the �tted W mass for �fty simulated WW samples, which are thesame size as the data samples, when the sagitta correction is applied to the simulation.7.2.4 Jet corrections before the kinematic �t.Due to the improvements in the simulation, the largest discrepancy between the simulatedjet energy and the measured jet energy in data, found from studies of hadronic Zdecays [98], is only 1.5% instead of 30%. Nevertheless, the discrepancy is parameterisedas a function of polar angle and used to correct the simulated jet energies. To estimatethe systematic error, two modi�ed parameterisations are evaluated that accommodate the�1� errors, scaled by the �2 per degree of freedom of the original �t. The shifts in the�tted W mass, when the modi�ed parameterisations are used to correct the simulated jetenergies, are shown in Table 7.7. The largest shift of 5 MeV=c2 is taken as a systematicerror for both channels.Variation �MW (MeV=c2)e��q�q channel ���q�q channelJet corrections +1� -4 +2Jet corrections �1� -1 +5Total 4 5Table 7.7: Systematic shifts in the �tted W mass from the jet corrections.



202 7. Systematics.7.2.5 Initial State Radiation.KORALW, the main event generator used to simulate the e+e�!W+W�!f1 �f2f3 �f4process, features QED initial state radiation up to O(�2L2), ie up to second order in theleading log approximation. The e�ect of the missing terms on the W mass measurementis estimated by weighting each event in a specially generated KORALW sample accordingto the ratio of the �rst to second order squared matrix elements: O(�1L1)=O(�2L2).The di�erence between the �tted mass from the unweighted sample and the �tted massfrom the weighted sample is 5 MeV=c2 and 1 MeV=c2 for the e��q�q and ���q�q channelsrespectively. A conservative systematic error of 5 MeV=c2 is taken for both channels.7.2.6 Reference Monte Carlo statistics.A �nite number of simulated events is used to de�ne the probability density functionfor the mass �t. The statistical 
uctuations present are exacerbated by the reweightingprocedure. The systematic error from this source is evaluated by a more precise methodthan that for ps = 172 GeV. Since the Monte Carlo events are used in bins, the totaluncertainty is calculated by combining the statistical uncertainty from each bin, takinginto account both the e�ciencies after all analysis steps and the e�ective number of eventsafter reweighting. The systematic error from this method is 15 MeV=c2 for the e��q�qchannel and 13 MeV=c2 for the ���q�q channel, re
ecting the higher e�ciency and thereforeavailable statistics for the ���q�q channel.7.2.7 Background contamination.The error from this source is evaluated in the same way as at ps = 172 GeV. Thesystematic error for the e��q�q channel is 6 MeV=c2, whilst that for the ���q�q channel isnegligible.7.2.8 LEP energy.The LEP beam energies are calculated every 15 minutes and more frequently if signi�cantshifts are observed in the RF frequency of the accelerating cavities. The instantaneousvalue recorded nearest in time to each selected data event is used in this analysis. Therelative uncertainty on the LEP beam energy translates into the same relative uncertainty



7.2 Systematics at ps = 183 GeV. 203on the �tted W mass, since the beam energies are used explicitly by the conservationof energy constraint in the kinematic �t. The LEP beam energy uncertainty for theps = 183 GeV data is 24 MeV [43], which gives a systematic error of 21 MeV=c2 on theW mass.7.2.9 Summary.The systematic errors from all the sources discussed above are summarised in Table 7.8.The total systematic errors on the W mass results from the ps = 183 GeV data are43 MeV=c2 for the e��q�q channel and 39 MeV=c2 for the ���q�q channel.Source �MW (MeV=c2)e��q�q channel ���q�q channelMC fragmentation ? 25 25Calorimeter calibrations ? 20 11Alignment? 10 10Jet corrections ? 5 5Initial State Radiation ? 5 5Reference MC statistics 15 13Background contamination 6 -LEP energy ? 21 21Total 43 39Table 7.8: Summary of systematic errors on MW . ? denotes e�ects that are correlatedbetween the e��q�q, ���q�q, � ��q�q and q�qq�q channels.



Chapter 8
Combination and interpretation.
This chapter deals with the combination of the W boson mass results presented in thisthesis with other ALEPH, LEP and hadron collider results. The world average for the Wboson mass is then interpreted as a test of the Standard Model.8.1 Combination of ALEPH W mass results.The ps = 172 GeV results for the W mass from this analysis, the e+e� ! W+W� !� ��q�q and the e+e�!W+W�!q�qq�q [122] analyses are:M e(�)��q�qW = 80:54 � 0:47(stat :)� 0:11(syst :)GeV=c2M � ��q�qW = 79:56 � 1:08(stat :)� 0:23(syst :) GeV=c2M q�qq�qW = 81:30 � 0:47(stat :)� 0:11(syst :)GeV=c2The combinedWmass and correlated systematic errors are simply given by the statisticallyweighted means. The uncorrelated errors are weighted and combined in quadrature.Therefore, the average result for the semileptonic channel at ps = 172 GeV is:M `��q�qW = 80:38 � 0:43(stat :)� 0:13(syst :) GeV=c2which is slightly more precise than the result from the hadronic channel. Combining theresults from the fully hadronic and semileptonic channels, the average W mass from directreconstruction of WW decays in ALEPH at ps = 172 GeV is:MW = 80:80 � 0:32(stat :)� 0:10(exp:syst :)� 0:03(th:syst :)� 0:03(LEP ) GeV=c2204



8.1. Combination of ALEPH W mass results. 205where the theoretical systematic is due to uncertainties in the modelling of �nal stateinteractions (colour reconnection and Bose-Einstein correlations) in the fully hadronicchannel and the last systematic is from the LEP energy uncertainty.The ps = 183 GeV results for the W mass from this analysis, the e+e� ! W+W� !� ��q�q and e+e�!W+W�!q�qq�q [106] analyses are:M e��q�qW = 80:428 � 0:269(stat :)� 0:043(syst :) GeV=c2M���q�qW = 80:370 � 0:287(stat :)� 0:039(syst :) GeV=c2M � ��q�qW = 79:758 � 0:540(stat :)� 0:088(syst :) GeV=c2M q�qq�qW = 80:461 � 0:177(stat :)� 0:075(syst :) GeV=c2The individual results from the e��q�q and ���q�q channels are already more precise than thecombination of all the results at ps = 172 GeV. The average result for the semileptonicchannel at ps = 183 GeV is:M `��q�qW = 80:326 � 0:184(stat :)� 0:045(syst :) GeV=c2and in combination with the fully hadronic channel, the average W mass from the directreconstruction of WW decays in ALEPH at ps = 183 GeV is:MW = 80:393 � 0:128(stat :)� 0:041(exp:syst :)� 0:028(th:syst :)� 0:021(LEP ) GeV=c2The experimental systematics are much reduced with respect to ps = 172 GeV, with theresult that the theoretical uncertainty from �nal state interactions in the fully hadronicchannel and the uncertainty on the LEP energy begin to contribute appreciably to thetotal systematic error of 56 MeV=c2.The ps = 172 GeV and ps = 183 GeV results can be combined separately for thesemileptonic and hadronic channels to improve the precision slightly to:M `��q�qW = 80:334 � 0:170(stat :)� 0:052(syst :) GeV=c2M q�qq�qW = 80:573 � 0:166(stat :)� 0:072(syst :) GeV=c2Therefore, the combined W mass from the direct reconstruction of WW decays inALEPH at ps = 172 GeV and ps = 183 GeV is:MW = 80:451 � 0:119(stat :)� 0:045(exp:syst :)� 0:024(th:syst :)� 0:022(LEP ) GeV=c2These results are consistent with the ALEPH result from the combined study of theWW cross section at threshold [123] and at ps = 172 GeV [124]:



206 8. Combination and interpretation.
MW = 80:20 � 0:33(stat :)� 0:09(syst :)� 0:03(LEP ) GeV=c2The combination of the cross section and the direct reconstruction measurements givesthe most precise ALEPH W mass value of:MW = 80:423 � 0:112(stat :)� 0:054(syst :) GeV=c2which is dominated by the ps = 183 GeV results. The total error on the W mass fromALEPH alone is 124 MeV=c2.8.2 Combination with other LEP experiments.The published W mass results from the direct reconstruction of semileptonic and fullyhadronic WW decays at ps = 172 GeV are shown in Figure 8.1 for all four LEP collabora-tions [122, 125, 126, 127]. All the results are consistent. The manifestation of Bose-Einsteinand colour reconnection e�ects in fully hadronic WW decays may systematically shift theW mass measured in this channel [30]. No signi�cant di�erence is observed between theLEP averages for the semileptonic and fully hadronic W mass results. Therefore, the �nalLEP average of all the direct reconstruction results at ps = 172 GeV is [128]:MW = 80:53 � 0:18 GeV=c2The preliminary W mass results, at the time of the International Conference onHigh Energy Physics in July 1998, from the direct reconstruction of semileptonic andfully hadronic WW decays at ps = 183 GeV are shown in Figure 8.2 for all four LEPcollaborations [129, 130, 131, 132]. All the results are consistent. Note that the ALEPHresults di�er slightly from those quoted in this thesis only because the �nal alignmentof the ALEPH detector was not available at that time. No signi�cant di�erence isobserved between the LEP averages for the semileptonic and fully hadronic W massresults. Therefore, the preliminary LEP average of all the direct reconstruction results atps = 183 GeV is [133]: MW = 80:32 � 0:10 GeV=c2
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Figure 8.1: LEP Collaboration W mass measurements from direct reconstruction ofsemileptonic and fully hadronic WW decays at ps = 172 GeV.
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208 8. Combination and interpretation.The combination of all the LEP results on the W boson mass, from the crosssection measurement at ps = 161 GeVand by direct reconstruction at ps = 172 GeVand ps = 183 GeV, gives a preliminary LEP average of:MW = 80:37 � 0:09 GeV=c28.3 Interpretation of the World average for the W bosonmass.All the measurements of the W mass, at the time of the International Conference on HighEnergy Physics in July 1998 [134], are shown in Figure 8.3. The LEP2 results are consistentwith those from the p�p collider experiments and are of equal precision. Combining all ofthe direct measurements of the W boson mass, the world average is:MW = 80:39 � 0:06 GeV=c2
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8.3. Interpretation of the World average for the W boson mass. 209shows the overlap between the direct and indirect measurements of the W boson and topquark masses. This is a critical test of the Standard Model and the direct and indirectmeasurements are in good agreement. The Standard Model prediction for the relationshipbetween the W mass and the top quark mass is also shown for several values of the Higgsboson mass. The data indicates a slight preference for a light Higgs boson mass.
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Figure 8.4: Direct and indirect measurements of MW and mtop, compared with theStandard Model for several values of mH (68% probability contours) [133].The excellent internal consistency of all the experimental data with the Standard Modelis shown by Figure 8.5. The �2 per degree of freedom is 16.4/15 and no measurementdeviates from the Standard Model by more than two standard deviations. The �2 of this�t can be plotted as a function of the Higgs boson mass, as illustrated by Figure 8.6. Thisfavours a low value for the Higgs boson mass of:MH = 0B@84 +91�51 1CA GeV=c2leading to a one-sided 95% con�dence level bound for the Higgs boson mass of MH <280 GeV=c2. Note that the direct search results are not used in the de�nition of this
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Figure 8.5: Pulls of the electroweak parameters with respect to the global �t includingthe direct determinations of MW and Mtop. The pull is de�ned as the di�erence of themeasurement to the Standard Model prediction divided by the measurement error [134].bound. A caveat is that the central value of the preferred Higgs mass moves upwards byover 50 GeV=c2 if one of the results, namely the value for sin2 �lepte� from the measurementof ALR at SLD, is excluded from the electroweak �t. A more precise determination ofthe W boson mass will reduce this sensitivity to the di�erence between the LEP and SLDmeasurements of sin2 �lepte� .Figure 8.7 shows the range of predictions for the W boson mass in the Standard Modeland the Minimal Supersymmetric Standard Model, where it is assumed that no directdiscovery of supersymmetric particles is made at LEP2. Precise determinations of theW boson mass and the top quark mass could eventually be decisive for the separationbetween the models.
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Chapter 9
Conclusions.
This thesis presents the �rst measurements of the W boson mass by the direct recon-struction of the W decay products in e+e�!W+W�!e��q�q and e+e�!W+W�!���q�qevents, using the ALEPH detector at the LEP collider. This required the development ofan e�cient selection, a kinematic �t speci�c to the semileptonic channel in order to treatthe undetected neutrino correctly and an unbiased method to extract the W boson massfrom the chosen distribution.The selection exploits the characteristic presence of a high energy, isolated lepton and alarge amount of missing momentum, due to an undetected neutrino, to select semileptonicWW decays with high e�ciency and purity. At ps = 172 GeV, the e�ciency and purityare 83% and 91% in the e��q�q channel and 89% and 93% in the ���q�q channel. From theintegrated luminosity of 10.65 pb�1of data, 14 and 20 events are selected in the e��q�q and���q�q channels, respectively, in agreement with the corresponding expectations of 18.0 and18.5 from simulation. At ps = 183 GeV, the e�ciency and purity are 82% and 90% inthe e��q�q channel and 85% and 95% in the ���q�q channel. From the integrated luminosityof 56.81 pb�1 of data, 130 and 105 events are selected in the e��q�q and ���q�q channels,respectively, in agreement with the corresponding expectations of 119.6 and 116.4 fromsimulation.The accurate reconstruction of the lepton energy is very important to the W massmeasurement and a search is performed to recover energy lost due to Bremsstrahlung andFinal State Radiation. This retrieves 71% of Bremsstrahlung photons and 60% of FSRphotons with energies over 5 GeV. Care must be taken to remove all the energy 
owobjects associated to the lepton before the reconstruction of the two jets of hadrons.212



9. Conclusions. 213The kinematic �t improves the reconstruction of the four-vectors for the two jets andthe lepton and thus the resolution on the W boson mass, typically by a factor of four.The measurements are corrected for any biases introduced by the �nite acceptance of thedetector and are then varied according to their experimental resolutions in order to satisfythe physical constraints of energy and momentum conservation. An extra constraint,which requires the di-jet invariant mass to equal that of the lepton-missing momentumsystem, is used to sharpen the resolution on the W boson mass further.The correct treatment of the unmeasured neutrino requires a kinematic �t speci�callytailored to the semileptonic channel. The bias correction and resolution functions forthe jets have to be parameterised speci�cally for the semileptonic channel, in order totake advantage of the better jet de�nition. Most importantly, the functions must beparameterised in terms of the true particle energy and polar angle rather than the measuredvalues in order to avoid serious biases.These requirements are met by the kinematic �t developed for the ps = 183 GeVanalysis. The �t converges successfully for 92% of the selected semileptonic WW decaysand provides one estimator per event for the W boson mass, with a resolution of1.6 GeV=c2. Future work could recuperate much of the remaining 8%. The degree ofuniformity of the �2 probability distribution is a sensitive test that the momenta andangles are not biased and that their resolutions are correctly estimated. The �2 probabilitydistribution is 
at, except for a peak at very low probabilities from events that are eitherbadly-measured, lose a lot of energy to ISR or are from background processes. Theseevents are removed by requiring the �2 probability to be larger than 2%, which reducesthe overall e�ciency of the kinematic �t for semileptonic WW decays to 83%. Futurework could recover some of these events by improving event reconstruction and allowingfor the possibility of ISR.The W boson mass �t technique is based on a direct comparison of the data invariantmass distribution with simulated distributions for various W mass values, which areobtained by reweighting a large reference sample fully simulated at one W mass value.By construction this technique does not require any bias correction, but does depend onthe accurate reproduction of the data distributions by the simulation. This assumption ischecked by comparing the reconstructed and �tted kinematic quantities for the jets andthe lepton. No signi�cant discrepancies are found, though such studies must be extended



214 9. Conclusions.with the higher statistics available in future years. The �t technique gives a value for theW boson mass that is reproducible and stable.The result for the W mass from direct reconstruction of 34 semileptonic WW candi-dates at ps = 172 GeV is:MW = 80:54 � 0:47(stat :)� 0:11(syst :) GeV=c2The e��q�q and ���q�q channels are studied separately with the higher statistics atps = 183 GeV. The results from the direct reconstruction of 94 e��q�q and 78 ���q�qcandidates are: M e��q�qW = 80:428 � 0:269(stat :)� 0:043(syst :) GeV=c2M���q�qW = 80:370 � 0:287(stat :)� 0:039(syst :) GeV=c2which combine to give:MW = 80:401 � 0:196(stat :)� 0:041(syst :) GeV=c2The ps = 172 GeV result contributes at the level of 14.8% to a weighted average of:MW = 80:422 � 0:181(stat :)� 0:040(syst :) GeV=c2This thesis gives a measurement of the W boson mass with a precision of 185 MeV=c2.The result is also the o�cial ALEPH result and is consistent with other measurements atALEPH, LEP and the Tevatron. The combination of the semileptonic and fully hadronicW boson mass results from all four LEP experiments gives a value for the W boson masswith an error of 90 MeV=c2, equal to that from the Tevatron. As the data analysed so farrepresents just 13% of the expected LEP2 data set, future measurements of the W bosonmass at LEP2 should reduce this uncertainty by a factor of three. This allows a crucial,new test of the consistency of the Standard Model, which is also sensitive to the mass ofthe Higgs boson.



Appendix A
Relativistic kinematics of WWevents.
This appendix derives the relativistic transformations between the four-vectors (q1; q2; q3; q4)of the four fermions and the twelve masses and angles (MW1, MW2, m1, m2, m3, m4, �,�, �?1, �?1, �?2, �?2) utilised by KINFIT to describe a e+e� ! W+W� ! f1 �f2f3 �f4 decay,assuming the conservation of energy and momentum.Forward direction.The four-vectors of the hadronic W and the leptonic W are pW1 = q1+q2 and pW2 = q3+q4respectively. Then the masses MW1; MW2; m1; m2; m3 and m4 are easily de�ned as theinvariant masses of pW1; pW2; q1; q2; q3 and q4 respectively.The angles � and � are the polar and azimuthal angles of pW1 with respect to thedirection of the e� beam. The angles �?1 and �?1 of q1 in the rest frame of the hadronicW and the angles �?2 and �?2 of q3 in the rest frame of the leptonic W are obtained in twosteps.The �rst step is to boost the decay products q1 and q3 into the rest frame of therelevant W according to the general relativistic transformation equations, which are givenbelow for a W boson moving in a direction n̂:q0 = q � (1� 
)n̂(n̂:q) � �
En̂E0 = 
E � �
(n̂:q) (A.1)215



216 A. Relativistic kinematics of WW events.Noting that � = pW=EW and 
 = EW=MW , equations A.1 simplify to the following for q01and q03: q0 = q � pW (E+E0)(EW+MW )E0 = EWMW E � pW:qMW (A.2)The second step is to rotate the rest frame of each W, so that the z-axis of the newframe is parallel to the direction of 
ight of the W in the laboratory frame. This isillustrated in Figure A.1 and q001 and q003 are given by:q00x = cos � cos�q0x + cos � sin�q0y � sin �q0zq00y = sin�q0x + cos�q0yq00z = sin � cos�q0x + sin � sin�q0y � cos �q0zE00 = E0 (A.3)
The angles �?1 and �?1 are the polar and azimuthal angles of q001 and the angles �?2 and�?2 are the polar and azimuthal angles of q002 with respect to the z-axis.
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Figure A.1: Rotation from the rest frame of the W to the frame where the z00-axis isparallel to the 
ight direction of the W in the laboratory frame.



A. Relativistic kinematics of WW events. 217Backward direction.In reverse, the four-vectors (q001 ; q002 ; q003 ; q004 ) are de�ned from the masses and angles as:q00x1 = pW sin �?1 cos�?1q00y1 = pW sin �?1 sin�?1q00z1 = pW cos �?1E001 = qp2W +m21q00x2 = pW sin(� � �?1) cos(� + �?1)q00y2 = pW sin(� � �?1) sin(� + �?1)q00z2 = pW cos(� � �?1)E002 = qp2W +m22q00x3 = pW sin �?2 cos�?2q00y3 = pW sin �?2 sin�?2q00z3 = pW cos �?2E003 = qp2W +m23q00x4 = pW sin(� � �?2) cos(� + �?2)q00y4 = pW sin(� � �?2) sin(� + �?2)q00z4 = pW cos(� � �?2)E004 = qp2W +m24 (A.4)where pW is de�ned from conservation of energy as:pW = 12psqs2 +M4W1 +M4W2 � 2sM2W1 � 2sM2W2 � 2M2W1M2W2 (A.5)The four-vectors (q001 ; q002 ; q003 ; q004 ) are then rotated back to the laboratory frame by theinverse of A.4, where � and � are replaced by �� � and �+� in order to obtain q03 and q04:q0x = cos � cos�q00x � sin�q00y + sin � cos�q00zq0y = cos � sin�q00x + cos�q00y + sin � sin�q00zq0z = � sin �q00x + cos �q00zE0 = E00 (A.6)



218 A. Relativistic kinematics of WW events.And �nally the four-vectors are boosted back to the laboratory frame by the inverseof A.2 to obtain values for (q1; q2; q3; q4) that satisfy the constraints of energy andmomentum conservation: q = q0 + pW (E+E0)(EW+MW )E = EWMW E0 + pW :q0MW (A.7)



Appendix B
De�nition of pT� and pT�.pT� and pT� de�ne the magnitude and the direction of the transverse momentum of themeasured particle with respect to the �tted particle. Denoting the momentum vector ofthe measured particle as pm and that of the �tted particle as pf , then:pT� =jpm j sin �fm cos�fmpT� =jpm j sin �fm sin�fm (B.1)The angle �fm is simply the angle between the �tted and measured jets:cos �fm = p̂m:p̂f (B.2)The angle �fm is the azimuthal angle of the transverse momentum of the �tted jetwith respect to the measured jet, around the measured jet. �fm is always de�ned for ananti-clockwise rotation around pm. This is illustrated in Figure B.1 and cos�fm is de�nedmathematically as: cos�fm = q̂1:q̂2q1 = (pm ^pf )^pmq2 = (ẑ^pm)^pm (B.3)The vector q1 is perpendicular to pm in the plane containing pm and pf , points towardspf and has magnitude p2mpf jsin �fm j. The vector q2 is perpendicular to pm in the planecontaining pm and the z-axis, points away from the z-axis if the angle between pm andthe z-axis, �m, is less than 90� and towards the z-axis if �m is greater than 90� and hasmagnitude p2m jsin �m j. 219



220 B. De�nition of pT� and pT�.sin�fm is positive if q1 ^q2 points along pm and negative otherwise. sin�fm is zero ifthe transverse momentum of the measured jet with respect to the �tted jet is completelyin the plane containing the measured jet and the z-axis. Note that if pm is closer to thebeam axis than pf , then pT� points towards pf .
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Figure B.1: De�nition of �fm and �fm.
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