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PrefaceBefore the discovery of � lepton in 1975, physicists already thought about a heavy lepton,l, in a sequential series of e; �; l:::. The calculation of the partial and total decay rates of lfor various values ofMl was done by Y.-S. Tsai in 1971 [1]. Tsai's work was realized in theheavy lepton search of the MARK I collaboration, started in 1973, at SPEAR in Stanford.In the MARK I detector, one of the �rst large-solid-angle general purpose detectors builtfor colliders, the third lepton, named as � , was discovered in 1975 by observing e� eventsfrom e+e� annihilation [2].After the discovery of the � , the DASP experiment at the DORIS e+e� storage ringand the DELCO experiment at SPEAR reported the tau mass, m� = 1807 � 20MeV/c2and m� = 1782+2�7MeV/c2, respectively [9] [10]. Due to its large mass, now known to 10�4precision (m� = 1771:1+0:4�0:5MeV/c2), the tau is the only lepton decaying into hadrons aswell as into leptons.From the end of the 1970's � was studied at higher energies, at the PETRA e+e�collider at DESY, at the PEP collider at SLAC. In the 1980's experiments at PETRA 1and at PEP 2 reported a number of results on � properties. More extensive studies on �lepton were followed by the ARGUS and Crystal Ball experiments at DORIS II, by theMARK III experiment at SPEAR, by the CLEO and CLEO II experiments at CESR,by the experiments3 at TRISTAN, by the MARK II and SLD experiments at SLC, also,from BES at the BEPC storage ring.The most energetic (� 45 GeV) tau pairs up to now, which are emitted via e+e� !1CELLO, JADE, MARK-J, PLUTO and TASSO2DELCO, HRS, MAC, MARK II and TPC3AMY, TOPAZ, and VENUS 7



Z0 ! �+��, have been studied by the 4 experiments 4 of LEP at CERN. LEP which wasbuilt for electroweak studies provides also excellent environment for tau physics becauseit gives high e�ciency (� 78%) and high purity (� 99%) � samples.The � events with energy above threshold allow the measurement of the tau lifetime.The �rst published measurement showed meaningful non-zero lifetime, �� = 4:6 � 1:9 �10�13sec [16]. A number of � lifetime measurements were followed by the MAC exper-iment, by the CELLO experiment, etc. [18] [19]. Since 1990, precise measurements ofthe � lifetime have been reported by LEP experiments with the appearance of vertexdetectors.The precise measurement of the � lifetime yields an important result together with �lepton branching ratio and � mass when the value is compared with the muon lifetime.The lifetime measurement allows a direct test of the lepton universality (ge = g� = g� ) bychecking the standard model expectation, (g�=g�)2 = (��=�� )(m�=m� )5Be. Tau physics,as a tool for checking the standard model, needs a precise lifetime measurement sincethe uncertainty of the test is limited (� 60% of total uncertainty) by the precision of ��(� 0:6%), compared with Bl (� 0:3%) and m� (� 0:03%) according to a recent summaryreport [67].This thesis, named \Precise measurement of tau lifetime in ALEPH experiment atLEP", was started in 1992 with the excellent experimental conditions in the ALEPHCollaboration and presents a new technique for the tau lifetimemeasurement. It is shownthat the new method is one of the most promising techniques due to its stability againstsystematic uncertainties and self-calibrating characteristics.The outline of this thesis is as follows: Chapter 1 is dedicated to a brief description ofthe standard model and the theoretical view of � lepton physics as well as the status ofexperimental results on the tau properties. Chapter 2 is devoted to a simple descriptionof the performances of the ALEPH detector with the emphasis on the tracking of thecharged particle and the granularity of the calorimeters. Some utilities for the � physicsin the ALEPH experiment are introduced and their algorithms are explained with theirperformances and e�ciencies in chapter 3.The motivation for the development of a new method is explained in Part II. Chapter 4will introduce various methods for the tau lifetime measurement from a methodological4ALEPH, DELPHI, L3, and OPAL 8



point of view. Chapter 5 introduces new notations to treat the kinematics of the hadronictau decay event and shows a new way to determine the tau direction, by-product of thisthesis.Part III is the core of this thesis. The new method, named as 3DIP, to measure taulifetime will be developed in Chapter 6. Chapter 7, \Event Selection", contains detector-dependent technical tricks to apply this new technique to the ALEPH data. Many newalgorithms and cuts are introduced in this chapter because this new method is realizedin 3-dimensional space and only in the hadronic-hadronic �+�� decay events. The resultand the systematic uncertainty of the � lifetimemeasurement using this method are givenin chapter 8. Also some checks of the method and the statistical correlations with othermethods appear in that chapter. Finally, this thesis will end in chapter 9 with a new taulifetime result and with the summary of the advantages and the prospects of the 3DIPmethod.
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Chapter 1The � Lepton in the Standard ModelNature seems to be governed by four kinds of interactions: strong, electromagnetic, weakand gravitational. A principal achievement of physics is the discovery of symmetry prin-ciple: invariance under transformation, i.e. symmetry, leads to corresponding conservedphysical quantity, e:g: symmetries under time, translation, and rotation, yield conserva-tions of energy, momentum, and angular momentum, respectively. Invariance under agauge transformation, we say \gauge" symmetry, gives its corresponding conserved cur-rent and introduces a gauge �eld. Electromagnetic interaction is successfully describedby a gauge theory where charged particles interact via a gauge boson (photon). Further-more, the electromagnetic and weak interactions are described by a gauge theory basedon SU(2)L�U(1)Y and uni�ed into the same theoretical formalism: 3 weak gauge bosons(W�; Z0) are introduced as well as photon.Force Gauge Boson Symbol Charge (e) Spin Mass (GeV)Strong gluon g 0 1 0Electromagnetic photon 
 0 1 0Weak W� boson W� �1 1 80.2Z0 boson Z0 0 1 91.2Gravitational graviton G 0 2 0Table 1.1: Fundamental interactions and gauge bosonsThe present belief is that the 4 kinds of interactions may be described by the gaugetheory using higher level of internal symmetry. Tab. 1.1 shows the 4 kinds of fundamental13



interactions and the properties of their gauge bosons.In this chapter we will give an outline of the standard model of electroweak interac-tion and introduce some tests of the model using the tau decays. In addition, the tauproperties, m� , �� , and B(� ! X��), and a simple description of each measurement aregiven. Finally, one of the crucial points in the Standard Model, lepton universality, willbe discussed.1.1 Outline of the standard model1.1.1 Electroweak interactionGauge theory of electromagnetic interactionQuantum electrodynamics (QED) is the �rst renormalizable quantum �eld theory. Toensure charge conservation, the Lagrangian is requested to be invariant under the localphase transformation of particle �eld  (x) (gauge transformation) (x)! e�ie�(x)Q (x)where �(x) is an arbitrary function and Qe the charge of the particle. The phase trans-formation e�ie�(x)Q belongs to the symmetry group U(1). The Lagrangian describing afree Dirac particle, � (i
�@� �m) , is not invariant under this phase transformation. Itsinvariance is achieved by introducing a gauge �eld A� which transforms asA�(x)! A�(x) + @��(x)Then the full invariant Lagrangian is written asL = �14F ��F�� + � (i
�@� �m) � e � 
�Q A�where �14F ��F�� represents the kinematic energy of A� (F�� = @�A� � @�A�). The thirdterm, �e � 
�Q A�, in the Lagrangian describes the interaction between the particle andthe gauge �eld. � 
�Q is the conserved electromagnetic current (J�em) and e is thecoupling between this current J�em and the gauge �eld A�.14



Gauge theory of electroweak interactionThe generalization of QED to other interactions can be done by looking for other sym-metry groups. Low energy weak processes, such as � decay, are well described by theFermi's current-current interaction where the V-A structure of the weak current ensuresparity violation. To preserve these results, the basic assumption of a gauge theory is theexistentce of a conserved weak isospin. Left-handed fermions form isospin doublets,  L.One thus requests the Lagrangian be invariant under the transformation L(x)! e�ig�(x)�T L(x)where the constant g corresponds to e in QED and T is the weak isospin operator corre-sponding to the charge operator Q: the transformation belongs to the symmetry groupSU(2). Three massless gauge bosons, W 1, W 2, and W 3, arise by gauge invariance withcoupling g. However, this simple approach for the weak interaction was found not to berenormalizable.The electromagnetic and weak interactions were uni�ed as the SU(2)L�U(1)Y symme-try group by Glashow, Weinberg and Salam in the 1960s. The Glashow-Weinberg-Salam(GWS) theory is based on the invariance under the di�erent gauge transformations forthe left-handed and right-handed fermions: L ! e�ig�(x)�T�ig0�(x)Y=2 L R ! e�ig0�(x)Y=2 Rwhere two couplings g and g0 arise from SU(2)L and U(1)Y groups. The left-handedfermions and right-handed fermions form isospin-doublets and isospin singlets, respec-tively:  L = 0@  �e;��;�� e;�;� 1AL ; 0@  u;c;t d;s;b 1AL R = ( e;�;�)R; ( u;c;t)R or ( d;b;s)RInvariance requests four massless gauge bosons, W 1;2;3 from SU(2) and B from U(1), andmakes the Lagrangian contain the interaction terms:�igJ� �W � � �ig � L
�T �W � L for left handed fermions�ig02 j�YB� � �ig0 � 
� Y2  B� for left or right handed fermions15



Since we know that weak interactions are meditated by massive bosons, and the elec-tromagnetic interaction is by the massless photon, it is necessary to �nd a way to givemasses to the gauge bosons without loosing renormalizability. This is done by the Higgsmechanism : when introducing an adequate potential using a complex scalar �eld dou-blet(Higgs �eld), symmetry breaking provides the mechanism giving masses to the bosonsthrough their couplings to the scalar �eld. This results in 3 massive gauge boson �eldsW� = 1p2(W 1 � iW 2)Z0 = W 3cos �W �Bsin �Wand one massless gauge boson �eld (photon),A =W 3sin �W +Bcos �WThe mixing angle �W becomes another parameter of the theory related to the W� andZ0 masses by sin �W =MW =MZ .The Lagrangian describing electroweak interactions expressed in terms of gauge bosonsW�, Z0, and 
, becomesLint = �igJ� �W � � ig02 j�YB�= �i gp2(J�+W+� + J��W�� );�i(gcos �WJ�3 � g02 sin �W j�Y )Z0�;�i(gsin �WJ�3 + g02 cos �W j�Y )A�The third term, electromagnetic interaction, is identical to �iej�emA� where j�em = J�3 +j�Y =2. Therefore, gsin �W = g0cos �W = eThen we can express the second term as�i gcos �W (J�3 � sin2 �W j�em)Z0�and J�3 � sin2 �W j�em(� JNC) is identi�ed as neutral weak current. Finally,Lint = � g2p2 � 
�(1� 
5)(T+W+� + T�W�� ) ; charged weak interaction part� g2cos �W � 
�(gV � gA
5)Z0� ; neutral weak interaction part�e � 
�QA� electromagnetic interaction partwhere T� are the weak isospin raising and lowering operators andgV � T 3 � 2sin2 �WQgA � T 316



Hence, the Standard Model of electroweak interaction has three parameters to bedetermined; the �rst and second parameters are the gauge coupling constants, g and g0,corresponding to the gauge bosons W i�; i = 1; 2; 3; and B� for the SU(2) and U(1) parts,respectively, the third one is the SU(2) and U(1) mixing angle sin �W . These parameters,however, are not direct physical observables and therefore 3 following variables are takeninstead of g, g0, and sin �W :1 �ne structure constant, � : �(� e2=4�) = 14� g2g02g2+g02 .�(= 1=137:036) was determined from the quantum Hall e�ect with � 5 � 10�7uncertainty.2 Fermi constant, GF : p2g2=8M2W .GF (= 1:1664�10�5GeV�2) is determined from the muon lifetimemeasurement with� 2� 10�5 uncertainty.3 mass of the Z0 boson, MZ : MZ(=MW=cos �W )MZ(= 91:187GeV/c2) is known to � 10�4 uncertainty.The weak mixing angle, sin2 �W (= 0:2319), is determined best from the measurement ofMZ : sin �W cos �W = ( ��p2GF )1=2=MZ1.1.2 UniversalityConsidering the 3 generations of fermions, the Lagrangian describing the interactions ofcharged weak currents, i:e: interactions of particle �eld doublets ( i) via charged weakbosons (W�), is just a sum over the families with coupling g independent of the family:� gp2Xi � i
�12(1� 
5)(T+W+� + T�W�� ) iOn the other hand the Lagrangian describing the interaction of neutral weak current, i:e:via neutral weak boson (Z0), is� gcos �W Xi � i
�12(gV � gA
5) iZ0�This universality of couplings, a consequence of a unique SU(2)L � U(1)Y gauge group,is a fundamental assumption of the Standard Model.17



This prediction can be readily checked experimentally at least in the leptonic part:ge = g� = g�geV = g�V = g�V (= �12 + 2 sin2 �W )geA = g�A = g�A(= �12)The universality of gV and gA can be checked by the study of neutral weak interactions,and the universality of g can be checked by the study of charged weak interactions.gV and gA universality check from �gV and gA universality can be checked by the measurement of the width of the leptonicZ0 decay (�l) or polarization asymmetries Al in LEP experiments. At Z0 pole, thesequantities are related to glV and glA as follows:�l = GFM3Z6p2� (glV 2 + glA2)Al = 2glV glA(glV )2 + (glA)2whereAl are deduced from the measurements of charge asymmetries and forward-backwardasymmetries of e+e�, �+��, and �+�� productions.Tau events are especially interesting because A� can be extracted directly from thepolarization measurement and in addition Ae can be measured from the ApolFB. Fig. 1.1shows four di�erent �� production states with respect to forward-backward direction andhelicity. One can make 3 asymmetries as followsP� � �(h� > 0)� �(h� < 0)�total = �A�A�FB � �(cos �� > 0) � �(cos �� < 0)�total = 34AeA�ApolFB � �(h� cos �� > 0) � �(h� cos �� < 0)�total = �34AeHere, we put a superscript � on AFB to distinguish from other asymmetries, AeFB andA�FB measured from Z0 ! e+e� and Z0 ! �+�� events. The measured values by 4 LEP18



Figure 1.1: �+�� productionstates. Angles and helicities arede�ned by the �� and e� direc-tions
experiments of A� and Ae are 0:145�0:009 and 0:137�0:011, respectively. The measuredA�FB is 0:0228 � 0:0026 [7].Tab. 1.2 shows the current status of the gV and gA universality according to all mea-surements of �l and Al done by 4 LEP experiments.gV gAe - 0.0370 � 0.0021 -0.50093 � 0.00064� - 0.0308 � 0.0051 -0.50164 � 0.00096� - 0.0386 � 0.0023 -0.5026 � 0.0010l - 0.0366 � 0.0013 -0.50128 � 0.00054Table 1.2: Current measured values of gV and gA by the experimentsat LEPgl universality checks from � decayThe gl universality can be checked also with the tau decays. In particular leptonic taudecays, � ! e ��e�� and � ! � ����� , can be directly compared with the muon decay19



�! e ��e�� of which properties are very precisely measured:m� = 105:658389 � 0:000034MeV/c2�� = 2:19703 � 0:00004�sComparison of the tau leptonic decay width, �(� ! l�l��), with the muon decaywidth, �(� ! e ��e��), provides a check of the lepton universality in the charged currentsector. We will discuss the universality test in detail in the next section.1.2 Lepton universality check from � leptonic decayFig. 1.2 shows the Feynman diagram for tau decay to electron. The invariant amplitudeFigure 1.2: Feynman diagram for taudecay to electronfor tau decay to electron mediated by a W� boson is expressed asM = [ g�2p2 �u(��)
�(1� 
5)u(� )] 1M2W [ ge2p2 �u(e)
�(1� 
5)v(�e)]where q�q�=M2W and q2 contributions are omitted since both terms are negligible, � 10�4.Identifying this equation with its classical Fermi's expression,M = GFp2J�(� )J�(e)one gets geg�=2M2W = 4GF =p2. We will denote Fermi constant GF as G� in order toinsist that this constant comes from the tau decay.The tau-to-electron decay width, �(� ! e ��e�� ), is then,d� = 12E jMj2 d3pe(2�)32Ee d3p�e(2�)32E�e d3p��(2�)32E�� (2�)4�(4)(p� � pe � p�e � p�� )20



where jMj2 is the spin-averaged probability. Neglecting the electron mass (� 0:0003m� ),the decay rate is �(� ! e ��e�� ) = G2�m5�192�3 = g2eg2�192�3 m5�32M4W (1.1)For the tau decay to muon, since muon mass is not negligible anymore (� 0:06m� ),the mass correction term is needed.�(� ! � ����� ) = G2�m5�192�3 (1 � 8y + 8y2 � y4 � 12y2 ln y) (1.2)where y � (m�=m�)2. This mass correction, F (y) � 1�8y+8y2�y4�12y2 ln y, is negligiblefor the tau to electron decay, but not for the tau to muon decay (F (m2�=m2� ) � 0:973).More generally, the leptonic decay width of the tau can be expressed as follows con-sidering the W mass e�ect and the radiative corrections:�(� ! l�l��) = G2�m5�192�3F (m2lm2� )[1 + 35 m2�M2W ][1 + �(m�)2� (254 � �2)] (1.3)where ��1(m� ) �= 133:3 and the corrections in the brackets have 0.03% and 0.4% e�ectsrespectively. For simplicity, we will replace all the correction terms with a constant Cl� .Cl� � F (m2lm2� )[1 + 35 m2�M2W ][1 + �(m� )2� (254 � �2)]We �nd Ce� = 0:996, C�� = 0:969.By the de�nitions of the electron and muon branching ratios,Be � �(� ! e ��e�� )�totB� � �(� ! � ����� )�totthe tau lifetime is therefore related to the leptonic branching ratios as follow�� = 1�tot � �h= Be�(� ! e ��e��) (= B��(� ! � �����))� �h= (G2�m5�192�3 )�1C�1e� Be � �hwhere �h = 6:5821 � 10�25 GeV s. 21



On the other hand, since B(�! e ��e��) = 100%, the muon lifetime is�� = (G2�m5�192�3 )�1C�1e� � �hwhere G� = p2g�ge=8M2W and Ce� � 0:9956.Combining �� and ��,(G�G� )2 = (g�g� )2 = (���� )(m�m� )5B(� ! e ��e�� ) (1.4)where ge terms in both G� and G� cancel out, the correction term (Ce�=Ce� ) is negligible(� 0:9996).Using the events � ! ��� we can deduce the same equation for (g�=ge):(g�ge )2 = (���� )(m�m� )5B(� ! � ����� )(Ce�C�� ) (1.5)where Ce�C�� � 1:0277.We will discuss the check of the lepton universality based on above equations with theexperimental results on m� , �� , and Be(B�), in the following sections.1.3 Experimental properties of � leptonAfter the discovery of the tau lepton, its properties have been studied by many experi-ments. When we started this thesis, it seemed that tau made some puzzles as if it werenot standard: 1-prong problem, non-universal coupling G� [14] [15]. Tau physics has beenstudied extensively and precision measurements of tau properties, now available, may givethe answers.We summarize here the experimental properties of � lepton, m� , branching fractions,and lifetime, at the time we started the thesis (1992). This discussion will be continuedin Chap. 9 with the new results in LEP experiments including the analysis of this thesis.1.3.1 Tau mass : m�There are two general approaches to measure the tau mass:22



� scanning threshold: searching the minimum beam energy to produce tau pairs ate+e� collider.� pseudo � mass �t: �tting the tau pseudomass ( because tau mass can not be directlymeasured from the reconstructed particles due to the missing 4 momenta of neutrino)with the assumption that the tau direction is parallel to the multi-pions (denote \h")direction. The pseudo tau momentum, jp�� j, is jphj + jp�� j. Using E�� = E� � Eh,the tau pseudo mass (m��)2 = 2(E� �Eh)(Eh � j~phj) +m2hwhere E� is the beam energy. One gets the tau mass from the characteristic sharpedge of the pseudomass distribution [8].
Figure 1.3: crosssection �(e+e� ! �+��) aroundthreshold in BES experiment.

The world average 1784:1+2:7�3:6MeV/c2 dominated by the DELCO measurement 1 wasoutdated by the precise measurement of BES collaboration in 1992 [11]. The BES mea-surement was done by �tting �(e+e� ! �+��) near threshold using 7 e��� events, Fig. 1.3The tau mass determined by BES is 1776:9+0:4�0:5 � 0:2 MeV.1DELCO measurement was done by scanning the threshold using 346 e�X� events produced by e+e�collisions in 1978. 23



The two measurements from ARGUS and CLEO in 1992 agree with the BES results:mARGUS� = 1776:3 � 2:4 � 1:4MeV/c2 from mass �t using � ! 3��� assuming m� = 0,mCLEO� = 1777:6 � 0:9� 1:5MeV/c2 from kinematics using 1-1 topology events with �0s.The new values agree with each other and give the corrected world average:m� = 1777:1 � 0:5MeV/c2The uncertainty on the tau mass is about 3 � 10�4. Fig. 1.4 shows the measurements ofthe tau mass. Figure 1.4: Tau mass measure-ments
1.3.2 Tau branching ratios : B:R:(� ! X�� )Unlike the muon, the tau lepton can decay to hadrons as well as to electron or muon dueto its large mass. About 85 % of taus decay to 1 charged track, e; �; �; �(! ��0); a1(!��0); �+n�0. 15% decay to 3 charged tracks, a1(! 3�); 3�+n�0. The branching fractionto 5 prong and other modes is only about 0.1 %.24



Tab. 1.3 shows the tau branching ratios for important decay modes using the datacollected up to 1992 [22]. Decay Mode B:R:WA (%)e 17.76 � 0.15� 17.53 � 0.19h 12.79 � 0.29+�0 25.53 � 0.31+2�0 8.86 � 0.32+ � 3�0 1.26 � 0.143h 8.62 � 0.19+ � 1�0 5.45 � 0.225h � 0�0 0.13 � 0.03Table 1.3: Tau branching ratiosFigure 1.5: Tau electron branch-ing ratio measurements: errorsare the combined uncertainty ofstatistic and systematic
Tau leptonic branching ratio is especially interesting since it gives a tool to checklepton universality when it is combined with the tau lifetime measurement as seen in theprevious section. 25



Fig. 1.5 shows the measurements of the electron branching ratio. The combined resultis B(� ! e���) = 17:76 � 0:15% (1.6)For the muon decays, the measured branching fraction isB(� ! ����) = 17:53 � 0:19% (1.7)The ratio B�=Be = 0:987 � 0:014 is consistent with C��=Ce� � 0:973.1.3.3 Tau lifetime : ��The � lifetime is measured from the observed decay length, extracted from the tau produc-tion position (approximated to the beam position) and either of two tracking informations:the tau decay vertex (reconstructed common vertex of the tau decay products) or the im-pact parameter (transverse decay length in the xy plane). We will describe the methodsin detail in Chap. 4.The � lifetime was �rst measured in 1982 by the MARK II collaboration with �� =(4:6� 1:9)� 10�13 sec [16]. A number of � lifetime measurements have been done by theMAC experiment [18], by the CELLO experiment [19], etc.. Fig. 1.6 shows the 7 lifetimemeasurements and the world average before the LEP starting.The precise measurements of the � lifetime have been reported from the starting ofexperiments, like LEP experiments, in which the tracking resolution is much improvedwith the appearance of vertex detectors. Also, many new techniques have been developedin the meanwhile, and have produced statistically and/or systematically precise results.These new techniques will also be introduced in Chap. 4.Fig. 1.7 shows the tau lifetime measurements after the LEP start.The signi�cant change of the tau mass by the BES measurement tells all measure-ments before 1992 had had a bias of � 1:2fs. The world average from combining all theexperiments up to 1992 is with mass correction:�� = 295:7 � 3:2fs26



Figure 1.6: � lifetime measure-ments before LEP starting andthe world average in 1990. Mea-surements are plotted accordingto the order of time.
Figure 1.7: � lifetime measure-ments after the LEP start.
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1.4 Status of the lepton universalityLet us recall Eq.1.4. (G�G� )2 = (g�g� )2 = (���� )(m�m� )5B(� ! e ��e�� )With the old values of m�(= 1:7841GeV/c2), ��(= 304fs), and Be(= 17:93%), one had(g�g� ) = 0:972 � 0:016which gave a 1.8 � deviation from universality. Figure 1.8: Status of lepton uni-versality checks from � decay in1992.
Fig. 1.8 shows the status of the universality in 1990 and 1992. The new measurementsof m� (= 1:7771�0:5GeV/c2), �� (= 295:7�3:2fs), and Be(= 17:76�0:15%), in 1992 yield:(g�g� )2 = 0:9803 � 0:0108(�� )� 0:0014(m� )� 0:0084(Be)where the errors are separately quoted in order to show the source. The uncertainty onthe tau lifetime measurement (0.0108) is the main contribution in the lepton universalitycheck. The result: (g�g� ) = 0:990 � 0:007still shows 1.4 � deviation from lepton universality.28



However, if one uses the tau to muon branching ratio, B� = 17:53 � 0:19%, then(g�ge ) = 0:997 � 0:008which fairly agrees with lepton universality.The largest contribution in the uncertainty of the check comes from the measurementsof the lifetime and the leptonic branching ratio: ���=�� � 1:1% and �Bl=Bl � 0:8%.For the latter, the error is still dominated by statistics. Therefore, as data increase theuncertainty on Bl should decrease. On the other hand, the lifetimemeasurement may lessbene�t from the increasing statistics than Bl measurement since the precision is directlyrelated to the detector resolution and su�ers from di�cult systematic control. A preciseand systematic free method to measure the tau lifetime is mandatory to check leptonuniversality.To break through the limitation on the lifetime uncertainty, especially on the system-atic error, one can simply think about a high performance detector or a new method lessa�ected by the detector resolution. The precise measurement of the tau lifetime by a newtechnique is the main motivation of this thesis. We will discuss again the universalitycheck in the last chapter with the new measurements of tau leptonic branching ratio andtau lifetime including the result of this thesis.
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Chapter 2Performances of the ALEPHDetectorThe present work is based on � data taken with the ALEPH detector at the LEP ring.The LEP, Large Electron and Positron storage ring, is a collider built especially for themeasurements of various electroweak parameters (Fig. 2.1). LEP was started in 1989Figure 2.1: LEP ring and 4 points ofinteraction. The circumference of LEPis about 27 km.
with the center of mass energy around 91 GeV, the energy corresponding to the Z0 bosonmass.This chapter describes the characteristics of the ALEPH detector and its performances.31



Overall descriptions of the detector components are in Sec. 2.1. The details of the detectorcan be found elsewhere [23] [25] [26].The tau lifetime measurement depends mainly on the tracking resolution of the de-tector. Especially in this thesis, since 3-dimensional tracking is needed to carry out thenew method (3DIP), the tracking performance on z component (along the beam axis) isemphasized as well as r� component (in Sec. 2.2). The performances of the calorimeters,ECAL and HCAL, play also an important role in the energy and direction measurementof the neutrals and will be described in some details in Sec. 2.3.2.1 Overall structure and componentsFig. 2.2 shows the overall view of the ALEPH detector.

Figure 2.2: Overall view of the ALEPH detector: 1) VDET, 2)ITC, 3) TPC, 4) ECAL, 5) Superconducting coil, 6) HCAL, 7)Muon chamber, 8) Luminosity monitor32



From inside to outside, particles emitted from the beam crossing point encounter:1. Beam Pipe : a hybrid cylindrical pipe made of beryllium (jzj < 38cm), connectingmaterial (38 < jzj < 50cm), and aluminum part (50 < jzj < 269:5cm). The centralpart made of beryllium has an inner radius of 5:30cm, an outer radius of 5:41cm,and amounts to 0.00312 X0 radiation length at 90�.2. Vertex Detector (VDET) : a silicon wafer detector with 2 concentric layers.3. Inner Tracking Chamber (ITC) : a cylindrical drift chamber with 8 layers of axialwires.4. Time Projection Chamber (TPC) : a large cylindrical time projection chamber.The three tracking devices (VDET, ITC and TPC) will be described in details in Sec. 2.25. Electromagnetic Calorimeter (ECAL) : a sampling device consisting of lead sheetsand wire chambers.6. Superconducting Solenoid : aluminumaround NbTi/Cu coil cooled by liquid helium.It has a cryostat volume of Rinner = 2:48m;Router = 2:92m, and 7 m long. The totalradiation length is 1.6 X0. It creates a magnetic �eld of 1.5 T parallel to the beamaxis of the detector with a 5 kA current. Measured �eld 
uctuations, �Bz=Bz,are less than 0.2 %. Radial �eld component and azimuthal component are small:Br=Bz < 0:4% and B�=Bz < 0:04%.7. Hadronic Calorimeter : a iron based hadronic calorimeter. It also serves as yoke forthe magnetic 
ux and as a muon �lter.The two calorimeters (ECAL and HCAL) will be described in details in Sec. 2.38. Muon Chambers : a double layer wire counter made of carbon coated plastic tubes.The barrel part has 12 double layers (each layer covers 30�). The middle-angle parthas 9 double layers overlapped with each other and 1 layer in the bottom. Twoend-caps consist of 4 double layers.The ALEPH detector has three subdetectors for luminosity measurement: i) Solid-state Luminosity Calorimeter (SICAL) 1 consisting of 12 tungsten sheets and silicon pad1from Sep. 1992 33



layers (Rinner = 6; Router = 14:6cm and 250 < jzj < 262), ii) Luminosity Calorimeter(LCAL) consisting of lead sheets and wire chambers (Rinner = 10; Router = 52cm and262:5 < jzj < 305), iii) Very small angle Luminosity Monitor (BCAL) consisting of 10tungsten sheets and plastic scintillators (Rinner = 6:5; Router = 8:5cm and 770 < jzj <784).2.2 Tracking DevicesThe lifetime of a particle is deduced from the measurement of its decay length. Since adecay length of a short lived (� 10�13 � 10�15 s) particle like � lepton, charmed mesons,bottom meson etc. can only be obtained from the (track) reconstruction of its daugh-ter particles, tracking is an essential part of the lifetime measurement. Here we willdescribe the ALEPH tracking devices from the point of view of 3 dimensional trackingperformances.2.2.1 TPC: Time Projection ChamberStructureThe TPC is a cylindrical drift chamber of which dimensions areRouter = 1:8 m,Rinner = 31cm and length = 4.7 m and its axis is parallel to the magnetic and electric �elds. TheTPC volume is divided into two cages by a graphite coated mylar membrane (thickness= 25�m) which acts as a high voltage electrode (Fig. 2.3). It operates in a gas mixtureof 91% Ar and 9% CH4 at atmospheric pressure.When a charged particle traverses the TPC volume, it ionizes the gas. Electrons fromionization are accelerated by the electric �eld of 11 kV=m, parallel to the magnetic �eld,and drift to the end-plates (maximum drift length = 2.2 m). The end-plate is a wirechamber where the electrons produce avalanches on the sense wires. The location of theavalanche along the wire is measured by the segmentation of the cathode plane into smallareas, so-called pad. The r� coordinate is measured from the pad position and the zcoordinate is measured from the drift time with the known drift velocity. Each end-plate34



Figure 2.3: TPC overall viewhas 6 inner sectors (type K) and 12 outer sectors (type M,W) which have concentric 9 and12 rows of pads ( 3cm�6:2mm ), respectively, for 3 dimensional coordinate measurement(Fig. 2.4). Thus TPC allows a maximum of 21 r� and z coordinate measurement. Thereare also 8 (11) rows of trigger pads ( 6:8mm� 15� ) in each inner (outer) sector.Coordinate resolutionThe r� coordinate resolution depends on several factors, such as the magnetic �eld andthe angles of the track segment with respect to wires and pads, etc.. When the padcrossing angle is 0�, the typical spatial r� resolution is about 180�m. Fig. 2.5 shows theTPC r� hit resolution.The z coordinate resolution has been measured with di-muons and cosmic-rays bystudying the drift length assuming that the trajectory is a straight line in r � z plane.Using the pad information 0.8 mm spatial resolution is achieved for tracks with polarangle around 90� (Fig 2.5). This becomes twice as large at polar angle about 20�(160�).35



Figure 2.4: Overall view of TPC end-plate and M, W, K sector

Figure 2.5: TPC r� and z coordinate resolutions measured withthe tracks from leptonic Z0 decays36



The z coordinate can also be measured with the wires when there is no confusion dueto another track intersecting. The space resolution of z from wire measurement is of theorder of 1 mm.Alignment and calibrationThe sectors of TPC end-plates are aligned relatively to each other within �40�m precisionmechanically. The possible misalignment of the 18 sectors (6 inners + 12 outers) foreach end-plate can be checked with laser beams, cosmic ray events and two track eventslike e+e� ! �+�� [30]. Assuming in�nitesimal deviation from the perfectly aligneddetector, the relative positions between the inner and outer end-caps can be described ina rectangular coordinate system by 6 parameters: 3 o�sets along the axes and 3 rotationangles. These parameters are obtained with Z0 ! �� events by �tting the muon tracksusing TPC inner sector and outer sector independently.On the other hand, the TPC has a laser calibration system to provide informationon the residual inhomogeneities of the electric and magnetic �elds. The laser calibrationprovides thus a geographical map of drift velocity in order to correct the distortions oftracks in the TPC volume. The drift velocity is determined from the reconstructed polarangles of tracks using the laser beam.Particle identi�cation : dE=dxThe TPC is not only the main tracking device of ALEPH but also a particle identi�er.The measurement of the particle speci�c energy loss by ionization, dE=dx, allows theidenti�cation of particles. The dE=dx is measured from the sense wire pulse. Since thedistance between neighboring sense wires is 4 mm, a charged track can have a maximumof 340 sense wire pulses. Fig. 2.6 shows the scatter plot of the reconstructed dE=dx as afunction of reconstructed track momentum for all tracks with at least 150 associated wirehits in a sample of about 40,000 tracks from data. dE=dx is an important observable foridenti�cation of electrons when it is used together with the ECAL information.37



Figure 2.6: dE=dx versus mo-mentum. The values of dE=dxare normalized to 1 at the mini-mum ionization. The solid curvesgive the expected mean dE=dx forkaon, proton, electron, muon, andpion.
2.2.2 ITC: Inner Tracking ChamberStructureThe ITC is a conventional cylindrical drift chamber with eight concentric layers of sensewires parallel to the beam axis (Fig. 2.7). It serves mainly two roles in ALEPH: one

Figure 2.7: Overall view of ITC end-plateis to provide a maximum of eight accurate r� points for tracking and the second is togive the only tracking information for the Level-1 trigger. The dimensions of ITC areRouter = 28:8 cm, Rinner = 12:8 cm and length = 2 m. Tracks with �0:97 < cos � < 0:9738



traverse all eight layers. The ITC is �lled with a mixture of 50% Ar and 50% ethane(C2H6) at 1 bar.Coordinate measurement Figure 2.8: ITC cross sectional view ofwiresThe r� coordinate is obtained by measuring the drift time in the cell, giving a precisionof about 150 �m. The z coordinate is measured from the time di�erence of the signalsat the two ends of each sense wire, but the resolution of z coordinate (� 7 cm) is notsu�cient for 3 dimensional tracking.AlignmentThe alignment of the ITC with respect to the TPC has been measured by using the cosmicevents with a precision of � 100�m in r�. The relative o�set along the x axis and the yaxis are about 450� 100�m and 0� 50�m, respectively, and the rotation angles are verysmall, � 0:1mrad. The values are taken into account in the track reconstruction. Themisalignment along the beam axis is not important because the ITC z coordinates arenot used in the track reconstruction.2.2.3 VDET: Micro Vertex DetectorThe VDET consists of 2 concentric layers of double side silicon wafers aligned along thebeam axis. A silicon strip detector is a specialized application of a p-n diode. The coor-dinate resolution totally depends on the pitch between the neighboring diodes (normallyit is about 20 to 50 �m). 39



The main di�erence of the ALEPH VDET installation plan [31] in 1982 comparedwith those of other experiments (MARK II, DELPHI, OPAL and CDF) was that ALEPHconsidered to install a silicon strip detector with readouts on both sides (r� and z) of thesame wafer essentially from the start aiming for 3 dimensional position information foreach particle hit [33] 2. Fig. 2.9 shows the VDET. The inner layers of VDET are placed
Figure 2.9: Overall view of VDETat R = 6:3 cm and the outer layers are located 11 cm away from the beam axis. Theinner (outer) layers consist of 9 (15) modules. Two layers give a thickness of 0.041 X0 at90�.The thickness of a silicon wafer is about 300�m and the size is 5:12 � 5:12cm2. Eachsilicon wafer has 1024 readout strips on z side and 512 strips on � side. The e�ectivestrip pitch is 100 �m on r� side and 50 �m on z side. Fig. 2.10 shows one module of theVDET.The active detector areas of adjacent wafers overlap by 2mm to ensure full � coverage.The overlapping area is about 4% of the full coverage. Since both layers cover only 20cm along the beam pipe, the tracks with � < 50� or � > 130� are beyond the VDETacceptance.2In 1989 a few prototype modules were installed, in 1990 a complete inner layer and about 50% ofouter layer were installed and �nally in 1991 the installation of a complete inner and outer layers was�nished. 40



Figure 2.10: A VDET module containing 4 double-sided siliconwafersCoordinate measurementThe reconstructed track by the TPC and the ITC is re�tted using a maximum of 2accurate 3-dimensional VDET hits. The coordinate resolutions are about 12 � both inr� and in z. Fig 2.11 shows the single VDET hit resolutions of r� and z readouts usingdimuon events (dividing by p2 gives a single hit uncertainty).AlignmentThe alignment of the Si strips can be measured optically with a precision better than2�m and the alignment of the plates each carrying 4 Si wafers is known to �20�m. Alsothe relative alignment of each wafer is obtained by looking at the separation of hits in theoverlapped area using the dimuon events. 41



Figure 2.11: Single VDET hit resolutions of r� and z components.Pattern recognition problemThe ALEPH VDET is not a tracking device by itself, but it plays a very importantrole in the lifetime measurement because it adds 2 high precision 3-D coordinates to thereconstructed track from TPC/ITC and �nally allows a precision of the order of 20�m inboth r� and z components of the impact parameter.Not all tracks with VDET have such a good spatial resolution. Since the positionaluncertainty of the extrapolation to the VDET layer is so big (� 100�m in r� and � 800�min z) with respect to the VDET coordinate resolutions, it is possible that VDET hits areincorrectly associated to non-related tracks when the tracks are close compared with theirresolution. The overall mismatched tracks amount to 3% of the total associated tracks [34]in the hadronic Z0 decay events. About 2% of mis-associations happen when tracks have2 VDET hits. This value becomes much larger, � 10%, when tracks are associated withonly one VDET hit. The pattern recognition problems also happen frequently in the3-prong tau decays where the 3 tracks are very close to each other due to the large boost.42



2.2.4 Tracking performanceCharged track reconstruction uses VDET, ITC and TPC hits ( a maximum of 31 threedimensional points for each charged track, 21 points from TPC, 8 from ITC, 2 fromVDET). Track reconstruction means �nding 5 helix parameters: curvature (R), polarangle (� or tan �), azimuthal angle (�0), and impact parameters (d0 and z0) (App. A).Momentum resolutionThe errors on the polar angle and the azimuthal angle measurement using the 21 TPCpoints are � tan � � 6� 10�4�� � 4� 10�4 � 0:0028p(GeV/c)Since the error on the polar angle is small, the relative error on the momentum coincideswith the relative error on the transverse momentum. For a track with 21 TPC coordinates,a circle �t in the r� plane yields:�pTpT � 10�3pT (GeV/c)( ��150�m)(1:5TB )� 0:003where �� is the average TPC coordinate error and the last term, 0.003, is the contributionof the multiple scattering in the gas of the TPC. However the transverse momentummeasurement error depends indirectly on the polar angle, because a track with largej cos �j has normally less TPC hits and smaller arc length in the r� plane.With ITC and TPC a particle momentum can be measured with �p=p2 � 0:8 �10�3(GeV=c)�1 in case of 45 GeV particles. With the help of VDET, the addition of twovery high precision points on the helix of a given charged track improves the particle'smomentum by a factor of about 25 %.Fig. 2.12 shows the �nal momentum resolution using the track reconstructed by full(TPC, ITC, and VDET) tracking devices.Tab. 2.1 summarizes the momentum resolutions with di�erent sets of detectors.43



Figure 2.12: Beam energy over trackmomentum of the muon tracks recon-structed with full tracking devices inZ0 ! �� events

Detector Momentum resolution �p=p2(GeV/c)�1TPC only 1:2� 10�3TPC+ITC 0:8� 10�3TPC+ITC+VDET 0:6� 10�3Table 2.1: Momentum resolutions of ALEPH tracking devices
44



Impact parameter resolutionWhat is important in the lifetime measurement is not the resolution of coordinates it-self but the impact parameter (d0; z0) resolution. For tracks with TPC hits only, theresolutions of the impact parameters, d0 and z0, when the track has 21 TPC points are�d0 � 100 � 840p(GeV/c)�m�z0 � 500 � 840p(GeV/c)�mTypically they are � 300�m and � 800�m respectively.The impact parameter resolution of tracks with VDET hits is much more precise thanthat of tracks with ITC and TPC hits only (Tab. 2.2).Detector Impact parameter resolutionr�(�m) rz(�m)TPC only 300 800TPC+ITC 100 800TPC+ITC+VDET 23 28Table 2.2: Impact parameter resolution of ALEPH tracking devicesFor high momentum tracks, the resolutions of d0 and z0 are about 23 �m and 28 �m,respectively. Fig 2.13 shows the P d0 and �z0 cos � distributions for Z0 ! �� events(dividing by p2 gives single track resolutions). In these events where the two muonsare produced at the same position and are emitted back-to-back, P d0 width measuresdirectly the tracking resolution.The impact parameter resolution for low momentum tracks can be measured by thehadronic Z0 decay events after subtracting the smearing from mis-measured impact pa-rameters due to secondary vertices. Fig. 2.14 shows the d0 and z0 resolutions for trackwith VDET hits in both layers as a function of momentum. Both d0 and z0 resolutionscan be parameterized as �d0 = �z0 = 25 + 95p(GeV)(�m)45



Figure 2.13: Resolutions of P d0 and�z0 cos� in Z0 ! �� events

Figure 2.14: Impact parameters, d0 and z0 resolutions for the lowmomentum region 46



2.3 CalorimetersFull reconstruction of tau decay products, charged tracks and neutrals, is an importantfactor in the new method developed in this thesis for the lifetime measurement. Chargedtracks are precisely reconstructed, as seen in the previous section. Considering that morethan 40% of tau decays have at least one �0's, the precise reconstruction of full decayproducts of tau events depends on the performance of the calorimeters.2.3.1 ECAL: Electromagnetic CalorimeterThe Electromagnetic Calorimeter (ECAL) is a lead/wire-chamber sampling device in-stalled inside the solenoid. Fig. 2.15 shows the overall view of the ECAL. The overall

Figure 2.15: Overall view of ECALsizes are Rinner = 1:85m and Router = 2:25m for the barrel and Rinner = 54cm andRouter = 2:35m for the end-cap. The barrel and each end-cap consist of 12 modules.ECAL covers a very large solid angle (0 < � < 2� and j cos �j < 0:98) and has only 2%47



cracks in the barrel and 6% in the end-cap. The range 0:71 < j cos �j < 0:79 is an overlapregion between barrel and end-cap modules.Fig. 2.16 shows the lead/wire-chamber of ECAL. Showers developed in the lead sheetsare measured in the proportional wire chambers. The total energy and the position of theshowers are measured using very �nely segmented (� 3� 3cm2) cathode pads.

Figure 2.16: Typical ECAL layer of lead/wire-chamberThe longitudinal shower development is measured by 45 layers grouped into 3 storeyscontaining 10 (2 mm), 23 (2 mm), and 12 (4 mm) lead/wire chambers, corresponding to 4,9, and 9 radiation lengths for a total of 22 X0. The cathode pads are connected internallyto form towers pointing to the detector origin. The granularity varies from 17� 17mrad2at � = 90� in the barrel to 9 � 10mrad2 at � = 40� in the end-cap.The direction (�; �) measurement is done by the calculation of the shower center ofgravity, from the four leading towers:� = P4i=1Ei�iP4i=1 Ei ; � = P4i=1Ei�iP4i=1 Ei48



where Ei is the energy deposit in the tower number i with coordinates �i and �i. Themeasured resolutions of � and � are:��= sin � = �� = 0:32 + 2:7pE(GeV)mradThe energy measurement resolution is�EE = 2%+ 0:18pEParticle identi�cationDi�erent particle types give di�erent responses in ECAL. This makes it possible to sep-arate one particle from the other. For example, electrons and photons deposit 99% oftheir energy in the ECAL volume by making electromagnetic showers starting in the �rststorey. On the other hand, normally muons go through without interaction in the ECALvolume and hadrons make showers starting in the second or third storeys. Thus, variablesdescribing the longitudinal and transverse shower sizes, RL and RT , are used as identi�ers.2.3.2 HCAL: Hadronic CalorimeterThe large iron structure supporting the ALEPH detector plays two di�erent roles; it servesas yoke for the magnetic 
ux return and as absorber for all hadrons produced from thee+e� collision. The main structure is subdivided into a central barrel and two end-caps(Fig. 2.17).The barrel (Rinner � 3m, Router � 4:68m and L � 7:24m) consists of 12 modules, eachone has 22 slabs 5 cm thick except the last slab (10 cm). The intervals (2.2 cm) betweentwo slabs are �lled with streamer tube detectors that consist of �nely segmented plasticcomb pro�les (0:9 � 0:9cm2). The total thickness of the calorimeter is 120 cm at 90�,corresponding to 7.16 interaction lengths.Each end-cap consists of 6 petals which cover 60� each. End-caps and barrel cover 93% of total solid angle. 49



Figure 2.17: Overall view of HCAL
50



The pads of each layer are connected together in order to form towers pointing tothe detector origin like ECAL. About 12 ECAL towers(� 0:97� � 0:97�) are covered by 1HCAL tower(� 3:7� � 3:0�) at 90�.The resolution of energy measurement is poor (�E=E � 0:84=pE) but the digitalpattern of HCAL �red tubes from a particle is essential for muon/hadron separation:muons have a line shape but pions have a �reworks shape (Fig. 2.18).

Figure 2.18: Typical HCAL digital patterns of 10 GeV (a) pion,(b) muon, and (c) electron test beams2.4 Beam position measurement : GET BPThe beamspot position and beam envelope size are used in many analyses, especially inthe lifetime measurements, to de�ne an approximate event origin in the x-y plane andto know the uncertainty of the interaction position. The measurements of the beamspotposition and the beam envelope size are done by the GET BP algorithm in the ALEPH.Since the tracking resolution with VDET is about 25 �, at least the same level ofaccuracy is needed on beam position. To get the resolution of the beamspot position with51



the precision of 10 �m, about 400 quali�ed tracks are needed considering the resolutionof the tracking. Since a Z0 hadronic decay event has about 4-5 well quali�ed tracks(with some restrictions on the numbers of VDET, ITC, TPC hits), events are grouped in\chunks" of about 100 events.The beam position is obtained by plotting the distances of closest approach to thenominal beam position of tracks in the r� plane versus their � angles at that points, and�tting the resulting curve to a sinusoid. The sinusoid can be parameterized in terms ofthe average beam position as:< d0 >= sin � < xBP > � cos � < yBP > +doffThe beam size measurement is done by using the Z0 ! �+�� events. By plotting theimpact parameters versus the � angles with many events, one can reconstruct the beamenvelope.As the results, ALEPH has good enough information of the beam position and size:�BPx � 30�m, �BPy � 10�m, and the x size of the beam is about 145�m and the y size isabout 5�m [69]. The size of the beam envelope along the z-axis is very large (� 1cm).
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Chapter 3Algorithms for � PhysicsThe procedures for the � lifetimemeasurement can be divided into three steps: 1) selectionof � decay events to be free from backgrounds 2) selection within the tau data sampleto reject badly reconstructed tracks and/or badly reconstructed tau direction, etc. 3)extraction of � lifetime from the tau sample by using a likelihood method, or a leastsquare �t, or a trimmed mean, etc..Usually, above 3 steps contain time dependent factors because the experimental envi-ronment changes each year, for example, VDET installation, TPC short-circuit problems,changes of the reconstruction algorithms, etc.. Since the � lifetime measurement in thisthesis is based on the ALEPH tau events collected in 1992 runs, we will describe the selec-tion of tau events (TSLT) and some identi�cation/reconstruction algorithms (TAUPID,PEGASUS, TOPCLAS) according to their 1992 setting.3.1 Tau event selection : TSLTA typical �� event is characterized by i) event shape : two back-to-back collimated jetswith low charged track multiplicity and ii) kinematics : large missing energy taken awayby neutrinos. These characteristics are roughly enough to cut away the non-� backgroundslike 

 ! f �f , e+e� ! e+e� Z0 ! q�q, and Z0 ! �+�� (Fig. 3.1). Events not related tothe e+e� collisions, like cosmic ray events, are distinguishable by localizing the positionof charged tracks in the small region around the e+e� interaction point.53



Figure 3.1: Invariant mass versusnumber of particles for all eventswith at least two charged tracksin 1992 data
The Z0 ! �� events are selected by using TSLT algorithm in ALEPH which is basedon the above tau event characteristics and some more criteria [37]. In a given event,TSLT proceeds in the 3 following steps and checks the various criteria to be a tau event(Subsec. 3.1.1):1 A tau event is divided into 2 hemispheres by the plane perpendicular to the eventthrust axis.2 The 4 momenta of the two jets, charged tracks and neutrals of a hemisphere, aresummed up to compute the total energy, acollinearity, etc..3 Electron or muon tracks are identi�ed by the QEIDO and QMUIDO algorithms,developed in ALEPH for general purpose.3.1.1 Selection criteria: Rejection of non-�� eventsRejection of Z0 ! q�q eventsAll leptonic decay events Z0 ! l+l� are characterized by the low multiplicity of chargedtracks compared with hadronic decays Z0 ! q�q that yield about 20 to 60 charged tracks.54



Since Z0 ! �� events usually have 2 or 4 tracks in the �nal state via 1-prong and/or3-prong � decays, the number of good charged tracks of an event, N eventchg , is requestedto satisfy: 2 � N eventchg � 8. Only good charged tracks are counted to avoid fake tracksfrom beam-gas interactions or interactions with detector material, cosmic rays, secondarydecay products, etc.. They are de�ned as tracks having jd0j � 2cm, jz0j � 10cm, andj cos �j � 0:95 and reconstructed with at least 4 TPC hits.Z0 ! q�q events have large jet masses compared to � mass and have large openingangles, where the opening angle is de�ned as the maximum angle between combinationof 2 good tracks in the jet. These characteristics are used to reject the q�q backgrounds.In addition, since the number of total reconstructed charged tracks and neutrals in a tauevent is limited even in multiple � decays, the total number of objects becomes anothercriterion to separate hadronic events.Rejection of 

 eventsEvents from 

 processes, 

 ! l+l�; q�q, are characterized by a small visible energy anda large acollinearity. Thus to be selected as a tau event, the total reconstructed energy ofa given event must not be too small, the acollinearity must be small, and the transversemomenta of the two jets must be balanced.Rejection of Z0 ! e+e� and Z0 ! �+�� eventsThere are at least two tau neutrinos in the �nal states of Z0 ! �+�� events because thetau is a short lived particle decaying to l��l�� or h�� in the detector volume. In Z0 ! e+e�or Z0 ! �+�� events, all the beam energy is carried out by the two leptons with equalmomenta if there is no radiation. Therefore, the energy carried by the two charged tracksare used as a criterion to reject the Z0 ! e+e� or Z0 ! �+�� events. Alternatively, thisrejection can be done on the basis of the missing mass of the event.55



Rejection of cosmic ray eventsCosmic ray events can be rejected simply by the good track de�nition that demandsat least 1 good track originating from the beam-beam interaction region, for instance,(jd0j � 1cm and jz0j � 5cm).3.1.2 Selection e�ciencyThe total e�ciency can be de�ned as follows."�� = "acc � "trig � "selwhere "acc is the geometrical acceptance, "trig is the trigger e�ciency, and "sel is theselection e�ciency.The geometrical acceptance is found to be "acc = 0:8254 � 0:0013 using both dataand Monte Carlo. No trigger ine�ciency is found in the e+e� ! �+�� events at thelevel of 10�4. The selection e�ciency, "sel = 0:9468 � 0:0019, is found after the study ofeach selection criterion e�ciency [39] [40]. The total tau event selection e�ciency, "�� ,is therefore, "�� = 78:15 � 0:23(%)Background sources (%)q�q 0.29 �0:03

 0.27 �0:02e+e� 0.62 �0:07�+�� 0.05 �0:03l+l�V 0.07 �0:02cosmic ray 0.02 �0:01total 1.32 �0:09Table 3.1: Estimation of remaining backgrounds in the tau samplein 1992 dataEstimated backgrounds in the 1992 data are summarized in Tab. 3.1 [41].56



3.2 Tau decay particle identi�cation : TAUPIDIn order to identify particles from � decays with large e�ciency, a likelihood method wasintroduced by M. Davier and Z. Zhang in ALEPH [42]. Five characteristic variables areused in the ALEPH experiment in order to identify a particle:� TPC information : dE=dx� ECAL information : RT and RL, transverse and longitudinal shower sizes� HCAL information : �W and N10, the average shower width over the �red planesand the number of �red planes in the last ten planes respectively.The usual way of particle identi�cation is to cut away the particles o� the criteria (i.e. toassign an identi�cation 
ag to a particle when the characteristic variables are all insidethe criteria).The basic procedure of the likelihood method is as follow:� make a reference distribution, f ji (x), for a characteristic variable i and a particle j.� for the particle to be identi�ed, calculate the probabilities P j to be a type j:P j = "jPj "jwhere "j is an estimator de�ned asYi f ji (x)Pj f ji (x)� assign an identi�cation 
ag to the particle corresponding to the largest probabilitySince the characteristic variables are found to be uncorrelated with each other and thismethod does not loose statistics by the cuts on each variable, the method gets highere�ciency than the usual cut methods.Tab. 3.2 shows the identi�cation e�ciencies from the likelihood identi�cation algorithmTAUPID for particles with p > 2GeV. The main backgrounds of identi�ed electrons and57



true (!) e � �identi�ed (#)e 99.60 � 0.03 < 0:01 0.61 � 0.03� < 0:01 99.46� 0.03 0.87 � 0.03� 0.40 � 0.03 0.54� 0.03 98.52 � 0.04Table 3.2: Identi�cation matrix on �� Monte Carlo for p > 2GeV/c(in %)muons are the misidenti�ed pions at 0.5 % level. Conversely, misidenti�ed electrons andmuons contribute to the pion background at the level of 0.5% each.Low momentum muons (less than 2GeV/c) are not distinguished from pions sincethey can not reach the muon detector and both have nearly the same value of dE=dx.Therefore, a cut at 2GeV/c is applied and this cut leads to 5% ine�ciency.3.3 �0 reconstruction : PEGASUSAbout 40 % of � decays have at least one �0 in the �nal state. Since the lifetime measure-ment using kinematics not only needs the 4 momenta of charged tracks but also those ofneutrals, the momentum of �0's is an important factor in the analysis.�0 decay �nal states can be two photons (�0 ! 

), one photon and two electronsfrom conversion (�0 ! 

 ! 
e+e�) or four electrons from conversions (�0 ! 

 !e+e�e+e�) in the detector volume. Thus, �0 reconstruction is started with reconstructingpair conversions and �nding photons in ECAL.In the clusters made by the energy deposits in the ECAL storeys, a sub-cluster isregarded as a photon when this photon candidate has more than 0.25 GeV energy and ifthere is no associated track at a distance of less than 2 cm away from the barycenter of thecluster. The energy is measured by the energy deposit in the central 4 towers correctedfrom the expected energy deposit fraction in the 4 towers. The position of the photonimpact on the surface of ECAL is calculated from the energy barycenter of the 4 towersand corrected. 58



�0's are reconstructed by pairing two photons. The �0 tagging e�ciency depends onthe energy of �0. For low energy �0, the e�ciency is limited due to missing photons, andfor high energy �0, it is limited due to non resolved two photon clusters.The resolution of �0 energy measurement, limited by the photon energy resolution,can be improved by the �0 mass constraint. For low energy �0's, this �0 mass constraintplays an important role since the two photons are normally well separated: their openingangle is well measured, so it compensates for the relatively large errors on the energymeasurements. For high energy �0's, both opening angle and energies are �tted to have amass compatible with �0. Fig. 3.2 shows the improvement of the resolution of �0 energymeasurement by the mass constraint. The resulting resolution, �(E)=E, is about 6.5%,
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is nearly independent of energy.3.4 Classi�cation of tau decay : TOPCLASTOPCLAS, designed for the study of � branching ratio measurement, classi�es the decaysinto 12 classes according to the particle identi�cation and the number of �0's [44]. Theidenti�cation of hadronic decay channels is especially interesting in the 3DIP analysis,since 3DIP method uses the hadronic-hadronic �+�� decay events. Tab. 3.3 shows the59



hadronic channel identi�cation e�ciency and the leptonic channel backgrounds (e and�). For the hadronic-hadronic �+�� decay events, we estimate about 1% non hadronic-true (!) leptonic hadronicidenti�ed (#)leptonic 99.2 0.8hadronic 0.5 99.5Table 3.3: Hadronic channel identi�cation matrix on � Monte Carlo(in %)hadronic decay backgrounds.In 3DIP analysis, we use the package to select the hadronic-hadronic �� decay eventsand we cut again the leptonic decay contribution using kinematic properties of tauhadronic decay event (Chap. 7). Final leptonic backgrounds are less than 0.3 % of thehadronic-hadronic �� sample used in lifetime analysis.3.5 Monte Carlo and detector simulation3.5.1 � Monte Carlo simulation : KORALZThe analysis in this thesis was done with help of the Monte Carlo � events generatedby KORALZ [45]. The production e+e� ! �+�� at the Z0 pole includes 
 and Z0contributions with full electroweak radiative corrections.� decays are simulated by the library TAUOLA. All known decay modes are simu-lated and longitudinal polarization e�ects are taken into account. The input tau mass is1:777GeV/c2 and the lifetime is 296fs. 60



3.5.2 Detector simulation : GALEPHThe generated MC events are processed by the detector simulation program GALEPH(GEANT+ALEPH). After the simulation is tuned to selected real data samples, MCevents show excellent agreement with real data.
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Chapter 4Review of the Methods for the TauLifetime measurementTau lifetime measurements have been done using various methods: 1) Decay LengthMethod, 2) Classical Impact Parameter Method, and �rst developped in ALEPH, 3)Impact Parameter Di�erence Method (IPD), 4) Impact Parameter Sum Method (IPS,MIPS). In this chapter we will summarize them brie
y and give the motivation why wedeveloped a new method to measure the tau lifetime.4.1 Introduction : statistics and precisionThe tau lifetime is determined by the measurement of the mean decay length of tau. Theproper decay length, c� , of a tau is related to the decay length in the laboratory system,l, as c� = 1
� l = m�p� lwhere p� is the tau momentum. Then for mono-energetic � 's, the lifetime is determinedby �� = m�p� l0cwhere l0 is the mean decay length, while the measured decay lengths l ideally show anexponential distribution, exp(�l=l0). 65



The error on the decay length measurement, �l, is characteristic of the tracking devices,and does not depend on the decay length itself but depends on the momentum, the numberof VDET hits, and the tau direction measurement, etc.. Fig. 4.1 shows the expected decaylength distribution of tau events smeared by the tracking resolutions � = l0, 0:75l0, 0:5l0,0:25l0. In the case of ALEPH tracking system, the tracking error corresponds to � 0:33l0.Figure 4.1: Expected length distribution oftau events smeared by the detector resolution
Statistical precisionThe precision of the measurement depends both on the � event sample size and on theuncertainties inherent to the methods. The expected decay length distribution is anexponential (mean = l0), smeared by the detector resolution (�l) as we saw in Fig. 4.1. Thestatistical precision of the measurement is related to the resolution of the measurementand the sample size N� [46]: ����� = �l0l0 = 1pN�s1 + (�ll )2For example when the uncertainty of the decay length measurement is almost equal tothe decay length itself, the statistical precision will be 1:4=pN� and about 20000 � eventsare needed to reach 1% statistical error. 66



In methods using tau pair events as in e+e� ! �+��, the statistical precision of themeasurement is ����� = 0:707pN��s1 + (�ll )2where N�� is the number of � pairs.Fig. 4.2 (Fig. 4.3) shows the statistical error versus the total number of selected taus(tau pairs). Arrows in �gures indicate the numbers of total taus (or tau pairs) produced atone site of LEP ring. The acceptance of each method must be further taken into account.Considering the acceptance of usual IP method using 1-prong and the statistical precision,

Figure 4.2: Statistical error versusnumber of taus Figure 4.3: Statistical error versusnumber of tau pairs� 3:4=pN� , we can see that one needs at least 120K �+�� events to reach 1% statisticalerror. In the case of DL method, the statistical precision (� 1:05=pN� ) is much betterthan that of IP method, but the branching fraction (� 15%) of 3-prong decay and thee�ciency of the vertex �t (< 70%) limit the sample size, and one needs about 100K �+��events to reach 1 % statistical error. 67



4.2 Methods using single �4.2.1 Decay Length Method: DLThe Decay Length method applies to 3-prong decays and is the most direct way to measurethe lifetime. The decay length method (DL) consists of the reconstruction of the primaryvertex (= tau production point), the secondary vertex (= tau decay vertex)), and the taudirection (Fig. 4.4). Figure 4.4: Sketch of a three-prong � decay illustrating thevariables used in decay lengthmethod. The size of beam is ex-aggerated compared to the taudecay length.
These 3 quantities are extracted from the following physical observables:� Tau production point : approximated by the beam position. The beam size andposition uncertainty become the uncertainty of the tau production point.� Tau decay vertex : reconstructed common vertex of the measured trajectories of thetau charged daughters. Its error is driven by the tracking resolution. The commonvertex is normally determined by minimizing the following �2,�2 = 3Xi=1(hi � h(v; pi))TC�1i (hi � h(v; pi)) + (v0 � v)C�1v0 (v0 � v)68



where hi and Ci are the ith track helix parameters and their covariant error matrix,h(v; pi) is the helix models which are recalculated to contain the vertex v, and v0and Cv0 are the a priori vertex position and its covariant matrix.� Tau direction : approximated by the momentum vector of the tau decay products orthe event thrust axis. The intrinsic tau direction error due to the missing neutrinomomentum gives an additional error in the tau direction estimation.The production and, in many cases, decay points are determined only in the r� planebecause of the large uncertainty of the beam size along the z direction and the worseresolution of the tracking in z component 1. Therefore the 3D decay length l measurementneeds also the tau direction information to compensate for the large uncertainty of thebeam size along the z direction. The three dimensional tau 
ight path is obtained from:l = lxysin �where � is the tau polar angle with respect to the beam axis.The decay length, l, is �tted by minimizing the following �2,�2 = (~vd � (~vo + l�̂))T (Coo + Cdd + Cpp)�1(~vd � (~vo + l�̂))where Coo is the primary vertex error matrix, Cdd is the �tted vertex's, and Cpp is theerror matrix of the tau direction (p denotes the sum vector or thrust axis). Since thesmearing from the tau direction error is proportional to the decay length, Cpp is given byCpp = l2�2p � (�ij � p̂ip̂j) where �p is the direction error.Fig. 4.5 shows the decay length distribution of ALEPH analysis.Likelihood : Gaussian convoluted exponential functionConsidering the exponential distribution of tau decay length and assuming a gaussianerror on the decay length measurements, we get the event density function, F , to be usedin the estimation of the maximum likelihood as the exponential distribution convolutedwith a gaussian:F(l; �; l0) = Z 10 ( 1l0exp(�xl0 )) 1p2�� exp(�(x� l)22�2 )dx1ALEPH has a good enough resolution in z to have 3-dimensional vertex69
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= 12l0 exp( �22l20 � ll0 ) erfc[ 1p2(�l0 � l� )] (4.1)where l is a measured decay length and � is an estimated error of the decay length.Results and commentsSince DL method uses 3-prong tau decays, it su�ers from low statistics due to the lowbranching fraction (� 15%). Strong requirements on track and vertex qualities 2 makeanother factor reducing the sample size. The low e�ciency comes from various reasons:backgrounds, fake 3-prong like �ee
 from conversion, and most of all, pattern recognitionproblems in VDET hit association, etc..Tab.4.1 summarizes the recent results from the LEP experiments [47], [48] [63]. Wesee that the statistical precision 2:0=pN� in 1989 and 1990 ALEPH measurement is highlyimproved in 1991 and 1992 by the VDET installation: 1:01=pN� and 1:05=pN� respec-tively. These values are consistent with the expected statistical precision P = 1:05=pN�when we consider that the decay length measurement error is about 33% (760�m) of themean decay length (2300�m) in ALEPH.2� 40 % in ALEPH, � 25 % in DELPHI, � 70 % in OPAL. ALEPH uses full (3-dim.) decay vertexin analysis. 70



ALEPH DELPHI OPALYear �� N� �� N� �� N�1989+1990 288� 23� 12 629 - - - -1991 295� 10� 5 901 303� 13� 7 823 283:5� 7:4� 4:8 2050y1992 290:0� 5:8� 2:1 2793 291� 8� 8 1200 284:5� 4:8� 2:2 46711993 - - - - 292:6� 5:3� 2:2 4417y1990+1991 Table 4.1: Tau lifetime measurements using DL method4.2.2 Classical Impact Parameter method: IPConceptually the impact parameter method is similar to the decay length method sinceit measures the transverse decay length lxy and extracts a tau 
ight path from l = lxysin � .The di�erence in the impact parameter method is in the calculation of lxy. The transversedecay length is determined by the impact parameter of a track as followlxy = d0sin xywhere  xy is the projected angle between the track and the � direction. This techniquedoes not need to �t a vertex, so it is used generally in 1 prong tau decay events. It bene�tsfrom high statistics of 1-prong decays (� 85% of tau decays).Fig.4.6 illustrates the physical observables and the true quantities in the IP method.The d0 measurement is smeared not only by the tracking resolution but also by the beamsize and position uncertainty (the uncertainty on the tau production position is � 110�on x, � 10� on y). In addition the term  xy induces a large smearing on the decay lengthmeasurement because of the large error on the tau direction from the thrust axis and thesmallness of the decay angle  xy.Results and commentsTab.4.2 summarizes the recent results from the LEP experiments using the impact pa-rameter method [47] [58] [62]. ALEPH and DELPHI stopped the analysis because theymoved to new methods using �+ and �� pairs as a whole. The statistical precisionsachieved by OPAL in 1993 is about 3:4=pN� 3 With this precision, more than 110K3The statistical precision achieved in 1992 data is better than that of 1993 due to smaller beam size.71



Figure 4.6: Illustration of IPmethod: The size of beam is exag-gerated compared to the tau de-cay length.

ALEPH/DELPHI L3 OPALYear �� N� �� N� �� N�1989+1990 286� 18� 11 6954a) - - - -1991 304� 11� 6 6113b) 288� 21� 12 5227c) 295:5� 6:9� 3:3 25653d)1992 - - 291:1� 8:5� 4:1 11122 288:1� 4:4� 2:7 351681993 - - 303:2� 9:7� 4:7 10839 286:0� 5:3� 2:5 32703a) ALEPH, b) DELPHI, c) � ! l�� + � ! 1hn�0�, d) 1990+1991Table 4.2: Tau lifetime measurements using IP method
72



accepted tau pairs in this method are needed to reach 1 % statistical error.4.3 Methods using the tau pairsBoth methods explained above use the tau production position, the tau direction, and thetau decay vertex or the impact parameter to measure the tau decay length in a given event.Thus, uncertainties a�ecting any of these 3 variables introduce errors in the measurementof the decay length.Since we know �+ and �� are produced back-to-back at an e+e� collider like LEP, wemay hope to remove at least one or two uncertainties using this characteristic, to be leftonly with tracking resolution.The methods we explain in this section are the methods recently developed, andallowing the tau lifetime measurements with the best statistical error (IPS) or the bestsystematic error (IPD).4.3.1 Impact Parameter Di�erence method: IPDThe �rst attempt to overcome the limitations of the classical impact parameter methodstarted with S. Wasserbaech in ALEPH, who developed the IPD technique [49] [50]. Henoticed that the back-to-back nature of tau pair produced in the e+e� collider makes thequantity IPD, d+0 � d�0 , independent of the tau direction.In the x-y plane, the impact parameter is related to the projected decay length (lxy)and the projected tau decay angle ( xy) by d0 = lxy sin xy. Considering two tau decays,the impact parameter di�erence, d+0 � d�0 , isd+0 � d�0 = l+xy sin +xy � l�xy sin �xyFor given  +xy and  �xy, the average IPD is,< d+0 � d�0 >=< lxy > (sin +xy � sin �xy)The tau decay angle,  , is small enough (� 25mrad at LEP) to allow the approximation,sin xy �  xy: < d+0 � d�0 >=< lxy > ( +xy �  �xy)73



Under the assumption that the �+ and �� are back-to-back in the x-y projection,  +xy� �xybecomes the azimuthal angle di�erence between the two charged tracks ( +xy �  �xy =��0 � �+0 � ��0 � �). Thus, the tau lifetime is determined by scaling lxy using tau polarangle (�) as in the IP method and measuring the slope of the linear plot < d+0 � d�0 > asa function of sin ���0.< d+0 � d�0 >=< lxy > ��0 = (�
c��) sin ���0 (4.2)Fig. 4.7(a) shows the 2 dimensional distribution of d+0 � d�0 (� Y ) and sin ���0(� X).Fig. 4.7(b) shows the y-axis pro�le of Fig. 4.7(a). The decline of Fig. 4.7(b) determinesthe lifetime.
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ResultsTau lifetime measurements using this technique have been done mainly by ALEPH andDELPHI collaborations at LEP. Tab.4.3 summarizes the results [49] [50] [61]. The statis-ALEPH DELPHIYear �� N�� �� N��1989+1990 285� 17� 6 3470 - -1991 316� 12� 3 3343 299� 11� 6 28731992 288:1� 5:4� 1:2 10983 295:9� 7:0� 3:3 59651993 - - 289:0� 7:2� 4:5 5789Table 4.3: Tau lifetime measurements using IPD methodstical precision is about 2:0=pN�� both in ALEPH and DELPHI. When we transform thisstatistical precision into the form used in the classical IP method, this value correspondsto 2:8=pN� . 44.4 Impact Parameter Sum method: IPSAnother approach, IPS, was started also by ALEPH, noticing that the uncertainty onthe production position cancels out in the quantity d+0 + d�0 (Impact Parameter Sum) forparallel tracks [52]. IPS smearing in the case of non parallel tracks is given by Eq. 4.3:�� = 2�BSx sin �� sin��� 2�BSy cos �� sin�� (4.3)where � is an azimuthal angle of the track, �� = (�1 + �2)=2, and �� = �1 � �2� �. Thebeam size along the x axis is large (� 180�m) but it contributes only few microns to theIPS smearing since angular di�erence between two charged tracks is small, �� � 40mrad.However IPS technique su�ers from the poor estimation of the decay angle  xy.Likelihood functionDi�erent decay topologies make di�erent true IPS distributions. When  01 > 0 and4The statistical precision is worse in 1993 analyses due to enlarged beam size.75



Figure 4.8: Illustration of 1-1 taudecay projected to the xy plane:a)  01 > 0 and  02 > 0, b)  01 > 0and  02 < 0. Angles are de�nedas �track � �tau.
 02 > 0 as shown in Fig 4.8(a), the true IPS distribution is:D(�d0;  01;  02; �; l) = 8>>>><>>>>: exp(��0=l sin � sin 01)� exp(��0=l sin � sin 02)l sin �(sin 01 � sin 02) �0 > 00 �0 < 0where �0(� P d0) is true IPS, � denotes the tau polar angle. On the other hand if  01 > 0but  02 < 0 as shown in Fig 4.8(b), the distributions become:D(�d0;  01;  02; �; l) = 8>>>>>><>>>>>>: exp(��0=l sin � sin 01)l sin �(sin 01 � sin 02) �0 > 0exp(��0=l sin � sin 02)l sin �(sin 01 � sin 02) �0 < 0The expected IPS distribution in the real experiment is obtained by convolving the true�0 distribution with an IPS resolution function, R, assumed to be a gaussian. Additionalsmearings from the decay angles ( 1;2) measurements however must be considered, (socalled h function), which have to be integrated numerically.76



Finally, the tau lifetime is extracted by searching the maximum likelihood of the IPSdensity function:F(�0;  1;  2; �thr; �ips; l0) = Z d 01d 02h( 1;  2;  01;  02) Z d�0R(�; �0; �)D(�0;  01;  02; �thr)ResultsTau lifetime measurements using IPS technique have been performed by ALEPH andDELPHI collaborations at LEP. Tab. 4.4 summarizes the results [52] [53] [56] [60]. InALEPH DELPHIYear �� N�� �� N��1991 290 � 6� 6 2557 304 � 9� 6 -1992 295:0 � 3:9� 4:4 10464 296:8 � 7:1� 3:5 28231993 � 296:6 � 6:5� 4:1 4350Table 4.4: Tau lifetime measurements using IPS methodsthe case of DELPHI, the statistical precision � 1:4=pN�� is slightly worse than that ofALEPH (� 1:3=pN��) because DELPHI does not use the information of tau direction.The statistical precision of IPS method corresponds to 1:9=pN� which is much morepricise than that of IPD method. But the method confronts with the limit of systematiccontrol due to the uncertainties on the tracking resolution and the non-gaussian tails.Momentum dependent IPS method: MIPSA modi�ed version of the IPS technique (MIPS) was developed by H.W. Kim [54] alsoin ALEPH collaboration. Instead of measuring  from the charged track and the thrustaxis, the MIPS uses the track momentumwhich is kinematically correlated with the decayangle. The statistical error 1:3=pN�� obtained in the original IPS is reduced to 1:2=pN��by using MIPS but the method su�ers also from the same systematic limit as in IPS.77



4.5 Another new method?Tab. 4.5 summarizes the acceptances, statistical precisions, and systematic errors of thevarious methods:Method Acceptancey(Nprod�� ) Precision Systematic error (%)DL � 0:08 � 1:1=pN� � 0:7%IP � 1:00 � 3:4=pN� � 0:9%IPD � 0:34 � 2:0=pN�� � 0:4%IPS(MIPS) � 0:32 � 1:3=pN�� � 1:5%y�� event selection e�ciency � branching fraction � acceptance of cuts ( � 2 for DL and IP method)Table 4.5: Acceptance, statistical precision, and systematic errorof the tau lifetime measurementsTab. 4.6 shows the observed or expected numbers of tau data events in ALEPH ac-cording to the TSLT e�ciency and acceptances of DL, IPD, IPS methods. The acceptanceof IP method and corresponding sample sizes (N1�prong� ) are taken from OPAL analysis.We assumed the analysis on 1993 and 1994 data will be performed as 1992 analysis withYear R Ldt (pb�1) NZ0!q�q Nprod�� N sel�� N1�prong� N3�prong� N1�1�1989+1990 8.1 179K 8.7K 6.5K 7K 0.6K 3.3K1991 12.2 294K 14K 11K 10K 0.9K 3.4K1992 23.4 711K 34K 25K 35K 2.8K 11.5K1993 33.2 675K 33K 24K 33K 2.7K 11K1994 58.7 1.76M 65K 50K 65K 5.2K 21KTotal 136 3.62M 155K 116K 150K 12.2K 50.2KTable 4.6: Number of ALEPH tau data. N1�prong� , N3�prong� , andN1�1� are the expected sizes of data samples after their speci�cselections.the same detector performances.Using up to 1994 data, statistical errors of the tau lifetime will approach78



� DL : 0.95 %� IP : 0.89 %� IPD : 0.94 %� IPS : 0.58 %The tau lifetime is likely to be measured with a statistical uncertainty as small as 1.3 fs.However the measurement will be limited by the systematic error (� 3fs) if the systematicuncertainties of IPS like methods are not reduced.To overcome the systematic limit on the lifetime uncertainty and to pro�t from theincreasing statistics, it is worth developing a new method less a�ected by systematicaluncertainty and more precise. There have been some attempts and many ideas for im-provement using the z readout of VDET, energy measurement of neutrals, and/or thekinematics in hadronic decay channels. Also there have been continuing demands to ex-tract tau lifetime from 1-prong side in 1-3 tau decays, which give statistically independentresult from the DL method since the latter uses only 3-prong tau decays. This thesis givesan answer, 3DIP method, to the above ideas and questions. The 3DIP method uses the zreadout of VDET and full reconstruction of tau decay products, charged and neutral. Inaddition, the method uses 1-3 tau decays as well as 1-1 decays, and measures the lifetimefrom 1-prong decays. The last part of this thesis is devoted to the 3DIP analysis.
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Chapter 5Kinematics of Hadronic-hadronic ��Decay Events5.1 Tau decay angle in hadronic channelsFor non-leptonic tau decay modes, there is only one neutrino in the �nal state and thekinematics of the tau decay can be considered as a 2-body problem. These events aremainly � ! ��� , � ! ��� , and � ! a1�� , � ! (n�)�� and appear as 1-prong or 3-prong+n�0. The kinematics can be applied in 1-prong as well as 3-prong decays. From nowon, each hadronic �nal state, �, �, a1, (n�), ..., etc., is called just \hadron" for simplicityand will be denoted as \h".The 4-momentum of the hadron can be reconstructed as the sum of the 4-momenta ofits charged and neutral daughters:h� =X c� +X�0� +X 
�For a hadronic tau decay, the tau to hadron decay angle can then be reconstructedusing 2-body kinematics: cos = 2E�Eh �m2� �m2h2P�Ph (5.1)where E, P , m are energy, momentum and mass of � or h. The tau energy is equal tothe beam energy ignoring radiative corrections and m� is set to 1:777GeV/c2.81



Fig. 5.1 shows the di�erence between the reconstructed decay angle and the true one.The superimposed curve is a �t with three gaussians. The decay angle resolution is aboutFigure 5.1: Di�erence betweenthe reconstructed decay angle andthe true decay angle
2 to 5 mrad in the two central gaussian peaks. The events in tails (� 18mrad) comemainly from bad reconstructions of hadrons. There is also a small contribution (� 11%)from hard non-collinear �� events. 15.2 Tau axis solutions in momentum spaceThe unknown tau axis must lie on a cone around the hadron direction with opening angleequal to the tau decay angle,  . In the following, this will be called the decay angleconstraint. In the momentum space, two equations are obtained from the decay angleconstraints in both hemispheres: �̂+ � ĥ+ = cos +�̂� � ĥ� = cos � (5.2)1The distribution is not symmetric because there exists a mathematical limit on the reconstructeddecay angle  ,  = 0, when cos > 1. cos de�ned as Eq. 5.1 can be larger than 1 ( � 5% of tau events). 82



When the two taus are back-to-back as generated in Z0 ! �+�� at Z0 pole, �̂ � �̂+ =��̂�, the decay angle constraint equations are rewritten as�̂ � ĥ+ = cos +�̂ � ĥ� = � cos �Combining the two equations and using the vector identity ~A � ( ~B � ~C) = ~B( ~A � ~C) �~C( ~A � ~B), (ĥ+ � ĥ�)� �̂ = ĥ+ cos � + ĥ� cos +The term, ĥ+ cos � + ĥ� cos +, will be de�ned as ~H and called the perpendicular axis.The cross vector ĥ+ � ĥ� will be de�ned as ~h?. The above equation is then written:~h? � �̂ = ~H (5.3)Since j�̂ j = 1, �nally we get,� 2z jh?j2 � 2( ~H � ~h?)z�z +H2 �H2z � h2?z = 0 (5.4)This second order equation has two solutions for the tau direction, that gives a well-knowntwo-fold ambiguity (Fig. 5.2). It can be solved by denoting a = jh?j2, b = �( ~H � ~h?)zand c = H2 �H2z � h2?z . �z = �b�pb2 � aca�x = hx?hz? �z + Hyhz?�y = hy?hz? �z � Hxhz?The two-fold ambiguity can be simply understood by geometrical considerations. InFig. 5.2, one of the hadron directions is reversed to show the intersections, ĥ1 is thereversed direction of ĥ�. The two intersections of the cones can be interpreted as the twotau axis solutions, �̂1 and �̂2. The vector ~H is normal to the plane determined by the twotau axis solutions (the ambiguity plane). The vector ~h?(� ĥ+ � ĥ�) lies in the ambiguityplane and is directed always along the external bisector of �̂1 and �̂2. A third vector ~Ah,the internal bisector of the �̂1 and �̂2, is along the intersection of the ambiguity plane andthe plane de�ned by the two hadrons.The vectors, ~H, ~Ah, and ~h? make a orthogonal coordinate system. In this coordinatesystem, the two tau axis solutions lie in the h?-Ah plane and the two hadrons lie in theAh-H plane. 83



Figure 5.2: Geometrical view oftwo kinematical tau axis solution
The use of the H�h?�Ah coordinate system in the lifetimemeasurement is the basicidea of the 3DIP method.5.3 Con�guration of two tau axes and hadron tracksin real space - Case of fully reconstructed hadronsIn this section, we will show the way to resolve the 2-fold ambiguity in case the hadronvectors are fully reconstructed. It is assumed here that we know the hadron direction ĥand some �xed point on the hadron track, for instance, the point of minimum approachto the beam (d0; z0). We will show that only one solution is consistent with a tau decayand the other solution has no physical meaning.Let us de�ne ~�0 the tau pair origin and l� the decay lengths of the two taus. Inaddition, let us de�ne ~h�0 as measured points on the hadron tracks. These can be thepoints of minimumapproach to the beam or any measurable points. For each hemisphere,the decay point in space, ~V , is related to ~�0 and �̂ , or to ~h0 and ĥ as follow (Fig. 5.3):~V = ~�0 + l�̂ = ~h0 + �ĥwhere � is the distance between ~h0 and the decay point along the hadron track. Combining84



Figure 5.3: Illustration of the twohadron tracks, ��, and unknowns��
both hemispheres, ~�0 cancels out:l+�̂+ � l��̂� = ~h+0 � ~h�0 + �+ĥ+ � ��ĥ�With the assumption of back-to-back taus, �̂+ = ��̂�, the above vector equation issimpli�ed as follow: (l+ + l�)�̂ = �~h0 + �+ĥ+ � ��ĥ� (5.5)where �̂ � �̂+ = ��̂� and �~h0 � ~h+0 � ~h�0 .Using the two tau decay angles determined by kinematics, the 3 unknowns, �� andl+ + l�(� �), can be reduced to one. Substitution of Eq. 5.5 into the equations of thedecay angle constraints (Eq. 5.2) gives the following result (See App. E).�+ = a+�� b+; �� = a��� b�where, a� = ~H � ĥ�=h2?b� = ~h? � (�~h0 � ĥ�)=h2?Finally we get the tau axis vector equation with only one unknown, �:��̂ = �~Ah + ~Dh (5.6)85



where, ~Ah = ~H � ~h?=h2?~Dh = (~h? � �~h0)~h?=h2?The decay length sum �, then, can be directly derived from Eq. 5.6 using j�̂ j = 1:�2 = (� ~Ah + ~Dh) � (� ~Ah + ~Dh)= �2j ~Ahj2 + j ~Dhj2Therefore, � = � j ~Dhjq1� j ~Ahj2The positive solution corresponds to the good tau direction.The vector ~Ah was already introduced in the previous section and is parallel to theintersection of the plane containing h+ and h� and the ambiguity plane. j ~Ahj is smallerthan 1 when the two cones intersect. (1� j ~Ahj) is identical to the discriminant of Eq. 5.4.~Dh is the minimum approach vector between h� and h+. ~Dh is along ~h? and conse-quently orthogonal to ~Ah. Fig. 5.4 is the geometrical interpretation of the tau axis vectorequation (Eq. 5.6).Considering that ~Dh is orthogonal to ~Ah, ��̂ � ~Dh = j ~Dhj2. Then the real tau axisshould satisfy the condition, �̂ � ~Dh > 0, due to the positive decay length. In Fig. 5.4 �̂1represents a real tau solution, i:e, �̂1 � ~Dh > 0. The second solution, �̂2 (�̂2 � ~Dh < 0), wouldresult in a backward emission of the hadrons in the � decays.Thus when the vector ~Dh is measured, it can be used to select the original tau axisby checking the scalar product: �̂true � ~Dh > 0�̂false � ~Dh < 0However, the measurement of ~Dh requires the full reconstruction of hadron vectors, indirection and position in space, which is achievable only for � ! �(K)�� decays or in 3prong decays where the decay vertex can be su�ciently well measured.86



Figure 5.4: (A) � decay con�guration in the Ah � h? plane. Thevectors ~h+ and ~h� appear parallel in that projection. (B) Only onesolution, �̂1, satis�es the equation �̂ = ~Ah+ ~Dh=� with a physicallymeaningful positive �.
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A similar calculation of the relation between the minimumdistance between two pions(here ~Dh) and the decay length sum (�) was performed by J. H. KUHN [66].The tau axis selection using this idea was checked on Monte Carlo events. In theevents where both � s decay to �, the e�ciency of good tau axis selection is around 85 % ,where the good tau axis is de�ned as the solution closer to the MC true tau axis. The 15% of wrong choice is mainly due to the in�nitesimal size of ~Dh and/or its large trackingerror. The kinematical tau axis resolution without selection (or in the case of randomselection) is � 22mrad. When we apply the selection criteria using ~Dh, the resolutiondecreases to � 6:7mrad. Fig. 5.5 shows the angle between the selected tau axis and theMC true axis in the � � � events.Figure 5.5: Angle between the selectedtau axis and the MC true axis in the� � � events
5.4 Con�guration of two tau axes and charged tracksin real space - General caseThe ALEPH tracking devices allow a full reconstruction of the charged tracks with highprecision (�p=p2 � 0:6 � 10�3(GeV=c)�1 and �d0 � 23�m; �z0 � 29�m). For neutrals,like photons or reconstructed �0s, the direction is well measured (�� � �� � 3=pEmrad)with the assumption that the neutrals come from the interaction region. The neutralshave no information corresponding to d0 and z0 of a charged track. Therefore, a hadron,mother of charged tracks and neutrals, can not be reconstructed in the direction and theposition except in the case of pure charged modes. For this reason, in modes with neutrals,88



while ~Ah (depending on the direction) can still be reconstructed with a few milli-radianresolution, the vector ~Dh (depending on the direction and position) can not be preciselymeasured due to the missing d0 and z0 of the neutrals. In this section we will study thepossiblities of generalization of the selection mechanism to the events with neutrals.Fig. 5.6 shows a tau decay to a charged track and neutrals. Let us de�ne a 3D-space point ~c0 of a charged track, corresponds to ~h0 in Fig. 5.3, as the point of minimumapproach (d0 and z0) of the track. Again we can obtain the following equations in bothFigure 5.6: Schematic view of the tau decayto one charged track and multiple neutrals
hemispheres: ~�0 + l+�̂+ = ~c+0 + �+ĉ+~�0 + l��̂� = ~c�0 + ��ĉ�and the combined result as before is,��̂ = (�~c0 + �+ĉ+ � ��ĉ�) (5.7)where � is the unknown distance between ~c0 and the decay point along the charged track.The equations are exactly of the same form as the equations of the hadron vectors.Using the tau decay angle constraint, Eq. 5.2, the tau axis satis�es the vector equationsimilar to Eq. 5.6 (See App. E). ��̂ = �~Ac + ~Dc (5.8)89



where, ~Ac = ~H � ~c?=(~h? � ~c?)~Dc = (~c? � �~c0)~h?=(~h? � ~c?)The decay length sum 2 can be directly measured using Eq. 5.8 and �̂ 2 = 1.�2 = (�~Ac + ~Dc) � (�~Ac + ~Dc)= �2j ~Acj2 + 2� ~Ac � ~Dc + j ~Dcj2Therefore, � = ~Ac � ~Dc �qj ~Ac � ~Dcj2 + (1 � j ~Acj2)j ~Dcj21 � j ~Acj2The vector ~Dc is always measurable since the geometrical space quantity �~c0 relies oncharged tracks. However, we can not use it to select a tau axis like the vector ~Dh becausethe scalar product ~Ac � ~Dc does not vanish, so the term �̂ � ~Dc (= ~Ac � ~Dc + j ~Dcj2=�) canbe either positive or negative, irrespective of � sign.The vector ~Ac is still in the Ah � h? plane. It is parallel to the intersection betweenthe ambiguity plane and the plane de�ned by two charged track vectors ~c� like in thecase of ~Ah. But the vector ~Ac has a di�erent meaning compared with the interpretationof the vector ~Ah. The projection of the vector ~Ac to the Ah axis makes j ~Ahj. And ~Ac canbe interior or exterior of the unit circle (Fig. 5.7, Fig. 5.8).In the case j ~Acj < 1, interior, the sum decay lengths, �1 and �2, have opposite signwith each other and the tau axis selection using ~Dc can be applied (Fig. 5.7). When j ~Acj islarger than one, exterior, the two tau solutions can not be separated since both solutionsgive �s of the same sign (Fig. 5.8).Combining Eq. 5.6 and Eq. 5.8, we can derive the following vector relationship between~Dh and ~Dc: ~Dh = �( ~AC � ~Ah) + ~Dc (5.9)where all the vectors, ~AC, ~Ah, and ~Dc are measurable.2A similar calulation of the decay length sum in the general case was made by G. Giannini et al.[65].90



Figure 5.7: (A) Selectable con�guration of ~Ac and ~Dc. (B) Tau axiscan be selected because only one solution, �̂1, gives a positive decaylength.
Figure 5.8: (A) Unselectable con�guration of ~Ac and ~Dc. (B) Tauaxis can not be selected because both solutions give positive decaylengths. 91



Since � is unknown, ~Dh is not measurable. However an approximate ~Dh can be foundby using the expected decay length sum ��. The sum of the two decay lengths, �, has aconvoluted exponential distribution: f(�) = �l20 e��=l0where l0 is the � mean decay length. At LEP, the expected mean value ��(= 2l0) is about4.6 mm. With this mean value ��, the ~Dh can be approximated to~Dh � ��( ~AC � ~Ah) + ~Dc = 0:46( ~AC � ~Ah) + ~Dc (cm)Using this approximated ~Dh vector the good tau axis is selected with a lower e�ciencythan in the � � � sample. Averaging over all hadronic decay channels, the good tau axisselection e�ciency is about 69 %.Usually the event thrust axis is used as an approximation to the tau direction. Inthe hadronic-hadronic decay events, the kinematical tau axis reconstruction allows animprovement of the tau direction resolution down to 16:5mrad without any selection,compared with � 25mrad from the thrust axis.Fig. 5.9 shows the angles between the selected tau axis and the MC true axis in allhadronic-hadronic tau decay events. We see that the tau direction resolution can beFigure 5.9: Angles between the selectedtau axis and the MC true axis in allhadronic tau decay events
improved again by the selection using the approximated ~Dh vector, down to 11:5mrad.Fig. 5.10 shows the � distributions of the selected and rejected solutions using theapproximated ~Dh. The mean value of the selected � distribution is found to be �92



Figure 5.10: Decay length sumdistributions from selected andrejected solutions. x-axis is incentimeter Figure 5.11: Resolution of thedecay length sum reconstructionfrom the selected tau axis (�reco��true). �true is Monte Carlo truthdecay length sum.
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4:6mm as expected. However the distribution has long tails which make large systematicuncertainty on the mean decay length measurement (Fig. 5.11).5.5 Application of kinematics to lifetime measure-mentAs discussed in the previous section, the two-fold ambiguity of the tau axis reconstructioncan not be fully resolved due to missing information (track parameters of the neutrals).However, the selection mechanism using the reconstructed or approximated vector ~Dhhelps reducing the ambiguity, i:e: �nding a more accurate tau direction than a randomchoice between the two solutions. Monte Carlo shows that the tau axis resolution isimproved by 40 % (16:5mrad! 11:5mrad) when the selection mechanism is applied.But the tau decay length (�) solution from the selection does not allow to measure thelifetime since the remaining ambiguity makes a non-negligible bias on the decay length.To measure the lifetime, one should remove the two-fold ambiguity. A way to eliminatethe ambiguity is introduced now using the projection in the H � h? � Ah coordinatesystem.Consider the tau decay vector equation described by charged tracks (Eq. 5.7), ��̂ =�~c0 + �+ĉ+ � ��ĉ�, and its projection onto the H axis, h? axis, and Ah axis. They are��̂ � Ĥ = �~c0 � Ĥ + �+ĉ+ � Ĥ � ��ĉ� � Ĥ (5.10)��̂ � ĥ? = �~c0 � ĥ? + �+ĉ+ � ĥ? � ��ĉ� � ĥ? (5.11)��̂ � Âh = �~c0 � Âh + �+ĉ+ � Âh � ��ĉ� � Âh (5.12)As seen in the section 5.2, ~Ah is the inner bisector of �̂1 and �̂2. De�ning � as theangle between Ah and either tau axis, the above 3 projections can be written as0 = �H + �+�+H � ����H (5.13)�� sin � = �h? + �+�+h? � ����h? (5.14)� cos � = �Ah + �+�+Ah � ����Ah (5.15)where �i is the projection of �~c0 onto the i axis (i = H;h?; Ah) and ��i are the cosine ofthe angle between the (�) charged track and the i axis.94



The �rst and the third equations do not contain any ambiguity. They can be used inthe lifetime measurement.The 3rd projection will however give a poor estimation of the lifetime because of thesmall sizes of the measured quantities �Ah and ���Ah � cos � with respect to their errors.Fig. 5.12 shows the distributions of �i and ��i . The average values are to be comparedto the tracking error a�ecting the �'s (� 50�m) and the angular error a�ecting the ��'s(� 1mrad).

Figure 5.12: (a-1,2) �H, �H , (b-1,2) �h? , �h?, (c-1,2) �Ah , �Ah�cos �The 3DIP method is an application of the �rst equation. We will discuss the 3DIPmethod in the next chapter. 95
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Part IIIMEASUREMENT OF TAULIFETIME USING 3DIP METHOD
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Chapter 63-D Impact Parameter MethodKinematics and geometry in the hadronic-hadronic �+�� decay events give a possible wayto measure the tau direction and the tau decay length. Especially the projection onto thevector ~H allows an equation which is free from the two-fold ambiguity of tau direction.We then need to know how well the vector ~H can be reconstructed, and how to extractthe lifetime from the equation.In this chapter, we will discuss quantitatively the characteristics of physical observ-ables, �H and ��H , and introduce the likelihood method to extract the tau lifetime.6.1 Perpendicular axisAs seen in the previous chapter, once we have the tau decay angles ( �) from the decaysof �+ and �� in the hadronic-hadronic decay events, it is possible to determine the specialvector, ~H, orthogonal to � direction, deduced only from kinematics and the reconstructedhadrons (h�): ~H = ĥ+ cos � + ĥ� cos +Hereafter, Ĥ will be called the perpendicular axis or simply H-axis.Let us recall the tau decay vector equation, ��̂ = �~c0 + �+ĉ+ � ��ĉ� which gives99



Eq. 5.13 when projected onto Ĥ:0 = �H + �+�+H � ����Hwhere �H � �~c0 � Ĥ and ��H � ĉ� � Ĥ are three measurable quantities. For simplicity, letus omit the subscript H and rede�ne �+ � �+H, �� � ���H , and � � ��H. We have� = �+�+ + ���� (6.1)where �� are unknown.Fig. 6.1 illustrates the physical quantities used in 3DIP method. The plane normalFigure 6.1: Schematic view of3DIP method
to Ĥ contains the �� vectors. Because of the small decay angles, ��(� ĉ� � Ĥ) is almostequal to the angles of the tracks with the plane. Ĥ axis is random with respect to thebeam axis.Eq. 6.1 is not always realized in real experiments, because the term �̂ � Ĥ is not zerowhen �+ and �� are not back-to-back, or if Ĥ is badly reconstructed by loss of somephotons, etc.. Fig. 6.2 shows the perpendicularity de�ned as cos�1(�̂ � Ĥ)��=2. The lineis �tted by three gaussians in order to estimate the resolution of the perpendicular axis.The width of the central peak (the �rst gaussian) is 1mrad and the second is � 6mrad.The non-zero term, (l++ l�)�̂ �Ĥ, introduces about 4:6� smearing of � in Eq. 6.1 whenassuming a mean decay length 2:3mm (� 27� smearing for the second gaussian). Events100



Figure 6.2: Perpendicularity between the vector Ĥ and �̂ using MC.Ĥ is reconstructed using full detector informations. �̂ is the MCgenerated tau direction vector.having bad perpendicularity (events in the third gaussian contribution, �3 � 33mrad)have worse resolution than that of thrust axis and may yield a large smearing. The cutof badly measured H-axis and systematic e�ects induced by this term will be discussed inSec. 7.3 and 8.2.1.6.2 Generalized IPS equation in 3-dimensional spaceIt can be seen that the unknown �� are nearly equal to the decay length l� when ~c�0 arechosen as the points of minimum approach of the charged track to the beam. This is dueto two reasons: i) the tau decay angle  is small (� 150mrad) even if the momentumof the hadron is as low as 2 GeV. ii) the polar angles of both charged tracks are greaterthan � 50� and less than � 130� when restricted within the VDET acceptance. Fig. 6.3shows the distributions of � and l in MC. 101



Figure 6.3: (left) distributions of � and l in MC, (right) scatterplot of � and lEq. 6.1 can then be rewritten as:� = l+�+ + l��� (6.2)This equation is the basis of the 3DIP method for the tau lifetime measurement. It isformally identical to the IPS equation.To illustrate the relation with IPS, the term � can be expanded as follows,� � � ~C0 � Ĥ= (d+0 sin�+ � d�0 sin��)Hx � (d+0 cos�+ + d�0 cos��)Hy + (z+0 � z�0 )Hz� (d+0 + d�0 )(Hx sin ���Hy cos ��) + (z+0 � z�0 )Hzwhere �+ � ��+� and �� � (�++����)=2. Therefore � can be regarded as the combinedquantity of IPS and z0 di�erence in space. An analysis analog to IPS method can be donewith the following favorable conditions:� � is given from d0 and z0 informations, and is typically larger than IPS, � � 130�m.�� is dominated by tracking error. ��=� is thus reduced compared with IPS.� as it will be shown in the following section the uncertainties of the angles �� arenegligible (coming only from tracking, � 0:5mrd). The method thus does not su�er102



from angular uncertainties and does not need to use a numerical integration overthe measured angles (h function in IPS method [53]).� the beam size contributions to �� is very small (� 4�) as in IPS compared with thetracking error (� 50�) since the large uncertainty of the z component (�z � :7cm)cancels out in (z+0 � z�0 ).� the method is applicable to 3 prong tau decay as well as 1 prong after reconstructionof the sum track (App. C).6.2.1 � resolution and error estimationApart from tracking, the experimental error on the 3-D impact parameter comes fromvarious sources: a small smearing from the beam size, badly reconstructed Ĥ, �+��acollinearity, etc.. The measurable errors are� Tracking : �tracking� = ~�( ~�C0) � Ĥ ; typically� 50�m for 1-1, � 40�m for 1-3 sample.� Beam size and beam position measurement : typically � 4�mThe contributions to �( ~�C0) from the beam size and position measurement error are givenin App. D. It is to be noticed that the z-component contribution to �� from the beamsize is also parameterized by �BPx and �BPy ; the beam spread along the z-axis does nota�ect the � ~C0 measurement.The measured � and the true �tru (� �� ~C tru0 � Ĥrec+(l++ l�)�̂ tru � Ĥrec) quantities arecompared to see how well the errors are estimated (Fig. 6.4). The resolution distribution,(�tru� �rec)=��, is nearly gaussian except for long tails. The sigma �tted in Fig. 6.4 largerthan the expected value 1.0, means that the measured errors are under-estimated byabout 24% in 1-1 and � 26 % in 1-3. The tracking error from JULIA, �tracking� , a�ecting �through � ~C0 is found to be � 9 % under-estimated in 1-1 and � 13 % in 1-3 MC samples.Using MC true tau directions and decay lengths, we estimate that the smearing from thebadly measured H-axis, (l+ + l�)Ĥ � �̂ , is about 12% of �tracking� .The parametrisations of the various kinds of uncertainties are not simple. The sum ofd0's of the Z0 ! �� and 

 ! �� can be used to monitor the tracking resolution in the103



Figure 6.4: Resolution of �, (�tru � �rec)=�� distribution of (A) 1-1sample (B) 1-3 samplehigh momentum regions and the low momentum regions, respectively. However insteadof using these external samples to parameterize ��, we choose to �t the resolution scalefactor, �, together with the decay length:�Experiment = ��tracking� � �BP�in order to reproduce the real experimental error. This cannot be done in the IPS methodbecause the resolution �t and the decay length �t are correlated with each other due to therelative sizes of IPS and errors, and the large error on  xy. In the 3DIP method the angles�� are measured very precisely (0.5 mrad, Fig. 6.5), so that the �t of the resolution andthe �t of the decay length are decoupled. This point will be addressed again in Sec. 8.3104



Figure 6.5: �rec��tru distribution from (A) 1-prong charged tracks(B) sum tracks of 3-prong decays6.3 Likelihood Approach6.3.1 Gaussian convoluted double-exponential likelihood func-tionAssume the lifetime is �0 and the number of events is N0. After t seconds, the numberof taus left is, N(t) = N0e� t�0 . When � 's are monoenergetic, this can be written as thefunction of the decay length, N(l) = N0e� ll0 , where l0 = 
�c�0.The true �i(� (~c0 � ~�0) � Ĥ) from a hemisphere is related to the decay length l andthe decay angle � by �0i = l�0i where i = �. Here, we denote the primed quantities as thetrue ones. The normalized true �0i distribution for a given l0 isF 0(�0i; �0i) = 1l0�0i e ��0l0�0i105



Ignoring the measurement errors, the expected � distribution is a double exponentialdistribution from two tau decays. Considering the two hemispheres together, we rede�ne�+ as the greater one between l0�+ and l0�� and �� as the smaller one. Then theconvoluted distribution of sum of the impact parameters from the two hemispheres gives:F 0(�0; �+; ��) = Z 10 1l0�0+ e ��0l0�0+ 1l0�0� e ��0l0�0� �(�0� �+ � ��)d�+d��F 0(�0; �+; ��) = 1�+��� (e��0�+ � e��0�� ) when �+�� > 0,F 0(�0; �+; ��) = 1�+��� e��0�+ when �+�� < 0 and �0 > 0,F 0(�0; �+; ��) = 1�+��� e��0�� when �+�� < 0 and �0 < 0,The real distribution is the above distribution convoluted with the experimental res-olution function, g(�; �+; ��)F (�; �+; ��; �) = Z Z Z g(�0; �0+; �0�)F 0(�0; �+; ��)d�0d�0+d�0�The resolution function of � (Fig. 6.4) is well approximated by a gaussian up to3�. The errors on �� coming only from tracking are small enough to be neglected (�0:5mrd)(Fig. 6.5). g is then a simple gaussian with width ��. The possible e�ects due tonon-gaussian tails will be studied in Chap. 8.We get the likelihood function for a given l0 as follows by integration:F(�; �+; ��; �; l0) = 12l0(�+ � ��)e� �22�2 (s+eQ2+erfc(Q+)� s�eQ2�erfc(Q�)) (6.3)where s� are the signs of �� and Q� = s�p2( �l0�� � �� ). erfc is the complementary errorfunction de�ned as erfc(x) = 1� erf(x) = 2p� Z 1x e�x2dx
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Chapter 7Event SelectionIn the 1992 ALEPH Data, 27,118 Z0 ! �+�� events were selected by TSLT02. 157,987events were selected in 200,000 Monte Carlo generated by KORL06 using 1992 geometry.We checked all detector status (Trigger, VDET, ITC, TPC, ECAL, HCAL) and rejectedevents when any of these status is not O.K..7.1 Preliminary selectionThe analysis package ( TOPCLAS [44] ) for the tau branching ratio studies is used toselect the hadronic-hadronic �+�� decay events and to improve the hadron reconstruction;namely it is used to� reject the non-tau backgrounds left after TSLT02,� identify the hadronic channels,� treat the gamma conversions,� avoid summing radiative or fake photons to hadron reconstruction,� improve the reconstruction of �0 momenta.Events having HCAL photons are excluded to ensure good �0 momentummeasurementand the hadron mass is restricted to be less than 2GeV=c2. To protect from interactions107



with detector materials, events with additional bad tracks 1 are rejected and we requirethat the total charge of each hemisphere is �1 and opposite to each other. We do notconsider the decays with more than 3 prongs.Data Samples 92 Real 92 MCMC Generator KORL06Number of Events 200,000TSLT02 27118 157987 (79.0%)Detector status 25712 (94.8%) 157987 (100.%)Background Rejection 25089 (97.6%) 157766 (99.9%)Hadron mass cut 24150 (96.3%) 152907 (96.9%)No additional bad track 21674 (89.7%) 136168 (89.1%)Sum of charge = �1 21216 (97.9%) 133844 (98.3%)No more than 3-prong 21186 (99.9%) 133626 (99.8%)GET BP 20892 (98.6%) 133626 (100.%)Had-Had decay 8160 (39.1%) 49757 (37.2%)Basic track qualities 6115 (74.9%) 38115 (76.6%)Table 7.1: Data reductions after preliminary cutsWe further demand that both hemispheres have at least one track satisfying the fol-lowing track qualities:� p > 2 GeV/c, jd0j < 1:0 cm, jz0j < 5:0 cm� �2=NumDF of the helix �t less than 4.0� at least 8 TPC hits and 2 ITC hits� at least 1 r� � hit and 1 r� z hit at the same time in VDET inner or outer layers.We will call LCT (Leading Charged Track) a track which ful�lls the above conditions.Note that we do not use the track having only r � � or r � z VDET hits. A track withr � � and r � z hits but in di�erent VDET layers is not used either. When there existmore than one LCT in 3 prong case, we de�ne the most energetic track among them asLCT. For real data, we restrict to events with GET BP information [69].14 TPC hits, jd0j < 40cm but not a good track (jd0j < 2cm, jz0j < 10cm, p > 0:5GeV/c, 4 TPC hits)108



Tab. 7.1 shows the data reductions after the above cuts.We analyse separately the 1-1 and 1-3 samples. We ignore the 3-3 sample. Tab. 7.2shows the data samples.Data Samples 92 Real 92 MC1 - 1 3745 (61.2%) 23133 (60.7%)1 - 3 2103 (34.4%) 13245 (34.8%)3 - 3 267 ( 4.4%) 1737 ( 4.5%)Total 6115 (100.%) 38115 (100.%)Table 7.2: Number of event in each sample7.2 Additional cuts : VDET pattern and vertex �2probabilityWhile the quantities ~c0 and ĉ are directly the point of minimum approach to the beamaxis and the direction of the charged track in 1-prong decay, they must be computed fromthe sum track in case of 3-prong tau decay. The sum track helix and its error componentsare obtained from the �tted vertex, the momenta sum, and their corresponding covariantmatrices by using of YTOP package (App. C).Mismatch between the VDET hits and the track extrapolation from TPC/ITC maylead to large shift on � while the measurement error �� stays small. This problem happensfrequently in 3-prong decays because of the overlapping of the track extrapolations dueto the small opening angle. It also happens in 1-prong decays when there exist additionaltracks, e.g. tracks from photon pair conversions.The problem is largely reduced when we do not allow the sharing of VDET hitswith another track. Additional track requirements are applied to prevent VDET patternproblems:� VDET hits (r � � and r � z) of LCT must not be shared with another track.109



Figure 7.1: (A) (drec0 �dtru0 )=�d0of the sum track (3-prong) be-fore applying the VDET pat-tern cut (B) after the cut.
Figure 7.2: (A) (zrec0 �ztru0 )=�z0of the sum track (3-prong) be-fore applying the VDET pat-tern cut (B) after the cut.
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� In case of 3-prong, both non LCT tracks must have at least one VDET hit ( againr � � and r � z at the same plane ) ; these VDET hits are not shared with that ofLCT. 2Fig. 7.1 and Fig. 7.2 show the d0 and z0 resolutions of the sum track in 3-prong decaybefore and after the above cuts.For 3-prong decays, a cut on the probability of the secondary vertex in the sum trackreconstruction is applied, requiring that P (�2vertex) is greater than 0.1 %. Fig. 7.3 andFig. 7.4 shows the chi square distribution of vertex and the corresponding probabilityplot.

Figure 7.3: �2 of vertex �t in 3-prong decay (error bar: data, his-togram: MC) Figure 7.4: Probability of vertex�t2non LCT tracks have less strict conditions; p > 0:5GeV=c, jd0j < 1:0cm, jz0j < 5:0cm and�2=NumDF < 4:0, at least 8 TPC hit. 111



7.3 Additional cut : Badly measured H-axisAs already stressed in Chap. 6, Eq. 6.1 is not exact when the H-axis is not perpendicularto tau. To keep the neglected term, (l+ + l�)�̂ � Ĥ, small we need therefore to cut o� theevents with badly measured H-axis. The tails (> 20mrad) in the perpendicularity plot(Fig. 6.2) amount to 14 %, 40 % of them originating from hard non-collinear �+�� events3. Considering �rst that the thrust axis is an approximation of tau axis with a 30mradresolution in space, we calculate the perpendicularity between Ĥ and the thrust axis andcut at 30mrad. 4 About 10 % of events are removed in 1-1 and 1-3 samples. The cutreduces the tails to 7 %, half of them come from hard non-collinear �� events.
Figure 7.5: (A) perpendicularitybetweenH and thrust versus trueperpendicularity (B) perpendicu-larity between H and thrust

To further reduce the tails, we use the kinematical properties of the H-axis. The cut isbased on the fact that the same physical quantities and hypotheses are used in the H-axis3A hard non-collinear �+�� is de�ned as �acol�� > 10mrad.4Thrust axis is reconstructed by all energy 
ow objects.112



measurement and in the kinematical � axis reconstruction. To understand this, let usreturn to the kinematical tau direction reconstruction. In each hemisphere, kinematics ofthe tau decay constrain the unknown tau axis to be on a cone around the reconstructedhadron direction, ĥ, with the opening angle cos (Eq. 5.1). As developped in Chap. 5,the hypothesis that the two taus are back-to-back reduces the common tau direction tothe two intersections between the cones. But when the hadron is badly reconstructed dueto missing photons or undetectable neutral hadrons, e.g. K0L, or when the two taus arenot back-to-back, it may happen that the cones do not have any intersection.Figure 7.6: (A) �=�� vs Perpen-dicularity (B) �=��
Because of their common physics inputs, there is a strong correlation between theperpendicularity of the vector Ĥ and the kinematical tau solutions. When the cones donot intersect, this means that the taus are not back-to-back or the energy of hadron isbadly estimated due to missing neutrals, etc.. This also results in Ĥ being badly recon-structed. Thus we can control the perpendicularity of H-axis by checking the existence ofkinematical tau solutions.The angular distance, denoted by �, between the cones is obtained from the angle �between two hadron directions, and the decay angles,  + and  �:� = 2MAX(�;  +;  �)� (� +  + +  �)Notice that when � is negative there are two kinematical tau directions, and when � ispositive the two cones do not intersect. 113



Fig. 7.6 shows the dependence of the perpendicularity on �.We compute the error on �, ��, assuming �� = �� � � + � � � (App. F).More than 20 % of the data samples would be rejected if we restrict to events with atau axis solution. To save statistics, we may accept also the events if the angular distancebetween the two cones is comparable with its variance ��, i.e., when they can intersectwithin their errors in opening angle and directions. We exclude the events with � > 3��,which are suspected as having badly reconstructed H-axis.Fig. 7.7 (A) shows the perpendicularity in logarithmic scale. The hatched histogramsare the rejected events by � > 3�� cut.After the �=�� cut, the tails amount to � 5 %. Since the kinematical cut is sensitiveto the geometrical con�guration of the cones, the �=�� cut is e�cient to reject the non-collinear �� events. The latter now amounts only 20 % of the remaining tails. The �nalH-axis perpendicularity is within 9mrad.7.4 Other additional cutsWe exclude the events having an abnormally large j ~�C0j and j�+ + ��j which cannothappen in normal two tau decays. We cut o� the events when j ~�C0j > 2mm or j�++��j >0:2. In real data only 3 and 5 events are rejected respectively by these cuts in 1-1 sample;all 1-3 events pass the cuts.To �t the lifetimewe consider only the events with a large enough likelihood, F(l0; �0).F(l0; �0) is computed with l0 set to MC input decay length (l0 = 0:2279cm) and � set tothe value �0 deduced from maximum likelihood �t without cut. The applied cut islog(P (F)) > �3This P (F) can be interpreted as a likelihood probability (App. G.2). The cut valueP (F) > 10�3 is consistent with our data statistics of few thousand events ( Fig. 7.8 andFig. 7.9 ). 114



Figure 7.7: Perpendicularity (A) before applying �=�� cut. Super-imposed histograms are the events containing badly measured H-axis (left hatched) and hard non-collinear �+�� pair (right hatched)rejected by the �=�� cut. (B) after the cut
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Figure 7.8: (A) Distributionof P (F) (B) � logP (F) in 1-1 data
Figure 7.9: (A) Distributionof P (F) (B) � logP (F) in 1-3 data
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7.5 Summary of cutsTab. 7.3 shows the number of events in each sample after the above cuts. We will discussData Samples 1 - 1 1 - 3Data Data MC Data MCNumber of events 3745 23133 2103 13245VDET pattern 3432 (91.6%) 22612 (97.7%) 1158 (55.1%) 8096 (61.1%)Prob(�2vertex) - - 993 (85.8%) 7162 (88.5%)Cut on Ĥ � Thrust 3080 (89.7%) 20310 (89.8%) 899 (90.5%) 6529 (91.2%)� < 3�� 2898 (94.1%) 19263 (94.8%) 811 (90.2%) 5969 (91.4%)�C0 < 2mm 2895 (99.9%) 19222 (99.8%) 811 (100.%) 5962 (99.9%)j�+ + ��j < 0:2 2890 (99.8%) 19201 (99.9%) 811 (100.%) 5962 (100.%)log(P (F)) > �3 2840 (98.3%) 18968 (98.8%) 794 (97.9%) 5888 (98.8%)Table 7.3: Number of events in each sample after the additionalcutsthe systematics related to these cuts in Sec. 8.2.For sake of comparison with IPS results [53] the � distributions from 1-1 sample and1-3 sample are shown in Fig. 7.10 for di�erent ranges of �+ + ��. For large j�+ + ��j,clear exponential decreases are observed. Resolution e�ects are seen around � = 0.
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Figure 7.10: (A) � distribution for various ranges of �+ + �� of1-1 sample; (1) �+ + �� < �0:06, (2) �0:06 < �+ + �� < �0:01,(3) �0:01 < �+ + �� < 0:01, (4) 0:01 < �+ + �� < 0:06, (5)�+ + �� > 0:06. (B) the same of 1-3 sample. The points are thedata and the lines are MC.
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Chapter 8Results and Systematics8.1 Result of the likelihood �t8.1.1 1-1 sampleFig. 8.1 shows the 1� and 2� contours of �fit 1 and �fit. It appears that � �t and � �t
Figure 8.1: �-� �t contour for 1-1 sample : inner contour shows 1�variation and outer is 2�.are uncorrelated. This question will be addressed in details in Sec. 8.3.1We denote the �tted decay length � to distinguish from MC input decay length l0119



The �tted decay length and the factor � from the 1-1 sample are summarized inTab. 8.1. The �tted � is consistent with the resolution distribution in MC (Fig. 6.4).1-1 sample Real Data Monte Carlo� (cm) 0:2250 � 0:0045 0:2274 � 0:0017� 1:26� 0:03 1:24 � 0:01Table 8.1: The �tted decay length and error factor from the 1-1sampleThe Monte Carlo was generated with a mean lifetime, 296 � 10�15 sec, at a centerof mass energy of 91.25 GeV. Ignoring radiative corrections, this value corresponds to amean decay length of 0:2279 cm. The �tted decay length of MC agrees well with thegenerated one.The ratio between Data and MC �data�MC = 0:989corresponds to a lifetime 292:9 � 5:9 � 2:2(MCstat)fs .The measured 2% statistical error corresponds to 1:07=pN . This is the best resolutionfactor among the 1-1 analyses.8.1.2 1-3 sampleTab. 8.2 shows the results of the �t for the 1-3 sample. Fig. 8.2 shows the contours of �fitand �fit. 1-3 sample Real Data Monte Carlo� (cm) 0:2106 � 0:0088 0:2190 � 0:0034� 1:33� 0:05 1:26 � 0:01Table 8.2: The �tted decay length and factor � from the 1-3 sample120



Figure 8.2: �-� �t contour for 1-3 sample : inner contour shows 1�variation and outer is 2�.The ratio �data�MC = 0:962corresponds to a lifetime 284:6 � 11:9� 4:4(MCstat)fs . The statistical error is 1:18=pN .8.2 Systematic uncertainties8.2.1 Cuts on H-axisIn order to estimate the e�ect of the cut on the H-axis using the perpendicularity to thethrust axis, we switch on and o� the cut. We �nd 0.03% (0.14%) di�erence in the 1-1(1-3) sample. Expected statistical 
uctuation is 0.4 % (0.6%) which is much larger thanthe observed 
uctuation.To check the e�ect of the cut on �, we vary the cut value from 0 to 3��. Fig. 8.3 showsthe variation of the results with the cut values. We count the maximum variations, 0.22% in 1-1 and 0.31 % in 1-3, as systematic errors. Expected statistical 
uctuations fromthe cut are 0.4% in 1-1 sample and 1.1% in 1-3.The actual variations of �data=�MC by the cuts on H-axis are very small compared withthe expected statistical 
uctuations. We �nd that the events rejected by the cuts havelikelihood derivatives insensitive to the lifetime. This means that the rejected events do121



Figure 8.3: Variation of the�Data=�MC with the � cut, (A) 1-1, (B) 1-3 sample.
not contribute much to search for �. The induced 
uctuations are consequently smallerthan the expected statistical 
uctuations which are calculated with the assumption ofrandom variation of the sample.
8.2.2 Cuts on j� ~C0j and j�+ + ��j cutsThe cuts are switched on and o� and the lifetime shift is taken as a systematic uncertainty.From the j� ~C0j cut, we �nd � 0.13 % di�erences in our �nal results in both samples.From the j�+ + ��j cut, a�ecting only the 1-1 sample, we �nd 0.17 % di�erence inour �nal result. 122



8.2.3 Cut on the vertex probability in 1-3 analysisWe move the vertex probability cut from 10% to 0. Fig. 8.4 shows the result. Results at 5% and 10 % include large statistical 
uctuations. We take the observed 0.71 % maximumvariation between 1 % and 0.01 % as the systematic uncertainty related to this cut. Thevariations are indeed compatible with the expected statistical 
uctuations.
Figure 8.4: (A) Variations of the�Data and �MC with the vertexprobability cut in 1-3 sample, (B)Variations of the �Data=�MC .

8.2.4 Non gaussian tailsSince non-gaussian tails are not considered in our likelihood function, these events couldcause a bias in lifetime �t. A discrepancy on the population of this tail in real datacompared to MC could induce an additional systematic uncertainty. This gave the mostsevere contribution of the systematic uncertainty in the IPS method, 1.33 %, [53]. 2In the present analysis, there are two sources of non-gaussian tails: (1) tracking, (2)2Total systematic error was 1.49 % 123



H-axis smearing ((l+ + l�)�̂ � Ĥ).Let us consider �rst the non-gaussian tails from tracking. In MC they are de�ned asthe events with �rec� �trutrack larger than 3��, where �trutrack = �~c tru0 � Ĥrec and ~c tru0 is the true3DIP calculated from MC truth. After the likelihood cut (P (F) > 10�3), they amountto 1.3 % and 1.4 % of 1-1 and 1-3 MC samples respectively.We assume that the uncertainty on the non-gaussian population in real data is notmore than 30 %. This assumption relies on the resolution studies of q�q events in [53] andis conservative comparing with their results. Fig. 8.5 and Fig. 8.6 show the changes of �,� and maximum likelihood when increasing the populations of non-gaussian tails in MCby up to 30 %.We take the systematical uncertainties from the maximum variation of the results,0.44 % and 0.41 % in 1-1 and 1-3 samples, respectively.Now we consider the non-gaussian tail e�ect from H-axis smearing. When de�ned as(l+ + l�)�̂ � Ĥ > 3��, they amount to 2.4 % and 1.6% of the 1-1 and 1-3 samples, respec-tively, after the likelihood cut. The uncertainty on the H-axis tail depends on the accuracyof the �� event and detector simulations: 1) number of ��
(energetic), 2) branching frac-tions of the undetectable hadronic channels, e.g. K0L. 3) Photon reconstruction e�ciency4) Non hadronic decay contributions from miss-identi�ed electrons or muons, etc.. We�nd that the H-axis non-gaussian tails have no correlation with the tracking error.When varying the population of tails in MC as we did for tracking, we �nd no severedecay length changes neither in 1-1 nor in 1-3 MC samples. On the contrary, we �ndlarger values of �'s as expected. Even if we assume that the tails in real data are twiceas large as in MC, � grows up to 1.28 in both samples, but the �tted decay length is notchanged. No systematic error on � is thus added.8.2.5 BackgroundOf the 1,522,800 q�q MC events, 169 pass the tau selection algorithm (0:011� 0:03%). 48events have less than 2GeV hadronic masses in both hemisphere. Only 1 event survivesall cuts. Since the q�q MC sample is about twice as large as real data, 0.5 q�q backgroundis expected in real data. The likelihood of the MC background event is 4.36 and � = 27�,124



Figure 8.5: Non gaussian taile�ect (from tracking) in 1-1MC sample; (A) change of thedecay length (The numbers be-low the �tted decay lengthsare maximum likelihoods) (B)change of the resolution factor�
Figure 8.6: Non gaussiantail e�ect (from tracking) in1-3 MC sample; (A) changeof the decay length (Thenumbers below the �tteddecay lengths are maximumlikelihoods) (B) change ofthe resolution factor �
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�� = 37�, �+ = �0:017 and �� = �0:086. We simply insert this event into the realsample and we estimate the systematic error as the variation of the result. We �nd 1�shift in the �nal result (corresponds to 0.04 %). It is compatible with the statistical
uctuation.8.2.6 d0, z0 o�setsUnknown o�sets on d0 and z0 due to possible mis-alignments of VDET layers may causea systematic bias on the lifetimemeasurement. The o�sets may be a function of the angle� and � depending on the geometrical alignments of each layer. Up to 50�m d0 o�setshave been observed in data. However, in IPS-like methods (unlike the IPD method), thed0 o�sets do not a�ect much the lifetime estimation: the e�ects cancel in �d0 due tothe azimuthal symmetry of the � decays. The same arguments apply to �z0. Therefore,unless very large z0 o�sets, the 3DIP method is expected to be insensitive to d0 and z0o�sets.Selected Z0 ! �� events are used to study the z0 o�sets. 29,278 Z0 ! �+�� eventscollected in 1992 are processed by the 3DIP analysis programs and 10376 events pass allcuts of the method. To do this we replace the identi�cation 
ag of the charged track withthat of pion and we do not apply the Z0 ! �+�� background rejection step.Fig. 8.7 shows the z0 o�set as a function of � divided into twelve regions according tothe � angle. One can not see any signi�cant z0 o�set when compared with the statistical
uctuations in the bins. No systematic errors are added.8.2.7 Summary of systematic errorsEven in the case when the maximum variation is compatible with the expected statistical
uctuation, we quote conservatively the maximum variation as a systematic error. Thesystematic uncertainties are summarized in Tab. 8.3. We assumed no correlations be-tween the systematic sources when adding them in quadrature to get the total systematicuncertainty. 126



Figure 8.7: z0 o�set (in �m), mean of �z0's of muon pairs, as afunction of � per 30� slices of �
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Source n 1-1 1-3Monte Carlo Statistics 2.19 fs 4.42 fsq�q background negligible negligibleCut on vertex �2 - 2.03 fsCut on Ĥ � Thrust 0.08 fs 0.39 fsCut on � 0.64 fs 0.89 fsCut on j ~�C0j 0.39 fs 0.37 fsCut on j�+ + ��j 0.51 fs -Non-gaussian tail 1.29 fs 1.17 fsTotal 2.70 fs 5.11 fsTable 8.3: Summary of systematic errors.8.3 Systematical checks of the methodIn this section we discuss various checks of the method. First we discuss the correlationproblem of simultaneous �-� �tting, which has not been tried before in IPS and/or MIPS.This has been done in DL method where decay lengths are much larger than errors as inthe present method. Secondly we consider another �tting scheme where the experimentalerror is modeled by �Exp = �measured � � and check the � �t dependence on the errorscheme. We show also the stability of the method against missing errors. Finally we �tthe decay length � with zero lifetime events to check the behavior of the simultaneous�-� �t in the extreme range (� � 0).8.3.1 How can � and � be �tted simultaneously?In the IPS or MIPS method, the �tted lifetime is sensitive to the d0 resolution assumedin the likelihood function. About 10 % uncertainty on d0 resolution yields more than 1%change of the lifetime in IPS-like methods. The measurement of d0 resolution is a crucialpoint and has been done with Z0 ! �� sample which contains no lifetime e�ect and nobeam size contributions in P d0. However the momentum characteristics of �� samplesare quite di�erent from Z0 ! �� events since � pairs carry most of the beam energy.So the IPS resolution studies have been developed using other samples, Z0 ! e+e� and

 ! �+��, 

 ! e+e�, and Z0 ! q�q. Furthermore, the present lifetime analysis is128



applied only to tau decays to hadrons, thus 3DIP might be a�ected by the scattering ofthe tracks through strong interactions with matter which is not present in Z0 ! �+��events.We therefore choose to �t � with � to compensate the uncertainty of � resolution.Comparing Fig. 6.4 and Tabs. 8.1 and 8.2, the �tted resolution factors � of 1-1 (� = 1:24)and 1-3 (� = 1:26) samples reproduce the MC true resolutions. Furthermore the �tcontours of Fig. 8.1 and Fig. 8.2 show little correlation between � and � �ts. As wediscussed shortly in Sec. 6.3, this means that the events split into two di�erent types; onecontains the information on resolution and the other contains the information on decaylength. The two types can be separated when considering the second derivatives of thelikelihood function.Let �fit and �fit be the �tted decay length and the �tted resolution factor correspond-ing to (lnL)max. It is clear that (@ lnL@� )�=�fit = 0(@ lnL@� )�=�fit = 0Therefore searching for the maximum of lnL is identical to �nding �fit and �fit to makeP F 0F = 0, where L = QF (�; �+; ��; �;�; �).The second derivative of F (�; �+; ��; �;�; �) with respect to � or � gives the declineof the �rst derivative and tells the steepness of the likelihood curve around the maximum.So an event with large second derivatives plays an important role to �nd (lnL)0 = 0.Lifetime is determined by the events where the second derivatives with respect to � arelarge. Resolution is mainly determined by the events with large second derivative on �.Fig. 8.8 shows the second derivatives for the events with P (F) < 0:1. 3The events are clearly subdivided into two groups. Events with large negative @2F=@�2have @2F=@�2 � 0 (Group A): they are useful to �t � but are useless to �t �. Eventswith large negative @2F=@�2 have @2F=@�2 � 0 (Group B): they contain information onthe resolution, but not on the lifetime.3The events with large probability P (F) have nearly same distribution as Fig. 8.8 but both secondderivatives @2F=@�2 and @2F=@�2 are smaller. They contribute weakly to the maximum likelihooddetermination. 129
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Fig. 8.9 shows the clear di�erence of the � distributions between the two groups. Theevents in the group A show large j�j with physical con�gurations (�, ��), and distributeexponentially ( Fig. 8.9(A) ). Thus, the mean decay length is extracted from the events ofGroup A. The events in the group B have � � 0 with a gaussian distribution ( Fig. 8.9(B)) due to resolution. Group B contains events with unphysical con�gurations when � and�� have values consistent only within errors. Then the resolution is measured from theevents in Group B.

Figure 8.9: � distribution of (A) the events containing lifetime in-formation (B) the events containing resolution information.8.3.2 Will � be stable with an additional gaussian error?Another way to check the decoupling of � and � �ts is to check the stability of the lifetimeon an arti�cial increase of the � uncertainty.We enter an additional gaussian error which transforms � ! � + �, where � is arandom number from a normal distribution with a width �0 (�0 = 5�, 10�, 20�, 30�).131



Considering the average value of �� (� 50� in 1-1 and � 40� in 1-3) an additional errorof 30� is equivalent to a � 20 % increase of �� in 1-1 and � 25 % increase in 1-3.Fig. 8.10 and Fig. 8.11 show the results on the 1-1 samples and 1-3 samples, respec-tively.Most of the e�ect of the additional error is swallowed by the � factor. A change of 5% in the resolution a�ects the � �t less than 0.3 % and the � �t by 4 %.8.3.3 The �tting scheme: with � or �?Instead of the multiplicative � scheme to describe the uncertainty of d0 resolution, wecan adopt an additive � scheme where the formula �exp = ��measured changes to �exp =�measured � �.Tab. 8.4 shows the results under the � � � and �� � schemes for each samples.Samples 1 - 1 1 - 3Data Data MC Data MC� (cm) 0:2250 � 0:0045 0:2274 � 0:0017 0:2106 � 0:0088 0:2190 � 0:0034� 1:26 � 0:03 1:24� 0:01 1:33 � 0:05 1:26 � 0:01� (cm) 0:2252 � 0:0046 0:2281 � 0:0017 0:2106 � 0:0088 0:2192 � 0:0033� (�) 31 � 2 29 � 1 30 � 5 27 � 1Table 8.4: Results from �� � and � � � schemesThere is 0.22 % di�erence of ldata=lMC in 1-1 sample and this corresponds to 0:63fs. In1-3 sample 0.09 % di�erence is found and corresponds to 0:25fs. The di�erences indicatethat there is no severe dependence of � �t on the resolution scheme.132



Figure 8.10: Changes of �and � with additional gaus-sian errors in 1-1 sample:(A) Fitted � (B) Fitted �
Figure 8.11: Changes of �and � with additional gaus-sian errors in 1-3 sample:(A) Fitted � (B) Fitted �
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8.3.4 Is �fit = 0 for zero lifetime event?One frequently uses the zero lifetime events, like Z0 ! �+��, Z0 ! e+e�, etc., to obtainthe tracking resolution. Conversely these events can be used to check a possible bias onthe � �t.10376 Z0 ! �+�� events used in the z0 o�set study are entered to the same likelihood�t program.Fig. 8.12 shows the contour plot of �-� �t.
Figure 8.12: �-� �t contour for Z0 ! �+�� : inner contour shows1� variation and outer is 2�.The �tted values �Z0!�+��fit = 2� 14��Z0!�+��fit = 1:22 � 0:01rule out a systematic bias of the lifetime and con�rm the � resolution �tting. Assumingthe true � = 0, the plot of �=�� of Z0 ! �+�� events (Fig. 8.13) measures the resolutionscaling factor �. The width of the �=�� distribution, 1.24, is remarkably consistent with�fit. 134



Figure 8.13: �=�� for Z0 ! �+�� events8.4 Correlations with other methodsThe present method uses the tau to hadron decay events. Our samples are, therefore,sub-samples of the other methods. The 1-1 analysis uses a sub-sample of the IPS or IPDanalyses. The 1-3 analysis uses a sub-sample of the DL method but use also 1-pronghemisphere. It is important to measure the statistical correlations between this methodand the others.8.4.1 1-1 analysis and MIPS methodThe quantity � can be split into (d+0 + d�0 ) and (z+0 � z�0 ) terms. Since we use d0 sum,our lifetime measurement is correlated with IPS-like methods. However the correlation islimited because we use (z+0 � z�0 ) too and a projection on Ĥ . In order to compute thecorrelation between 1-1 analysis and MIPS method, the tau MC events are divided into100 sub-samples and the decay length is �tted separately by the two methods. Fig. 8.14shows the correlation. The obtained correlation factor is 0.64. We can expect nearly thesame correlation with IPS since IPS and MIPS are about 90 % correlated.135



Figure 8.14: Statistical correla-tion between 3DIP and MIPS us-ing 100 subsample from 1-1 MC
8.4.2 1-3 analysis and DL methodThe DL method is done by measuring the distance between the secondary vertex and theprimary vertex. The lifetime, therefore, comes only from the 3-prong side.In the present method as seen in the dependence of the likelihood function F (�; �+; ��; �)on ��, when a hemisphere has � � 0, the term eQ2erfc(Q) goes to zero, and the likelihoodis determined only by the other hemisphere. This situation occurs in 1-3 sample.Fig. 8.15 shows �1�prong and �3�prong in 1-3 sample.Because the energy of hadron in the 3-prong tau decay is carried mainly by chargedtracks, the absolute mean of �3�prong is smaller than that of �1�prong: � 9mrd on the3-prong side against � 33mrd on the 1-prong side. Therefore the lifetime informationfrom the 3 prong side does not contribute much to the maximum likelihood.We can then expect that our 1-3 analysis gives a result statistically not much correlatedwith the DL method in which lifetime is determined only by the 3-prong side.In order to compute the correlation between 1-3 analysis and DL method, the tau MC136



Figure 8.15: (A) �1�prong, (B)�3�prong distributions accordingto their decay topology
events are divided into 100 sub-samples and the decay length is �tted separately by thetwo methods. As expected, a correlation smaller than 17% is obtained between DL andthe present method (Fig. 8.16).

Figure 8.16: Statistical correla-tion between 3DIP and DL using100 subsample from 1-3 MC
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Chapter 9Conclusion9.1 Tau lifetime and universality checkThe � lifetime has been measured by a maximum likelihood �t using the 3-D impactparameter sum in Z0 ! �+�� events when both � decay to hadrons.The results from the 3DIP method for 1-1 and 1-3 samples using 1992 data are,respectively, � 1�1� = 292:9 � 5:9� 2:7fs� 1�3� = 284:6 � 11:9 � 5:1fswhere we used 2840 (1-1) and 794 (1-3) accepted �+�� events by the method. Thestatistical precisions are 1:07=pN�� and 1:18=pN�� respectively.The two measurements agree within their errors. The combined result of 1 � 1 and1 � 3 analyses is �� = 290:8 � 5:3 � 2:7fsand gives 1:10=pN�� statistical precision.The lifetime reported here can now be used in the test of universality of lepton cou-plings to weak charged boson (Eq. 1.4, Eq. 1.5). Since 1992 there has been also a lot ofmeasurements on the tau mass and the leptonic branching ratio, and many measurements139



on the lifetime with new methods. The current world averages [67]:m� = 1777:0 � 0:3MeV/c2�� = 291:5 � 1:6fs( including the present measurement)Be = 17:79 � 0:09%yield a good agreement of the lepton universality (� 0:5�):(g�g� )2 = 0:9964 � 0:0055(�� )� 0:0008(m� )� 0:0051(Be)(g�g� ) = 0:9982 � 0:0038Fig. 9.1 shows the current status of the universality check.Figure 9.1: Current status of lep-ton universality checks from � de-cay.
The result on the tau to muon branching ratio, B� = 17:33� 0:09%, also gives a goodagreement of the lepton universality (� 0:3�):(g�ge ) = 0:9988 � 0:0038140



9.2 ProspectsSome important features make the 3DIP method very promising when statistics increase.� The method makes use of the full detector informations. The detector performanceallows a background free selection of hadronic � decays with very high e�ciency.The precise measurements of d0 and z0 from VDET and of full charged and neutralenergies allow precise measurements of the 3DIP and H-axis.� The special projection onto H-axis makes the measurement be free from the uncer-tainty on beam size and the uncertainty on tau direction.� The experimental resolution can be �tted together with decay length. The �ttedresolution scaling factor (�) is in excellent agreement with resolution distributionsin tau Monte Carlo and in Z0 ! �� data. This method allows, therefore, a self con-sistent and self calibrating analysis of tau lifetime independent from the resolutionstudy using Z0 ! �+�� and/or 

 ! �+�� or Z0 ! q�q.� The method has good stability against the systematical uncertainties. The mainsource of systematic error in 3DIP method is presently Monte Carlo statistics (0.8%in 1-1 analysis, 1.5% in 1-3). Intrinsic systematic uncertainties are 0.5% in 1-1 and0.8% in 1-3, where in 1-3 analysis the uncertainty from vertexing is dominant.� In 1-3 analysis with the 3DIP method, the lifetime is mainly determined from the1-prong � decay. The 1-3 analysis gives a statistically uncorrelated result with DLmethod (correlation � 17 %). This is the �rst measurement in ALEPH using the1-prong side of the 1-3 events.The method works only in the hadronic-hadronic �+�� decay events since it uses2-body kinematics, therefore, only 40% of the tau pairs can be used according to thehadronic branching fraction. The acceptance of the method is limited by the track qualitycut on the full VDET hit (r� and rz) in the preliminary selection (" � 0:75), cut on thebadly measured H-axis(" � 0:83), and cuts on VDET pattern (" � 0:55) and vertex �tprobability (" � 0:85) in 1-3 analysis. The overall acceptance of the method is about 11%(Nprod�� ).We expect to get about 155K � pairs at the end of 1994 running, so we may have13K � pair events to be used in 3DIP method. With the statistical precision 1:1=pN�� ,141



3DIP method is likely to reach a statistical error of 0.95% which is comparable with othermethods. 3DIP method already reaches that level of systematic errors due to stabilityagainst possible uncertainties. The increase in statistics will also bene�t to the systematicerror estimations and the method is likely to be limited by the statistical error up to theend of LEP running. The lifetime result from 3DIP method will have a statisticallyimportant meaning since the method has low statistical correlation (� 0:64 in 1-1 and� 0:17 in 1-3) with other precision methods.Improvement of acceptance of the method by optimization of the ine�cient cuts orextension to the leptonic tau decay events may allow more precise result on the lifetimein the future.
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Appendix ATrack Fit and Helix ParameterDe�nitionCharged track reconstruction uses VDET, ITC and TPC hits ( a maximum of 31 threedimensional points for each charged track, 21 points from TPC, 8 from ITC, 2 fromVDET). Since the magnetic �eld is rather uniform, the trajectory of a particle can bewell described as a helix. The �ve following helix parameters are chosen to describe atrack with respect to the detector origin:� 1=R0 : Inverse radius of curvature of a track in the x-y plane (signed)� tan � : Pz=Pt tangent of the dip angle� �0 : angle in the x-y plane at the point of closest approach to the z axis� d0 : impact parameter in the x-y plane (signed), radial distance of the point ofminimum approach of a track to the z-axis� z0 : z-coordinate of the point of minimum approachThe sign of 1=R0 is given as positive for a negative charged particle. The sign of d0 isequal to the sign of the angular momentum of the particle with respect to the z axis(Fig. A.1).The track reconstructed in the TPC is extrapolated to the ITC and the helix is re�ttedwith the ITC hits which are associated to the particle. VDET hits on both r� and z faces143



Figure A.1: Helix parameters used in the ALEPH track �t. d0 and1=R are positive. z0 is the z-coordinate of the d0 point in the x-yplane.from the two layers are associated to the tracks which extrapolate close to them. Theextrapolation of the TPC-ITC track is not very precise (� 100�m in r�, � 0:8mm in rz)and frequently more than one VDET hit can be associated with a track. In most cases,this can be resolved by matching the direction of the VDET hits from the 2 layers andthe direction of the TPC-ITC track (this can not be done when there exists only onehit in VDET layers). The track-hit association is done on the basis of the following �2minimization: �2 = (xVDET � xTPC�ITC)�1i Sij(xVDET � xTPC�ITC)jwhere, i and j run from 1 to 4 (1: r� inner layer, 2: z inner layer, 3: r� outer layer, 4:z outer layer), Sij is the 4 � 4 matrix of the track extrapolation. It is allowed to share ahit which is already associated with an other track.The �nal �t of the helix parameters, (1=R0; tan �; �0; d0; z0) is done in two consecutivesteps:� Fast estimation: Find 1=R0; �0; d0 by treating a track as a circle in the x-y planeand tan�; z0 by treating a track as a line in the Sxy � z plane.144



� Newtonian iteration: Improve the �2 of the helix parameters by considering themultiple scattering in the TPC, ITC and VDET materials through Kalman �lter-ing [68]
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Appendix BTransformation of helix parameterswith respect to the beam positionThe helix parameters of a track with respect to the measured beam position, ~B = (Bx; By)can be obtained from the helix parameters in the detector system with respect to thedetector origin, ~O = (0; 0; 0). This transformation plays an important role when theaverage beam position is far from the detector origin.Let the helix parameters of a charged track with respect to the detector origin beh = (1=R0; tan �; �0; d0; z0). The projection of the helix is a circle onto the x-y plane, anda straight line onto the r-z plane (Fig B.1).The center, ~C, of the circle in x-y can be obtained from the helix parameters:Cx = (d0 �R0) sin �0Cy = �(d0 �R0) cos �0The new impact parameter must be calculated with respect to the beam position, ~B.The minimum approach point (�BP0 ; dBP0 ; zBP0 ) can be obtained from the old minimumapproach point (�0; d0; z0) by a rotation of the angle 
 with respect to ~C,
 = sin�1( ~COj ~COj � ~CBj ~CBj)The new helix parameters are1=RBP0 = 1=R0146



Figure B.1: Schematic diagramof the transformation of a helixparameters with respect to thebeam position
tan �BP = tan��BP0 = �0 + 
dBP0 = �Q(jR0j � j ~CBj)zBP0 = z0 +R0
tan �where the Q is opposite to the sign of the charged track.
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Appendix CSecondary vertex �nding andcalculation of the helix parameters ofa sum trackC.1 Vertex �nding in ALEPHThe � decay vertex is found by �tting the common vertex of its N charged daughtertracks, minimizing the following �2,�2 = NXi=1(~hv � ~h0)Ti C�1hi (~hv � ~h0)i + (~v � ~v0)TC�1v0 (~v � ~v0) (C.1)where ~hv is the recalculated helix parameters of each daughter constrainted to have thevertex v and (~h0)i and Chi are the original helix parameters and the covariant error matrixof the ith track. ~v and ~v0 are the vertex to be �tted and the priori vertex, respectively.Several algorithms are available in the ALEPH experiment (YTOP, FV, ..).C.1.1 Calculation of the helix parameter of a sum trackOnce we have the vertex and momenta of the daughter tracks, the helix parameters of thesum track can be calculated. Let us de�ne the �tted secondary vertex, ~V = (Vx; Vy; Vz),148



Figure C.1: Illustration of thesum track and its track parame-ters
and the sum track momentum, ~P = (Px; Py; Pz) (Fig. C.1). The �rst helix parameter,the inverse radius (1=R0), is directly deduced from the transverse momentum of the sumtrack. 1=R0 = �Q=Pt � constantwhere Q is the sum track charge (�1) and constant = B(T ) � 0:0029979. The secondparameter is tan � = Pz=Pt. The center of the circle in the x-y plane can be calculatedfrom the direction vectors ux = Px=Pt and uy = Py=Pt.xc = Vx +QjR0juxyc = Vy �QjR0juyWith the detector origin (~O = (0; 0)), the vertex in the x-y plane (~V = (Vx; Vy)) of thecircle, and the coordinates of the center (~C = (xc; yc)), we can calculate a rotation angle
 as seen in the previous section. With the azimuthal angle, �V = tan�1(Vy=Vx), of thevertex in the x-y plane, the helix parameters of the sum track with respect to the detectororigin are 1=R0 = �Q=Pt � constanttan � = Pz=Pt149



�0 = �v + 
d0 = �Q(jR0j �Rc)z0 = Vz +R0
tan �where Rc = qx2c + y2c .
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Appendix DSmearing of 3DIP equation frombeam sizeWhen charged tracks are treated as straight lines in a small region (beam envelope) andthe tau origin, ~�0, is inside the beam envelope, a 3DIP with respect to the true tau origineis related to the reconstructed 3DIP as follows(c�0x)0 = (d�0 )0(sin��)0 = d�0 sin�� + Sxy cos ��(c�0y)0 = �(d�0 )0(cos ��)0 = �d�0 sin�� + Sxy sin��(c�0z)0 = (z�0 )0 = z�0 + Sxy tan ��where (��)0 = �� and (��)0 = ��. Then, the 3DIP di�erence with respect to the truetau origine is, (�c0x)0 = �C0x + S+xy cos �+ � S�xy cos��(�c0y)0 = �C0y + S+xy sin�+ � S�xy sin��(�c0z)0 = �C0z + S+xy tan �+ � S�xy tan��Considering beam size, �BSx and �BSy , S+xy and S�xy can be rewritten using these uncer-tainties. S�xy = �BSx cos�� + �BSy sin�� (D.1)Thus,(�c0x)0 = �c0x ++�BSx (cos�+ cos �+ � cos �� cos ��) + �BSy (sin �+ cos �+ � sin�� cos ��)151



(�c0y)0 = �c0y ++�BSx (cos�+ sin�+ � cos �� sin��) + �BSy (sin�+ sin�+ � sin�� sin ��)(�c0z)0 = �c0z ++�BSx (cos�+ tan �+ � cos�� tan ��) + �BSy (sin�+ tan�+ � sin�� tan ��)Neglecting the errors on the directions of the charged tracks, the error components ofthe 3DIP di�erence are�(�c0x) = �BSx (cos �+ cos �+ � cos �� cos��)� �BSy (sin�+ cos �+ � sin �� cos ��)�(�c0y) = �BSx (cos �+ sin �+ � cos�� sin��)� �BSy (sin�+ sin�+ � sin�� sin��)�(�c0z) = �BSx (cos �+ tan �+ � cos �� tan ��)� �BSy (sin�+ tan �+ � sin�� tan ��)
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Appendix ETau decay vertex �nding usingkinematicsIn real space, two tau decay vertex ~V � can be represented by using the tau origin (~�0)and the tau direction (�̂�) vectors, or using the 3DIP (~c�0 ) and the charged track direction(ĉ�) vectors: ~�0 + l+�̂ = ~c+0 + �+ĉ+~�0 � l��̂ = ~c�0 + ��ĉ�where �̂ � �̂+ = ��̂�. Subtraction of above two equations makes,�̂ = 1�(~�0 + �+ĉ+ � ��ĉ�)where � � l+ + l� and ~�0 � ~c+0 � ~c�0 .Using �̂� � ĥ� = cos �,ĥ+ � (~�0 + �+ĉ+ � ��ĉ�) = � cos +ĥ� � (~�0 + �+ĉ+ � ��ĉ�) = �� cos ��+ and �� can be written as a function of �.�+(ĥ+ � ĥ�) � (ĉ+ � ĉ�) + (ĥ+ � ĥ�) � (~�0 � ĉ�) = � ~H � ĉ���(ĥ+ � ĥ�) � (ĉ+ � ĉ�) + (ĥ+ � ĥ�) � (~�0 � ĉ+) = � ~H � ĉ+153



where ~H � ĥ+ cos � + ĥ� cos +.Introducing 4 constants, a� and b�, and de�ning ~h? � ĥ+� ĥ�, ~c? � ĉ+� ĉ�, �+ and�� can be written: �+ = a+�� b+�� = a��� b�where, a� = ~H � ĉ�=~h? �~c? and b� = ~h? � (~�0� ĉ�)=~h? �~c?. Finally we get by substitutionof �+ and ��, ��̂ = �~Ac + ~Dcwhere, ~Ac = a+ĉ+ � a�ĉ�, ~Dc = ~�0� (b+ĉ+ � b�ĉ�). ~Ac and ~Dc are ~Ac = ~H �~c?=~h? �~c?and ~Dc = (~c? � ~�0)~h?=~h? � ~c?
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Appendix FCalculation of the Errors inDirection VectorsThe hadron 4 momenta are obtained by summing the 4 momenta of the charged tracksand the neutrals: h� =X c� + 
�Then the covariant error matrix of the hadron is also obtained by summing the contribu-tions of the errors corresponding to c� and 
�:�h =X�c + �
where the covariant error matrix (3� 3) has the form of� = 0BB@ Sxx Sxy SxzSyx Syy SyzSzx Szy Szz 1CCAor has the form of (4 � 4) including the components for the energy measurement.For a charged track, the 4-momenta and the error matrix are determined by the helix�tting and giving the mass hypothesis. 155



F.1 Calculation of momentum and covariant errormatrix of a neutral trackAssuming the photon originates from the interaction region, we measure the angles, �, �,and the deposited energy E. Then the momentum of the photon is~
 = (E sin � cos�;E sin � sin�;E cos �)The elements of the covariant error matrix for the neutral track are obtained from thetypical errors on �, �, and E: �E � 0:01E + 0:18pE, �� � (0:32 + 2:7=pE)� 10�3, and�� � �� sin �:Sxx = (sin � cos�)2�2E + E2((cos � cos �)2�2� + (sin � sin�)2�2�)Syy = (sin � sin�)2�2E + E2((cos � sin�)2�2� + (sin � cos �)2�2�)Szz = cos �2�2E + E2 sin �2�2�Sxy = cos � sin�(sin �2�2E + E2(cos �2�2� � sin �2�2�))Syz = cos � sin � sin�(�2E � E2�2�)Szx = cos � sin � cos�(�2E �E2�2�)Syx = Sxy; Szy = Syz; Sxz = SzxF.2 Calculation of error on �We de�ned � as an angular distance between cones as (Fig. F.1)� = 2MAX(�;  +;  �)� (� +  + +  �)Assuming that there is no explicit dependences of the error components in � on  �, thevariance of the angular distance � is�� = �� � �+ � �� where �� = �cos �= sin � and � � = �cos �= sin �.156



Figure F.1: De�nition of �, �, and �
F.2.1 Calculation of error on  The tau decay angle ( ) in the hadronic decay mode can be obtained from 2 body kine-matics: cos = 2E�Eh �m2� �m2h2P�Phwhere P , E, and m denote the momentum, energy, and mass of tau or hadron.The components of derivatives, �1;2;3;4 � @ cos =@P1;2;3;4 where P = (Px; Py; Pz; Eh)and Ph = qP 2x + P 2y + P 2z , are �i = 0BBBBBBBBBBBBBBBBBBBBBBB@

( 1P� � cos Ph )PxPh( 1P� � cos Ph )PyPh( 1P� � cos Ph )PzPhE� � EhP�Ph
1CCCCCCCCCCCCCCCCCCCCCCCA157



and the errors on cos is �2cos = 4Xi=1�Ti �h�iF.3 Calculation of error on �Let us denote the momenta of hadrons, h1 and h2, as ~p = (px; py; pz) and ~q = (qx; qy; qz).Then the cosine of the angle between the two hadrons (�) iscos � = ~p � ~q=jpjjqjThe components of derivatives, �1;2;3 � @ cos �=@p1;2;3 and �4;5;6 � @ cos �=@q1;2;3, are
�i =

0BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@
1qp3 [qx(p2y + p2z)� px(pyqy + pzqz)]1qp3 [qy(p2z + p2x)� py(pzqz + pxqx)]1qp3 [qz(p2x + p2y)� pz(pxqx + pyqy)]1pq3 [px(q2y + q2z)� qx(qypy + qzpz)]1pq3 [py(q2z + q2x)� qy(qzpz + qxpx)]1pq3 [pz(q2x + q2y)� qz(qxpx + qypy)]

1CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCAThen, the error on the angle � is�2cos � = 6Xi=1�Ti 0@ �h1 00 �h2 1A�i
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Appendix G3DIP Likelihood FunctionG.1 Derivatives of the likelihood density functionThe gaussian convolved double-exponetial function isF (�; �+; ��; �) = 12(�+ � ��)e� �22�2 (s+eQ2+erfc(Q+)� s�eQ2�erfc(Q�)) (G.1)where s� are the signs of �� and Q� = s�p2( ��� � �� ). To simplify the equations, we denoteA� � s��p2� and � = l�.This can be rewritten as F = f+ � f� by de�ning;f� = f�0 e� �22�2 eQ2�erfc(Q�) (G.2)where,f�0 � s�2(�+���) .The derivatives of lnL = P lnF are(lnL)0 = X 1F F 0 =X f 0+ � f 0�f+ � f� =X F 0F(lnL)00 = X f 00+ � f 00�f+ � f� + (F 0F )2The �rst and second derivatives of f with respect to l are;@f@l = f0e� �22�2 [eQ2erfc(Q)(�l � �2�2 � 1) + 2p�A]� 1l (G.3)159



@2f@l2 = f0e� �22�2 [eQ2erfc(Q)(2QA(1 + 2A2 � ��) + (8A2 � 3 �� + 2) (G.4)� 2p�A( �� � 2A2 � 4)]� 1l2The �rst and second derivatives of f with respect to � are;@f@� = f0e� �22�2 [eQ2erfc(Q)�2�2 � 2p� ~Q]� 1� (G.5)@2f@�2 = f0e� �22�2 [eQ2erfc(Q)(�4�4 + �2�2 )� 2p� ( ~Q(�2�2 + �2�2 � 1) +Q)]� 1�2 (G.6)G.2 Integration of the likelihood density functionThe integration, Int = R1�0=� F(�)d�0, gives the likelihood probability as follow:P (F) = 1� 2jInt� 12 jThe integral, Int, is:Int = Z 1�0=� F(�)d�0= 12(�+ � ��) [(�+ � ��)erfc( 1p2 �� )+e� �22�2 (s+�+eQ2+erfc(Q+)� s+�+eQ2+erfc(Q+))]The P(F) uniformly distributes from 0 to 1.
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